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Abstract: Wireless capsule endoscopy (CE) has revolutionized gastrointestinal diagnostics,
offering a non-invasive means to visualize and monitor the Gl tract. This review traces the
evolution of CE technology. Addressing the limitations of traditional white light (WL) CE,

the paper explores non-WL technologies, integrating diverse sensing modalities and novel
biomarkers to enhance diagnostic capabilities. Concluding with an assessment of Technology
Readiness Levels, the paper emphasizes the transformative impact of non-WL colon CE
devices on Gl diagnostics, promising more precise, patient-centric, and accessible healthcare

for Gl disorders.
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Introduction

The advent of wireless capsule endoscopy (CE)
has marked a revolutionary milestone in gastroin-
testinal (GI) endoscopy, leading to a transforma-
tive era for diagnosing and monitoring GI
disorders. At its core, this innovation owes its
existence to the visionary insights of Dr. Paul
Swain, whose inspiration drew from miniature
imaging technologies initially designed for space
exploration. Prof. Swain’s groundbreaking vision
centered around encapsulating a highly miniatur-
ized camera within a pill-sized capsule, a techno-
logical marvel enabling the non-invasive
visualization of the entire GI tract.!»? The realiza-
tion of this audacious endeavor came to fruition
through a collaborative effort with Given Imaging
(Yokneam Illit, Israel). The developmental phase
was characterized by formidable engineering
challenges, which necessitated the miniaturiza-
tion of the camera, the design of a protective cap-
sule shell, and the integration of a wireless
transmission system. The result was nothing short
of remarkable — a capsule of diminutive propor-
tions, ingestible by patients yet equipped with the

extraordinary capacity to capture high-resolution
images while traversing the complex landscape of
the digestive system.

After rigorous clinical trials and regulatory
approvals, the PillCam® capsule endoscopy sys-
tem emerged as the first commercially available
CE technology.? Its impact has been profound,
introducing a minimally invasive and patient-cen-
tric approach to diagnosing and monitoring GI
conditions, particularly those elusive to tradi-
tional diagnostic methods, such as those affecting
the small intestine. In 2006, Given Imaging Ltd.
further expanded the capabilities of CE by intro-
ducing the inaugural generation of a colon explo-
ration capsule, marking a significant stride in the
evolution of this transformative technology. This
development is built upon the existing small
bowel and esophageal capsules, broadening diag-
nostic possibilities within the GI tract. Known as
CCE-1 or the PillCam COLON, this pioneering
capsule measured 11mm X31.5mm. It was
equipped with two cameras featuring a remarka-
ble 156° angle of view on both sides, enhancing
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its ability to capture comprehensive images of the
colon.* Subsequently, the domain of colon cap-
sule endoscopy (CCE) continued to advance with
the introduction of CCE-2, the second-genera-
tion system known as the PillCam COLONZ2.
This updated capsule represented a significant
leap forward in specifications and technical capa-
bilities. Albeit with the exact dimensions, it
boasted an expanded angle of view of 172° for
both imagers, effectively covering nearly 360° of
the colon. During motion, the CCE-2 captured
images at 35 frames per second (fps), adjusting to
4 fps while stationary to conserve battery power
without compromising image quality.

Furthermore, the CCE-2 featured an extended
operating duration of approximately 10h. It
incorporated a power-saving ‘sleep’ mode acti-
vated upon ingestion to enhance energy effi-
ciency, ensuring that battery life would be
conserved until the capsule reached the colon.5:¢
In recent years, multiple other manufacturers
have also entered the market, offering double-
domed capsules for colon examination. This
expansion of industry players underscores the
field’s ongoing advancements, progress, and clin-
ical interest. The following is a compilation of
commercially available capsules for the study of
the colon (Table 1):

Table 1. Available types of colon capsule endoscopes and operating characteristics.

