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Novel ultrasound capsule endoscopy for
gastrointestinal scanning: An in vivo animal study
Yi-Zhi Chen, Xiao-Ou Qiu, Lei Wang, Xi Jiang, Xiao-Ju Su, Jing-Song Xia, Zhuan Liao*, Zhao-Shen Li*

ABSTRACT
Background and objectives: EUS is an important modality for diagnosis and assessment of gastrointestinal (GI) subepithelial le-
sions. However, EUS is invasive and operator-dependent and requires sedation in most cases. The newly developed ultrasound cap-
sule endoscopy (USCE) system, with both white-light and ultrasound imaging modalities, is a minimally invasive method for superficial
and submucosal imaging of the esophagus. This animal study aimed to evaluate the feasibility and efficacy of the USCE system for up-
per GI tract and small bowel scanning.

Methods: Three Bama miniature pigs were selected to scan their esophagus, stomach, small bowel, and simulated submucosal le-
sions. USCE was performed first, followed by EUS. The feasibility of USCE was measured by obtaining ultrasound images of normal GI
walls and submucosal lesions under the guidance of optical viewing. The efficacy of USCE was evaluated by comparing tissue struc-
tures and lesion features shown on ultrasound images obtained with both instruments.

Results:Under the optical mode of USCE, the GI tract was well visualized, and all simulated lesions were located. Clear ultrasound images
of normal GI tract and submucosal lesions were acquired. Ultrasound images of the esophagus, stomach, and small bowel were character-
ized by differentiatedmultilayer structures on USCE, which was consistent with the structures displayed on EUS. And the visualization of sub-
mucosal lesions, using both USCE and EUS, was characterized by a hypoechoic and well-demarcated mass in the layer of submucosa.

Conclusions: This animal study indicated the feasibility and potential clinical efficacy of this USCE for simultaneous optical mucosal
visualization and transmural ultrasound imaging of upper GI tract and small bowel, providing possibility of using this technology for a
wider range of GI tract.
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INTRODUCTION

EUS incorporates both ultrasonography and endoscopy technolo-
gies, providing high-resolution real-time images of the intramural
gastrointestinal (GI) tract and extramural structures.[1] Since its de-
velopment, EUS allows visualization of previously inaccessible
submucosal regions of the GI tract.[2] EUS has been established
as an irreplaceable modality for diagnosis and staging of GI
subepithelial lesions.[3,4] However, EUS has limitations. EUS is in-
vasive and uncomfortable under unsedated situations, leading to
low patient compliance. Although sedation can improve patient
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comfort, its cost has been a major concern, as well potential
anesthesia-related adverse events.[5] Besides, EUS is considered to
be among the most challenging procedures in GI endoscopy. Ex-
tensive and effective training is of great importance as operator
technique is central to diagnostic accuracy of EUS.[6] In addition,
the equipped unit of EUS is expensive. Thus EUS has not been
widely adopted in primary hospitals because of limited medical re-
sources and lack of local expertise.[7]

These limitations of EUS suggest that there is room for improve-
ment inGI tract diagnostics. Capsule endoscopy (CE) offers amore
patient-friendly alternative to conventional endoscopy, with good
tolerance and no need for sedation, which has been widely applied
in clinical practice.[8–11] In recent years, the development of CE in
diagnosis of GI diseases continues to evolve, from single white-
light imaging modality to other imaging modalities, such as optical
coherence tomography (OCT),[12,13] X-ray imaging,[14] and ultra-
sonography techniques, for subsurface evaluation of GI tract. Sev-
eral groups have proposed the concept of ultrasound capsule en-
doscopy (USCE) and explored the feasibility of USCE for ultra-
sound imaging of the GI tract.[15–17] However, owing to
technical constraints, most USCEs contain single ultrasound scan-
ning modality, enabling only submucosal imaging of GI tract. A
swallowable USCE, combining both ultrasonography and endos-
copy technologies, has not been realized.

