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In the early 2000s, the introduction of single-camera wireless capsule endoscopy (CE) redefined small bowel study.

Progress continued with the development of double-camera devices, first for the colon and rectum, and then, for

panenteric assessment. Advancements continued with magnetic capsule endoscopy (MCE), particularly when

assisted by a robotic arm, designed to enhance gastric evaluation.
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1. Introduction to Panendoscopy and Its Challenges

Capsule endoscopy (CE) is a minimally invasive procedure that was initially conceived for evaluation of the small

bowel and has achieved a high diagnostic yield for the detection of small bowel lesions . The notion of a

panenteric examination (e.g., for Crohn’s disease assessment) emerged with the development and implementation

of colon capsule endoscopy . In fact, since CE allows for the evaluation of the whole gastrointestinal (GI) tract,

the concept of a single minimally invasive panendoscopy has become quite a tempting idea . Technical feasibility

and expected favorable patient tolerance both support the use of this method. Nevertheless, there are several

challenges in implementing it.

Firstly, the implementation of capsule panendoscopy (CPE) would further increase the reading burden of an

already time-consuming exam. Without any auxiliary procedural automation, this would most likely reduce the cost-

effectiveness of a gastroenterology department, not to mention that many medical institutions would lack the

experience or resources required to perform it . More importantly, by considerably increasing the number of

frames that must be reviewed, fatigue and monotony levels would increase, potentially leading to missed lesions

and/or decisive frames.

Secondly, the diagnostic accuracy of CE in assessing the esophagus and stomach is still suboptimal. In addition to

the inability to inflate the lumen, which is an inherent constraint of CE in any anatomical area, there are other

limitations that must be considered. In the esophagus, the capsule moves quickly, especially if taken in a

sitting/orthostat position, which can reduce the number of mucosal frames and may be associated with incomplete

visualization of the Z-line . In the stomach, which is not a cylindric structure as is the case for the small bowel,

some areas, particularly proximal ones, may be overlooked, since it is entirely dependent on peristaltic motions,

even when dual-headed endoscopic capsules are used .
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Lastly, while adequate bowel preparation is one of the most important current concerns of capsule enteric

evaluation, it becomes much more determinant in the scenario of CPE. In fact, researchers have yet to find an

effective and reproducible method of bowel preparation that is widely accepted and tolerated by patients, not only

for small bowel CE, but also for colon CE . Even though numerous studies have been conducted in this domain,

including systematic reviews with meta-analysis, it remains challenging to reach a final conclusion due to

heterogeneity in how researchers analyze mucosa cleansing . There is currently no method that fulfils the

criteria of the method being non-time-consuming, consistent, and free of inter-observer variability. Neither the

development of operator-dependent nor color-intensity-based automated methods have fully addressed this issue

. The development of a standardized method and its integration in CE reading tools most likely needs to be

the former step, thus facilitating the subsequent design of an appropriate clinical trial to determine the most

beneficial preparation.

2. Wireless Capsule Endoscopy: A Pill-Sized Revolution in
Gastrointestinal Imaging

Single-camera capsules were the first to be developed in the early 2000s, initially with lower resolution and a lower

capturing frame rate . Over time, improvements were made, including to the camara resolution capturing frame

rate and battery power, and software refinement as well as hardware advancements took place with the

introduction of real-time viewers . The progress eventually led to development of adaptative frame rate

technology, where the faster the capsule progresses, the higher the capture rate, reaching a maximum of six

frames per second .

Dual-camera capsules were introduced in 2006 . First-generation designs went into sleep mode shortly after

ingestion due to power saving issues, rewiring only in the small bowel. The capturing frame rate was poor, resulting

in a lower sensitivity in detecting polyps, compared to second-generation models . These later devices

became accessible later in 2009, offered a wider view angle and came with an adaptative frame rate up to 35

frames per second, which was a valuable inclusion to preserve battery . More recently, in 2016, a third-

generation design was introduced which was able to stay operational without interruption along the entire GI tract

. Initially it was intended to assess inflammatory bowel disease patients more accurately, but it rapidly prompted

discussions of CPE.