Capsule device Pillcam COLON2? Capso Cam plus? OMOM CCE? NAVICAM colon
capsule 1°

Company Medtronic Capsovision Jinshan AnX Robotica

Country USA USA China USA

Dimensions 32.3x11.6 31X 11 31.5%11.6 31%11.6

Weight (g) 2.9+0.1 4 3 3

Frame rate, (fps] 4-35 20 max 4-35 0.5-17, 2-38

Battery life (h) 10 15 15 10

Cameras 2 4 2 2

Field of view 344 360 344 160

Real-time imager Y Y Y

FDA approval Y Y N N

As exciting as these advancements are, it’s essen-
tial to acknowledge the limitations of conven-
tional white light (WL) CE. While CE has played
a pivotal role in visualizing the digestive tract,
offering valuable insights into mucosal inspec-
tion, it has often encountered challenges in pro-
viding the detailed and specific information
necessary for early disease detection and the pre-
cise characterization of anomalies.!! The intro-
duction of WL imaging CE has sparked extensive
research to enhance its diagnostic capabilities by
integrating other sensing modalities. These devel-
opments can address the limitations of WL imag-
ing by improving the detection of subtle mucosal

microlesions and submucosal or transmural
pathology, thereby opening novel diagnostic pos-
sibilities.!? Additionally, researchers are exploring
incorporating various sensors to measure physio-
logical parameters and discover new biomarkers,
aiming to enhance sensitivity, specificity, and
overall clinical utility in CE.13

This review paper endeavors to shed light on non-
WL colon CE technologies, examining the advance-
ments in diagnostics within the field. These
innovations can revolutionize how we diagnose and
manage GI conditions, particularly those affecting
the colon. The integration of various sensing
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modalities and the exploration of novel biomarkers
exemplify the proactive steps taken by the medical
community to enhance the capabilities of CE. As
we delve deeper into this evolving landscape, it
becomes increasingly evident that the future of
CCE holds promise in terms of diagnosis.

SmartPill

GI motility (GIM) is crucial in efficiently transit-
ing contents through the digestive system. In
many patients with GI symptoms, dysmotility
can significantly contribute to discomfort. GIM
disorders can dramatically impact a patient’s
quality of life and contribute to a substantial soci-
oeconomic burden.' These disorders often man-
ifest with symptoms such as abdominal pain,
bloating, constipation, or diarrhea. In some
cases, conventional medical therapy may not
yield satisfactory results.!> Therefore, there is a
clinical need for motility testing, especially in
patients who do not respond well to empirical
treatments. To investigate GIM disorders effec-
tively, it is essential to have a diagnostic method
providing precise measurements of motor activ-
ity that is standardized, reproducible, and
acceptable to patients regarding invasiveness.!2
SmartPill™ (Medtronic, Minneapolis, MN,
USA) motility testing system offers a compre-
hensive solution to these challenges.!0:17

Traditionally, motility testing has been focused
on the specific region of the GI tract where the
abnormality is suspected to reside. However, evi-
dence suggests that GIM disorders may not
always be confined to one segment of the GI
tract.!® For instance, some patients with slow
transit constipation exhibit delayed gastric and/
or small bowel emptying rather than isolated
colonic dysmotility.!® This realization highlights
the importance of comprehensive GIM assess-
ment to guide more accurate diagnoses and tai-
lored treatment decisions. The SmartPill system
comprises a 26.8mm X 11.7mm ingestible sin-
gle-use wireless motility capsule (WMCOC)
designed to measure several critical parameters
as it traverses the entire GI tract.2%2! These
parameters include (Figure 1):

- DPressure: The WMC measures pressure
ranging from 0 to 350mm Hg, capturing
data every 0.5s for the first 24h and every

second after that. It offers an accuracy of
*5mm Hg below 100mm Hg and =10%
above 100 mm Hg.

- pH: Intraluminal pH is monitored every 5s
for the first 24 h, every 10s from 24 to 48h,
and every 2.5 min after 48h, with an accu-
racy of 0.5 pH units.

- Transit Time (TT) measurement: The sys-
tem records transit times through different
regions of the GI tract, including gastric,
small bowel, and colonic TT.

- Temperature: The capsule tracks tempera-
ture variations from 25°C to 49°C every
20s for the first 24h and every 40s after-
ward, with an accuracy of =1°C.