Following the example of clinical utility set by EUS, a novel USCE
system (Huiwei Medical Technology, Co, Ltd, Taizhou, China)
has been developed for visualization of the esophagus. This USCE
system implements dual-imagingmodalities, namely, white-light im-
aging and ultrasound scanning, in a tethered capsule that can be
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swallowed and is reusable. Our group has successfully conducted
USCE in a pilot, single-center study, demonstrating that the capsule
offers a minimally invasive and simple procedure for the diagnosis of
esophageal subepithelial lesionswith lower cost and better patient tol-
erance.[18] In the current study, to further investigate the potential use
of this USCE system in GI tract diagnostics, we aimed to test the fea-
sibility and efficacy of USCE for superficial and submucosal imaging
of the esophagus, stomach, and small bowel in a porcine model.
METHODS

Characteristics of USCE

The USCE system consists of a tethered ultrasound endoscopic cap-
sule with a connector, an imaging platform, and a computer work-
station[18] [Figure 1A and 1B]. The capsule has a diameter of 13mm
and a length of 31 mm, which is comparable to the size of a video
endoscopy capsule and a 1.35-mm-diameter, 1.3-m-long, flexible
tether that connects it to the imaging platform for power supply
and signal transmission. The electronics enclosed in the capsule in-
clude a CMOS camera and 5 light-emitting diodes for optical view-
ing, a high-frequency ultrasound transducer for ultrasound signal
generation and reception, and a rotation motor to drive the trans-
ducer for a 360° B-mode scan [Figure 1C]. The imaging platform
is responsible for light generation, collection of information from
the capsule, and image processing. The computer workstation is
installed with the UltraCapsule software, which could be switched
between different interfaces to display the real-time optical or ultra-
sonic images or both of them. The ultrasonic frequency of the cap-
sule is 40 MHz, and it provides an axial (depth) resolution of
80 μm (tissue) in tissue. Optical images are captured and recorded
at 30 frames per second with a resolution of 1280 � 720.

This USCE system is portable, which was designed to be mass pro-
duced, easily maintained, and deployed to various sites. The capsule
Figure 1. Devices of the USCE system. A, Computer workstation with installed
and connector. C, Overall design of the capsule. USCE: ultrasound capsule en
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can be reused, and standard high-level disinfection is conducted
between procedures.

EUS device

The EUS system was provided by Olympus Optical, Co, Ltd (Tokyo,
Japan). This system consists of an Olympus UM-3Rminiprobe scan-
ner and an imaging unit. The frequency of the ultrasonic transducer
inside theminiprobe is 20MHz,which can probe 60-μmaxial (depth)
resolutions in tissue.

Animal experiments

Three Bama pigs were selected for the endoscopic procedures in this
study. They first underwent USCE, followed by EUS immediately.
Porcine models were used because of the similarity of their GI tract
with the human GI tract in terms of physiology and histological
structure.[19] The study protocol including animal experiments was
approved by the ethics committee of Changhai Hospital.

Three healthy juvenile male Bama mini-pigs (5–6 months old,
25–30 kg; Department of Animal Science and Technology, Naval
Medical University) were housed in individually ventilated cages
at the animal rearing cabin ofNavalMedical University under con-
trolled environmental conditions (temperature 22°C ± 2°C; rela-
tive humidity 60%–70%). The pigs were fed with sugar water
for 3 days and fasted the night before the experiment to obtain a
relatively empty proximal intestine.

The experiments were carried out under general anesthesia. After an-
esthesia, an endoscopist performed the esophagogastroduodenoscopy
(EGD) to mark 2 simulated lesions in 2 different locations in the
upper GI tract, including the lower esophagus and gastric body,
by injecting 0.9% saline and methylene blue mixture into the sub-
mucosa to gain a liquid pad with a diameter of about 1 cm. Then,
an artificial stomawas surgically created on the pig’s lateral side to
UltraCapsule software and imaging platform. B, Capsule with a flexible cable
doscopy.
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directly access the small bowel, and another simulated lesion was
marked approximately 80–100 cm from the distal end of the pylo-
rus in the jejunum.

Both USCE and EUS were carried out under anesthesia. The USCE
procedure was performed by an endoscopist with an experience of
>500 cases of EUS operation. First, the capsule was attached to
EGD with an endoscopic snare. The capsule was delivered to the
stomach under endoscopic placement. Then, the lighting source
of EGD was turned off, and the optical viewing of EGD was re-
placed by the optical mode of USCE. The endoscopist slowly ob-
served the upper GI tract (including the duodenum) according to
conventional EGD procedure and located the simulated lesions.
The performance of USCEwas tested at specified locations, includ-
ing the normal lower esophagus and gastric body, as well as the
simulated lesions. Once the locations were arrived or located, the
capsule was switched to ultrasound mode, and ultrasound images
were obtained. After visualization of the upper GI tract, EGDwith
the capsulewas removed. The capsulewas inserted directly into the
small bowel through the artificial stoma; both optical and ultra-
sound images of normal small bowel and simulated lesion were
captured.