Since its introduction, CE has established itself as the first-line method for assessing the small bowel mucosa. The

two main indications for its usage include suspected mid-gastrointestinal bleeding and diagnosis/follow-up in

situations of suspected/confirmed small bowel Crohn’s disease . Moreover, it can also be used to monitor

hereditary polyposis syndromes, mainly Peutz–Jeghers, and to rule out small intestine tumors . It is also

applicable to the evaluation of nonresponsive or refractory celiac disease cases, when the diagnosis of celiac

disease is uncertain, or in malabsorption syndromes . Additionally, dual-camera capsules have improved the

visualization of the colonic mucosa, by enabling greater visibility of both haustra and areas located behind folds .

As a result, they have improved capsules’ overall diagnostic yield, not only for detecting protuberant lesions, but

also for other mucosal lesions . Consequently, this has become a possible alternative method for colorectal
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cancer (CCR) screening, mostly in situations where prior colonoscopy was incomplete or there was a greater risk

of complications or contraindication to conventional colonoscopy or sedation .

CE is generally safe and well tolerated, with few contraindications. Caution is warranted in patients with swallowing

disorders, due to risk of aspiration . Additionally, it requires clinical assessment of the risk of capsule retention

. This is particularly applicable for patients with established Crohn’s disease (ECD), where the risk of

retention is increased, and whenever obstructive symptoms are observed . Given the high risk of CE

retention in Crohn’s disease, the inability to distinguish high-risk from low-risk patients based on clinical

presentation alone, and the indisputable effectiveness of patency testing, the safest approach would be to pursue

patency testing before CE in all ECD patients . Moreover, there is also an increased risk of retention in

patients with previous gastrointestinal surgery or radiation therapy of the abdomen and pelvis, as well as persistent

users of non-steroid anti-inflammatories and patients with a personal history of small bowel tumors . In these

cases, a patency capsule might also be considered . The use of CE in individuals with implantable cardiac

devices (pacemaker, defibrillators and left ventricular assist devices) should not be contraindicated, since several

studies have shown that is safe .

3. Robotic-Assisted Panendoscopy: Advancements and
Benefits

In addition to wireless CE, magnetically controlled capsule endoscopy (MCE) has emerged as an alternative

method to evaluate the superior GI tract (Figure 1) . In this case, the capsule contains a magnet that can be

moved in real time by a magnetic field that is generated outside the patient after swallowing it, using forces of

translation and rotation .

Figure 1. Various types of capsule endoscopy devices.

There are three types of magnetic control systems: hand-held magnets, electromagnetic coil systems (comparable

to present-day MRIs) and robotic arms . Of these techniques confined to very few centers, the latter is

the most widely used and studied, mainly for the assessment of the gastric mucosa, given its operability (either

manually or automatically), tolerability (the exam is conducted without patient movement) and ease of installation

(compared to the installation of larger electromagnetic coil systems) .
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The development and implementation of MCE for gastric assessment addresses one of the shortcomings of

wireless CE by not depending entirely on stomach peristalsis to move. Although the protocol is not fully

established, patients are typically asked to drink 1 L of water (generally mixed with an anti-foaming agent) 10 min

prior to the start of the exam, to enhance gastric distention . Then, the capsule is mobilized through this water

interface, enabling evaluation of the gastric mucosa. In fact, there is some evidence that shows that MCE’s

diagnostic accuracy for detecting gastric lesions might be comparable to the gold standard upper endoscopy, with

superior overall agreement in 90% of cases . This, in turn, may serve as a safe and effective alternative for

gastric assessment, besides wireless CE, in patients who cannot tolerate esophagogastroduodenoscopy.

Furthermore, the implementation of MCE controlled by a robotic arm could also contribute to panendoscopic

evaluation of the whole GI tract. For example, a patient could ingest the capsule lying down (to maximize the

assessment of the esophageal mucosa), followed by an extensive evaluation protocol of the stomach with the help

of magnetic fields . Then, when the capsule enters the duodenum, the patient would be able to leave the

examination bed and move as in wireless CE, allowing for the remaining panenteric assessment.

When it comes to contraindications, they are similar to those outlined previously in wireless CE. The presence of a

magnetic field adds extra contraindications, comparable to those applied to MRI, namely the presence of implanted

electronic devices, non-MRI-compatible pacemakers and/or magnetic metal foreign bodies .

From a diagnostic standpoint, it should be highlighted that MCE’s ability to evaluate the fundus is still incomplete,

with some studies reporting impossibility in 20% of instances . Furthermore, thus far, it is challenging to compare

wireless CE and MCE, given the lack of comparative research between them.