This device is primarily used for the functional
assessment of the GI system. It is recom-
mended by both the American and European
Neurogastroenterology & Motility Societies for
assessing conditions like gastroparesis, small
bowel dysmotility, and colonic TT in chronic
constipation.16-22

Data collected by the WMUC is transmitted wire-
lessly to a motility receiver. At the end of the
examination, the data is uploaded and analyzed
using MotiliGI™ Software, which provides a
comprehensive report with graphical and statisti-
cal analyses, including parameters like gastric
emptying time, pressure patterns in the antrum
and duodenum, small bowel and colonic TT, and
whole gut TT.23

One of the significant advantages of the
SmartPill™ system is its ability to provide a
minimally invasive assessment of GI motility
without the need for radiation exposure.
Traditional motility testing methods, such
as gastric emptying scintigraphy (GES), whole
gut scintigraphy (WGS), or the use of radio-
opaque markers (ROM), often involve exposing
patients to radiation, which can be a concern
for both patients and healthcare providers
(Table 2).

Measuring various parameters simultaneously
and providing data on pressure, pH, and TT,
allows for a more holistic understanding of GI
motility. This multi-dimensional approach ena-
bles healthcare professionals to make more
informed diagnoses and tailor treatment plans
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Figure 1. Equipment used for the SmartPill test. (a) The data receiver and laptop with the MotiliGlI
software are shown. The SmartPill capsule in the buffer is also shown. (b) The inside of a SmartPill
capsule. (c) Activation of SmartPill capsule with a magnetic fixture.?3

Table 2. Current methods used for assessment of colon function.

Technique Gl tract region Invasiveness Radiation Easiness of
interpretation

SmartPill™ Whole Gl tract Low No Easy

Radio-opaque Colon Invasive Yes Easy

markers

Colonic Colon Invasive No Difficult

manometry

to each patient’s specific needs.?> Several stud-
ies have explored the validity and clinical utility
of the SmartPill™ system in assessing GI motil-
ity.23:26 The SmartPill™ system has been vali-
dated to measure colonic TT in patients with
chronic constipation. In one study by Rao and
the team,?” SmartPill™ testing was compared
to traditional 2-day and 5-day radiopaque
marker (ROM) studies to assess colonic TT in
78 adults with functional constipation.
SmartPill™ exhibited a strong correlation with
ROM results on Day 2 and Day 5, with correla-
tion coefficients of 0.78 and 0.59, respectively.
When wusing a 59-h colonic TT cutoff,
SmartPill™ identified delayed transit in 46% of
patients, compared to 37 % with the 5-day ROM
study. This suggests that SmartPill™ may be a
sensitive and valuable diagnostic tool for (Colon
Transit Time) CTT assessment in constipated
individuals. Furthermore, using the SmartPill™

eliminated the need for more complex and inva-
sive tests, such as GES or WGS, in many cases.
This reduces the healthcare costs associated
with these tests and minimizes patient discom-
fort and radiation exposure.

The SmartPill™ system offers valuable insights
into pressure patterns throughout the GI tract.
Pressure measurements are particularly rele-
vant in assessing gastroparesis and chronic con-
stipation conditions. The SmartPill™ system
has shown promise in differentiating between
constipation subtypes based on pressure pat-
terns. The most comprehensive assessment of
colonic pressure profiles in individuals charac-
terized by Whole Gut Transit (WGT) was con-
ducted by Hasler ez al.?® in a study comparing
53 healthy subjects with 36 individuals with
constipation. The findings indicated a clear dis-
tal-to-proximal gradient in colonic pressure
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Figure 2. e-Celsius Medical capsule characteristic.? (a) e-Celsius Medical capsule and (b) eViewer Medical

monitor.

Source: Image courtesy of Sébastien Moussay, BodyCap, France

activity, with a progressive increase in contrac-
tions from the first to the fourth quartiles in
healthy individuals.