After USCE procedures, the endoscopist performed EUS proce-
dures to obtain optical and ultrasound images of identical specified
locations (lower esophagus, gastric body, small bowel, and the 3
simulated lesions).

Once the experiments were completed, the animals were given ex-
cessive anesthesia euthanasia.

Outcomes

The primary goal of this animal study was the feasibility and
efficacy of USCE in the upper GI tract and small bowel. The fea-
sibility of USCE was defined as the ability to obtain clear ultra-
sound images of specified locations of normal GI tract and
simulated lesions under the guidance of optical viewing. The ef-
ficacy of USCE was evaluated by comparing layered histologic
structures of normal GI tract and characteristics of simulated le-
sions presented on each group of ultrasound images by USCE
and EUS.

The scanned images of all locations were monitored in real-time
procedures, and high-quality ultrasound images were selected by
Figure 2. Representative images of normal esophagus and esophageal lesion
respectively. A, Optical images of normal esophagus. B, Ultrasound images of
images of esophageal lesion. USCE: ultrasound capsule endoscopy.
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the researcher. High-quality ultrasound images were defined
as clearly recognizable tissue layers presented on them. Each
group of images obtained by USCE and EUS contained both op-
tical and ultrasound images at the same location. To compare
USCE with EUS results, 2 endoscopists with more than 5 years
of EUS experience, who were blinded to the USCE and EUS pro-
cedures, evaluated and marked structure layers of ultrasound
images independently.
RESULTS

Feasibility of USCE

The USCE procedures were successfully performed on the 3 pigs.
Under optical viewing, themucosal surface of esophagus, stomach,
and small bowel could be clearly visualized, and all the simulated
lesions could be recognized, and then ultrasound scanning could
be completed. Representative optical images of normal esophagus,
stomach, small bowel, and simulated lesions are presented in
Figures 2-4. At designated spots of normal GI tract (lower esoph-
agus, gastric body, small bowel) and simulated lesions, clear ul-
trasound images with recognizable structure layers have been
acquired in all 3 pigs.
Efficacy of USCE

For ultrasound scanning of the esophagus, stomach, and small
bowel, paired ultrasound images of high-quality obtained from
USCE and EUS were compared. Representative optical and ultra-
sound images of normal GI walls and simulated lesions acquired
by EUS and USCE are shown in Figures 2-4.

As for esophagus imaging, the structure of the normal esophageal
walls was shown as 9 clear and recognizable layers on USCE, in-
cluding epithelial, lamina propria, interface between lamina
propria and muscularis mucosa, muscularis mucosa, submucosa,
muscularis propria superficial layer, intramuscular connective tis-
sue, muscularis propria deep layer, and adventitia. The 9-layered
structure on USCE was consistent with the structure displayed on
EUS [Figure 2B]. For visualization of the simulated subepithelial le-
sions in the esophagus under the ultrasound mode, the simulated
lesions were characterized by a recognizable, hypoechoic, and
well-demarcated mass in the layer of submucosa using both USCE
and EUS [Figure 2D].
observed on EUS and USCE, with no. 1 and 2 standing for EUS and USCE,
normal esophagus. C, Optical images of esophageal lesion. D, Ultrasound
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Figure 3. Representative images of normal stomach and gastric lesion observed on EUS and USCE, with no. 1 and 2 standing for EUS and USCE,
respectively. A, Optical images of normal stomach. B, Ultrasound images of normal stomach. C, Optical images of gastric lesion. D, Ultrasound images of
gastric lesion. USCE: ultrasound capsule endoscopy.
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As for stomach imaging, the normal gastric walls was character-
ized by a 5-layer structure on USCE, including epithelial, mu-
cosa, submucosa, muscularis propria, and adventitia, which
was consistent with the structure displayed on EUS [Figure 3B].
The simulated subepithelial lesions in the stomach were all char-
acterized by a hypoechoic and well-demarcated mass in the layer
of submucosa under the ultrasound mode of both USCE and EUS
[Figure 3D].