4. Artificial Intelligence in Panendoscopy: Enhancing
Diagnostic Accuracy

In recent years, artificial intelligence (AI) has gained relevance in diverse fields of medical practice, particularly is

specialties with a strong imaging and diagnostic component . Gastroenterology has always been marked by

ground-breaking achievements, using highly innovative technologies to improve patient care. As a result, it is not

surprising that it is also leading the way in the advancement of AI technologies in healthcare.

AI-related developments have been achieved in two areas of computational science over the previous decade:

machine learning (ML) and deep learning (DL). These two fields emerged around the same period. However, the

lack of adequate computational power in the past limited the widespread adoption of DL models. As a result,

technology initially embraced ML algorithms. Their aim was to complete a task by analyzing patterns automatically.

Nevertheless, ML requires a supervised phase to ensure proper data annotation .

With the current availability of ample computational resources, DL models have gained significant momentum in

recent years. These models are a subset of machine learning that are also used for automatic pattern identification

but, unlike the former, do not necessarily require human interaction to train the model, displaying supervised or

[28]

[27]

[28]

[28]

[29]

[30]

[31]



Minimally Invasive Capsule Panendoscopy | Encyclopedia.pub

https://encyclopedia.pub/entry/55781 5/11

unsupervised learning potential . They involve neural networks with multiple layers (three or more), structured

in a hierarchical human-brain-inspired architecture, which is capable of performing more complicated tasks by

sequentially combining inputs from various layers ranging from lower-level to higher-levels ones . One DL model

example is a convolutional neural network (CNN), which, as the name suggests, has a multilayer neural network

structure that is used to automatically analyze complex visual data, mimicking the neurobiological process .

There are some ML-based capsule software add-ons which assist the gastroenterologist in image-pattern analysis.

They were developed for many purposes, including color image analysis (e.g., automatically detecting blood, as in

PillCam’s Suspected Blood Indicator), topographic segmentation (e.g., automatically recognizing distinct

anatomical sections) and video adjustment (e.g., reducing duration of a video by displaying frames with the highest

probability of being abnormal, as in PillCam’s Top 100) . These tools helped to reduce the reading burden,

although the percentage of missing lesions is higher compared to that in developed DL models . Therefore,

there has been exponential interest in the development and validation of DL models for CE.

Convolutional neural networks were initially developed using frames from a single-camera capsules, later

expanding to dual-camera capsules. Specific CNNs were applied first in the small bowel, followed by the colon and

rectum, and then, in both anatomical regions, excelling at detecting a particular lesion 

. Nevertheless, adopting a sequential approach where each specific CNN is applied one at a

time for an AI-assisted review of a CE video, while logical, might not be the most efficient strategy.

Complex CNNs have started to emerge, offering the capability of detecting multiple types of lesions at once 

. The first paper in this field was published by Ding et al. and demonstrates the potential of a CNN-based

approach to assisting in the reading of wireless CE. Indeed, their AI system provides the simultaneous detection of

a wide range of lesions. Despite the novelty of being the first published complex model, the findings are currently a

topic of debate, as this CNN can accurately detect various types of lesions but fails to differentiate between them

. The CNN described in that study serves as the core technology for the newly developed DL solution

(ProScan™, AnX Robotica, Plano, TX, USA) to be incorporated into the reading software of the NaviCam SB

system (AnX Robotic Corp, Plano, TX, USA). Although the hardware has received clearance by the Food and Drug

Administration (FDA), this clearance has not been granted for ProScan™, which currently awaits approval for

commercial use. Other groups have also developed DL models which are most often used in the small bowel, but

are also capable of being used in the colon .

From panenteric AI-enhanced mucosa evaluation, some groups have also tried to develop DL solutions for

assessing the stomach. First, they used MCE capsules . Then, there was also a published CNN that used

various types of wireless CE capsules, representing another important step for pursuing the AI-enhanced

panendoscopy vision .

The technological readiness level of these algorithms in CE is currently situated in the initial stages of

development, spanning from experimental to demonstration pilots, with some still in the research phase focused on

concept validation. To fully understand the potential of AI during CE, prospective and multicentric studies are still
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required since most research conducted so far has been retrospective. The role of this DL-based technology in the

identification of esophageal lesions by CE is still to be explored. CE is associated with a scarcity of esophagus

images, which limits the establishment of esophageal-only databases. Nevertheless, the development of these

types of models may be a pivotal step towards minimally invasive AI-enhanced CPE.
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