‘In conclusion’ The SmartPill™ WMC repre-
sents a significant advancement in assessing GI
motility, potentially reducing the need for more
invasive and cumbersome tests. While the system
has shown great promise, there are still further
research and refinement areas. Some discrepan-
cies with conventional testing methods exist,
highlighting the need for individualized interpre-
tation and continued investigation to establish
the SmartPill™ as a leading diagnostic tool for
functional gut disorders. The SmartPill motility
testing system’s maturity has led to challenges in
finding alternative suppliers for the specialized
components necessary to produce the SmartPill
capsules and recorders. As a result, the manufac-
turer, Medtronic, has faced the tough choice of
discontinuing worldwide sales starting in June
2023.29

Continuous core temperature monitoring

system

Maintaining a stable core temperature of around
37°C is crucial for overall health, supporting
optimal metabolic and enzymatic functions.
Traditional measurement methods like oral,

axillary, and rectal measurements have limita-
tions, prompting a shift toward innovative
approaches.

Ingestible telemetric capsules with temperature sen-
sors offer a groundbreaking solution for continuous
core temperature monitoring. These capsules, with
miniature sensors and electronic circuits, provide
accurate temperature measurements, particularly in
the GI tract. The constant monitoring capability is
invaluable in prolonged exercise, extreme environ-
mental conditions, and surgical settings.

Using ingestible temperature measurement sys-
tems has gained traction in sports and occupa-
tional settings, benefiting professionals like
deep-sea saturation divers, distance runners, and
soldiers undergoing intense military training
exercises.>3°

Various sites have been used to measure tempera-
ture, including esophageal, vesical (bladder),
and rectal locations. These sites have demon-
strated an excellent approximation to pulmonary
artery temperature measurement, considered
the gold standard but highly invasive.?! In con-
trast, ingestible systems offer a less invasive
alternative with continuous monitoring capabili-
ties. Recent advancements have yielded the
e-Celsius® system, a groundbreaking solution for
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core temperature monitoring. This ingestible GI
telemetric device introduces several unique fea-
tures, significantly advancing the field of temper-
ature monitoring. The e-Celsius® system
(BodyCap, Hérouville Saint Clair, France;
Figures 2 and 3), developed to measure tempera-
ture with a transmission distance of up to 5m,
incorporates self-memory capabilities to mitigate
potential transmission impairments.32 This inno-
vative system comprises an ingestible capsule
designed to measure GI temperature, which is
then connected to a Bluetooth monitor. The
e-Celsius® capsule boasts 17.6mm in length,
8.6cm in diameter, and a weight of 1.2grams,
with a maximum sampling time of 30s.32 The
sampling frequency can be customized to desired
intervals, providing adaptability throughout the
examination process. Upon ingestion, the e-Cel-
sius® pill is activated using an external activation
box. Subsequently, it transmits data to a dedi-
cated wristband or monitors via 433Hz
radiofrequency.33

VitalSense (Table 3) is a telemetric physiological
monitoring system that offers continuous moni-
toring of core body temperature, dermal tempera-
ture, heart rate, and respiration rate wirelessly
and without probes. Its ingestible temperature
capsule, the VitalSense Core Temperature
Capsule developed by Phillips, also known as the
Jonah Capsule, provides faster, more effective,
and accurate measurements compared to tradi-
tional methods like ear or rectal probes. The
information collected by the VitalSense Core
Temperature Capsule is transmitted to an
Equivital (EQ02) Life Monitor, securely strapped
to the chest of the individual under monitoring.
From there, the EQ02 monitor sends the data to
a computer, where it can be conveniently col-
lected and analyzed. This comprehensive moni-
toring system ensures precise and reliable data
collection, enabling informed decision-making
for a wide range of applications, from healthcare
to sports performance analysis and beyond.3*

Monitoring can occur retrospectively or in real-
time, offering flexibility and convenience for
healthcare providers and patients. The e-Celsius®
system has underscored its versatility and effec-
tiveness in diverse fields such as chronobiology,
sleep research, oncology, infectiology, and drug/
vaccine development. Recent trials involving
febrile patients have showcased the

device’s accuracy and reproducibility, indicating
a superior intraclass correlation with axillary tem-
perature compared to other non-contact tech-
niques.3® Furthermore, the e-Celsius® system has
undergone testing in sports medicine,3%40 circa-
dian rhythm monitoring,*! metabolic monitor-
ing,*? and prevention of hypo/hyperthermia.*? In
a validation study led by Koumar and col-
leagues,** 23 healthy volunteers were monitored
for 24h in a hospital while ingesting both e-Cel-
sius® and Jonah capsules. The e-Celsius® device
recorded slightly lower temperatures than
Vitalsense® and rectal probes but higher tempera-
tures than esophageal probes. The study also
compared missing data rates, concluding that the
e-Celsius® system is a reliable option for continu-
ous internal temperature monitoring, showing
favorable characteristics compared to Vitalsense®
devices. Further research is needed to explore its
accuracy and performance in clinical settings.