As for small bowel imaging, clear 4-layered differentiation of the
lumen wall structure was shown on USCE, including mucosa, sub-
mucosa, muscularis propria, and adventitia. The sublayers of the
small bowel on USCE were consistent with those displayed on
EUS [Figure 4B]. In the small intestine, the simulated subepithelial
lesions under USCE were characterized by a hypoechoic and well-
demarcated mass originating from submucosa, which were in
agreement with those of EUS [Figure 4D].

DISCUSSION

In this study, our group used a novel USCE system with the dual
modalities of optical viewing and ultrasound scanning performed
simultaneously to observe the upper GI tract and small bowel of
experimental animals, to evaluate its technical feasibility and clini-
cal usefulness. This in vivo animal study demonstrated that the
USCE was able to view GI tract in the optical mode and obtain
Figure 4. Representative images of normal small bowel and small bowel lesion
respectively. A, Optical images of normal small bowel. B, Ultrasound images of
images of small bowel lesion. USCE: ultrasound capsule endoscopy.
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high-quality and informative ultrasound images from the esopha-
gus, stomach, and small bowel, highlighting the possibility of using
this technology for a wider range of GI tract indications with fur-
ther improvement.

In this study, both white-light and US imaging modalities of USCE
for visualization of the esophagus, stomach, and small bowel were
evaluated. Under the optical mode, the capsule could observe the
mucosal surface of the upper GI tract and small bowel clearly,
and all simulated lesions could be located. Under the ultrasound
mode, specified locations were scanned, and layered structures of
normal GI walls could be differentiated by the high-frequency
scanning of USCE, which were consistent with those on EUS. In
addition, the characteristics and layer of simulated lesions could
also be recognized. Although the movement of the capsule in the
stomach and small bowel was dependent on EGD manipulation
or direct access to the small bowel, the technical feasibility of this
USCE for both superficial and submucosal imaging of the upper
GI tract and small bowel is validated, offering possibility that the
capsule could be used in different positions of the GI tract.

In prior studies of other USCEs, ultrasound scanning of esophagus
and small bowel has been explored in in vivo or in vitro animal
studies. However, the majority of previous USCEs contained only
the ultrasound transducer for ultrasound imaging, without the
function of optical viewing.[15,16,20–22] The only USCE with dual
observed on EUS and USCE, with no. 1 and 2 standing for EUS and USCE,
normal small bowel. C, Optical images of small bowel lesion. D, Ultrasound
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imaging modalities is too big (39 � 21 mm) to be swallowed.[23]

Besides, all the prior studies were still in the proof-of-concept
stage for new capsule development. Compared with previous
USCEs, current USCE has several advantages: (1) it contains
both functions of white-light imaging and ultrasound scan-
ning; (2) it is small (13 � 31 mm) to be swallowed by human
subjects, which has been proved in our previous study[18]; (3)
it has demonstrated feasibility and safety in human subjects
for diagnosis of esophageal diseases.[18] Our study explores
further underlying application of this USCE system in stomach
and small intestine. To our largest knowledge, this is the first study
to demonstrate the feasibility of an USCE for both superficial and
submucosal imaging of the upper GI tract and small bowel in a
porcine model.

Further technical improvement of this USCE needs to be achieved to
support its controllable movement and practical application in the
stomach and small bowel, such as magnetic manipulation of USCE
in the stomach or wireless USCE in the small bowel. EUS is used to
evaluate subepithelial lesions in the esophagus, stomach, duodenum,
and colon.[1] For small bowel visualization, CE, enteroscopy, and
device-assisted enteroscopy have represented an important innova-
tion in the last decade and opened the so-called “SB black-box,” lim-
ited to the visualization of the tissue surface.[24] However, ultrasound
scanning also plays an important role in small bowel diseases, such as
inflammatory bowel diseases.[25,26] Therefore, the expanded exami-
nation range of GI tract by USCE, from esophagus to upper GI tract
and small bowel, would make significant sense. The next important
step in this process would be to tackle the issue of capsule movement
in the stomach and small bowel. New solutions are needed to make
further progress, and further human studies are warranted.

In conclusion, this article adds information that this USCE is feasi-
ble and useful to observe the upper GI surface and small bowel and
obtain subsurface information, opening up the possibility of using
this technology for a wider range of GI tract. Future studies are
merited to improve and validate this technology.
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