However, continuous research and development
efforts are imperative to refine these ingestible
temperature monitoring systems, address poten-
tial systematic biases, and further enhance their
accuracy. In conclusion, as technology continues
to advance, ingestible temperature measurement
systems are poised to become more widespread,
solidifying their pivotal role as crucial compo-
nents of modern healthcare and scientific
research.

The C-scan® system

The C-scan® system (Check-Cap, Isfiya, Israel;
Figure 4) is a 34mm X 11.6 mm smart pill pow-
ered by Tungsten 181 radioisotope designed to
utilize low-dose X-ray imaging to produce trans-
mural images of the colon.*> The C-scan system
is a revolutionary approach to colorectal cancer
screening that has the potential to transform the
way we detect and prevent this disease. This cut-
ting-edge technology operates without requiring
traditional bowel preparation: patients simply
ingest an iodine-based contrast agent, typically
during a meal. This allows the device to perform
a radial scan of the colonic wall using three rotat-
ing X-ray beams.4 The system comprises three
key elements: the ingestible capsule (C-Scan®
Cap), the recorder (C-Scan® Track), and the
computer-based workstation (C-Scan® View).%’
The source emits X-ray photons through a rotat-
ing collimator, enabling the capsule to scan the
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Figure 3. e-Celsius eViewer Medical monitor.
Source: Image courtesy of Sébastien Moussay, BodyCap, France.

Table 3. Commercially available devices to measure core body temperature.

Type Manufacturer size weight accuracy Calibration Sampling
range period
eCelsius® ‘j’_ ) BodyCap 17.7mm 1.7 gr 0.2°C 25°C to 45°C 30s

0 France X 8.9mm

VitalSense3® Philips 120mm X 90mm 200 gr +0.1°C 25°C to 50°C 15s
Respironics X 25mm Capsule
USA -20°C to 60°C
Patch
CorTemp?3® s Epory shet HQ, USA 10.9mm X 2.8gr +0.1°C 30°C to 45°C 10s
““(M(: 22.4mm
MyTemp?’ MyTemp 20mm X 1.3gr +0.01°C 30°C to 45°C bs
The 8mm
Netherlands
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inner lining of the colon. The capsule is designed
to initiate scanning once it reaches the cecum,
propelled along the colon wia peristalsis. The
C-Scan® Track is a recorder unit securely fas-
tened to the patient’s lower back, through der-
mal patches. During the capsule’s passage
through the colon, data are transmitted to the
recorder using radiofrequency communication.
Additionally, the recorder includes an external
capsule positioning system, collecting data about
the capsule’s real-time location as it travels
through the colon through integrated sensors.
The C-Scan® View is a computer-based worksta-
tion that facilitates the upload of procedure data
from the recorder once the capsule is expelled.
This workstation plays a crucial role in the analy-
sis of the raw data, which encompasses various
parameters such as the capsule’s position in the
colon, the distance of the capsule from the colon
wall, X-ray fluorescence, Compton backscatter-
ing, pressure, and temperature. These data points
are processed using a proprietary algorithm,
resulting in the creation of a high-resolution 3D
reconstruction model of the colon wall and
lumen, enabling the detection of structural abnor-
malities. The output data from the C-Scan® View
are subsequently reviewed, culminating in the
generation of a report detailing the presence of
polyps or masses.

Regarding the system’s imaging resolution, the
X-ray source within the capsule is carefully colli-
mated and positioned in a tungsten shielding cyl-
inder capable of rotation. This setup creates three
beams that collectively scan a full slice of the
colon in a 360° fashion every third of a rotation,
as represented. During this rotation, the direction
of the beams is well-known to the capsule’s micro-
processor, and all detected photons within each
rotational sector are systematically recorded in
the capsule’s memory. The longitudinal and rota-
tional impulse response of the capsule imaging
system in a laboratory setting exhibits a line
spread function with dimensions of approximately
2-3mm in the longitudinal coordinate and 20°—
25° in the rotational coordinate. This resolution
is considered adequate for the detection of non-
diminutive polyps measuring 6 mm and above.
The average radiation dose is a mere 52 uSv, sig-
nificantly lower than the radiation exposure from
a single chest X-ray (0.1 mSv).*® Scanning occurs
exclusively during motion and switches to an idle
mode when stationary. The WGT time of the
capsule varies between 24 and 100h, contingent

on colonic motility, and the capsule is naturally
excreted. In a prospective pilot study*’ conducted
at two tertiary care centers, patients scheduled for
colonoscopies for colorectal cancer screening or
surveillance were included. The study aimed to
assess the safety and patient satisfaction of the
colon-scan capsule in comparison to a colonos-
copy. The study involved 40 participants, pre-
dominantly females with an average age of
52.9years. There were no serious adverse events
or capsule retention issues, with the most com-
mon complaint being mild, self-limiting abdomi-
nal cramping. More than 87% of patients
completed satisfaction questionnaires, which
revealed a significantly higher satisfaction score
for the colon-scan capsule compared to colonos-
copy. In the second study,* 66 capsules were
ingested by 63 volunteers between the ages of 45
and 68years (three individuals ingested the cap-
sule on two separate occasions). Following cap-
sule ingestion, each volunteer consumed
50-70 mL of an iodine-based contrast agent daily
until the capsule was naturally expelled. Out of
the 66 capsules ingested, 65 exhibited uneventful
transit through the GI tract and were naturally
excreted without any adverse effects. In a solitary
instance, one capsule was retrieved from the
cecum of an asymptomatic patient during a fol-
low-up colonoscopy.

While the C-scan system shows great promise,
it is essential to conduct further validation and
comparative studies, particularly in the context
of direct comparisons with optical colonoscopy.
These studies will provide a more comprehen-
sive understanding of the system’s diagnostic
performance and potential impact on colorectal
cancer screening. The core of this pioneering
technology is a disposable ingestible imaging
capsule that accumulates radiological data to
construct high-resolution 3D images of the
colon, all without necessitating the usual cleans-
ing regimen. This method could improve
patient compliance by alleviating concerns and
anxieties associated with the rigorous colon
preparation requirements typically associated
with colonoscopy.>? Furthermore, adopting this
self-contained imaging system has the added
benefit of eliminating the need to schedule
appointments at healthcare facilities, minimiz-
ing disruptions to daily activities, and mitigat-
ing the negative emotional and physical aspects
often associated with colonoscopy. It’s impor-
tant to note that some patients may find the
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Figure 4. ATMO gas capsule.

capsule’s dimensions challenging to swallow,
although these dimensions are like those of
optical capsules already available in the U.S.
market. In conclusion, the C-scan® system rep-
resents a groundbreaking advancement in colo-
rectal cancer screening, offering the potential
for improved patient experience and adherence.
However, The diagnostic performance of this
system in comparison to other established
modalities, such as CE and traditional CT
colonography (CTC), remains a subject of
ongoing research.

Atmo gas capsule

The Atmo Gas Capsule system, offered by Atmo
Biosciences, comprises a 28 mm X 11 mm pill, an
external data receiver, and a smartphone applica-
tion for cloud storage.>! The system utilizes tem-
perature, gas concentrations, capsule orientation,
and changes in the electromagnetic properties of
the environment around the capsule to assess
motility, segmental TT, and landmark detection
(Figure 4). Atmo Biosciences advocates for
patients with irritable bowel syndrome (IBS) as
suitable candidates for gas capsule investigation
due to the substantial number of patients, the
complexity of the disease, and suspected GIM
disorders.

The initial laboratory prototypes were intro-
duced in 2011, and advantages have been made
in the capsule’s capabilities, culminating in an
ongoing proof-of-concept study in the USA for
capsule version 2.1. This study aims to recruit
approximately 100 participants with functional
GI symptoms and dysmotility to compare TT
and gut motility with SmartPill.52 Previous trials
have shown promising results in determining GI
transit of metrics, albeit with healthy study
participants.>3

Thwaites er al. compared the capsule’s ability to
determine landmarks with another FDA-
approved wireless capsule and found no differ-
ences in TT or landmark determination.>3
Determining landmarks relies on identifying
gases, temperature changes, and pH variations.
For instance, the capsule’s excretion is charac-
terized by a sudden temperature drop. In
contrast, the gastroduodenal junction is charac-
terized by an abrupt shift in carbon dioxide,
temperature fluctuations, capsule orientation,
and electromagnetic properties of the surround-
ing environment. A previous proof-of-concept
study was conducted using an outdated capsule
version, highlighting the potential of gas analy-
sis for specific components in the GI tract.>*
The latest capsule device measures gas concen-
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Capsule Modality
RL9 SmartPill
RL 8
ol e-Celsius

Awmo Gas Capsule

(C-Scan System

Technology Readiness Level (TRL) from 1-9

TRL9 - System proven in operational environment
TRL 7 - Integrated pilot system demonstrated
TRL 6 - Prototype demonstration in relevant environment

TRL 5 — Breadbroad validation in relevant environment

Figure 5. Technology readiness level of non-WL colon CE.

trations of hydrogen, carbon dioxide, and
volatile organic compounds, enabling the evalu-
ation of the environment as either aerobic or
anaerobic.>3

In addition to the recent research on capsule-val-
idated landmark detection, gas- and pH-sensing
capsules have been employed to evaluate regional
fermentation processes within the colon. The
authors reported insights into the localization of
colonic fermentation superior to conventional
tools (no data available).?> The clinical signifi-
cance of gas-sensing capsules for fermentation
has been discussed.>%

The potential impact of Atmo Gas Capsule on IBS
patients requires further research and comprehen-
sive testing. IBS patient groups are substantial and
complex, making them potential candidates for gas
capsule utilization. Future research should exer-
cise caution and apply realistic medicine consider-
ations when evaluating subsequent patient
treatment following gas capsule investigation. In
conclusion, the Atmo Gas Capsule system holds
significant promise as a diagnostic tool for IBS and
gastrointestinal motility disorders, but its clinical
utility requires further validation and careful con-
sideration in patient care pathways.

Where do we stand?

The Technology Readiness Level (TRL) serves
as a summary scale to assess the readiness of a
technology for adoption. Initially introduced by
NASA in the 1980s to replace traditional research
and development categories, TRL (Figure 5)
offers an objective nine-stage assessment of a
technology’s advancement toward adoption.
Scores range from 1, indicating the observation
and reporting of fundamental principles, to 9,
denoting proof of real-world successful use of the
technology. This framework provides a structured
approach for evaluating the developmental pro-
gress of emerging technologies. The below figure
shows the TRL of commercially available non-
WL colon CE devices.

In conclusion

GI diagnostics has witnessed a transformative
evolution fueled by innovative technologies such
as non-WL colon CE systems. From the vision-
ary inception of wireless CE by Prof. Paul Swain
to the continuous refinements seen in the
PillCam® system and its successors, these
advancements have significantly elevated our
capacity for non-invasive exploration of the intri-
cate GI landscape.
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Challenges posed by traditional white light
CE have catalyzed a new wave of research,
aiming to augment diagnostic capabilities by
integrating diverse sensing modalities and
exploring novel biomarkers. These collective
advancements signal a promising future for GI
diagnostics, characterized by heightened preci-
sion, patient-centric methodologies, and a shift
toward more efficient and accessible health-
care. As these technologies mature, their poten-
tial to redefine the diagnostic landscape of GI
disorders remains a beacon of hope forimproved
patient outcomes and a more holistic approach
to healthcare. However, acceptance and inte-
gration of these technologies into clinical prac-
tice are yet to be determined, necessitating
further validation and adoption studies to real-
ize their full potential.
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