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Section S1: Search strategy  

Table S1: Search strategy queries 

Query No. Search strategies 

1.  
((gastrointestin*) OR (gut) OR "gastric empty*" OR "small intestin*" OR "small bowel" OR colon* OR 
"large bowel") AND (motility) AND (capsule* OR pill*)  
 

2.  

("capsule endoscopy" OR pH AND (capsule OR pill) OR ((temperature OR "core body temperature") 
AND (ingestible OR capsule* OR pill*)) OR ((magnet* OR electromagnet*) AND (capsule OR pill) 
AND tracking)) AND (gastrointest* OR gut) AND transit  
 

3.  

(PillCam OR EndoCapsule OR OMOM OR MiroCam OR Capsocam OR ("Wireless Motility Capsule" 
OR WMC OR SmartPill) OR IntelliCap OR CorTemp OR VitalSense OR e-Celsius OR (Gas sensing 
AND (capsule OR pill)) OR ("Heidelberg capsule") OR ("Radiotelemetry Capsule") OR ("Bravo pH 
Capsule") OR "magnetic marker monitoring" OR ("Motility Tracking System") OR ("3D-Transit")) 
AND ((gastroint* OR gut) OR "gastric empty*" OR "small intestin*" OR "small bowel" OR colon* OR 
"large bowel")  
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Section S2: Results of Literature Review 

S2.1. Intraluminal imaging systems 
Intraluminal imaging systems were the first to be clinically applied since the En-

doradiosonde. The PillCam (formerly Given Imaging, Yokneam, Israel; now Medtronic, 
Minneapolis, MN, USA), also known as wireless capsule endoscopy (WCE) was the first 
commercially-available IC system [1, 2], developed as a non-invasive, pain-free alterna-
tive to endoscopy, aiming to target inaccessible regions of the gut such as the small in-
testine. It consists of a single-use capsule containing high-resolution cameras, microcon-
trollers, antennas, light emitting diodes (LEDs) and batteries [3, 4]. The system acquires 
approximately 50,000 images per recording, transmitted using radiotelemetry to eight 
aerials attached to the body, which also estimate the position of the capsule in the body 
using the signal strength received by each aerial. The received images are stored on a 
small portable recorder attached to a belt and worn around the abdomen. Bespoke soft-
ware is used to visualise the video sequences, which can take between 45 minutes to 2 
hours to analyse, depending on the experience of the examiner. Although the PillCam is 
the most widely used WCE system, several different variations are now available from 
other manufacturers [4]. These include the EndoCapsule (Olympus Inc., Tokyo, 
Japan)[5], OMOM Capsule (Jinshan Science and Technology Company, Chongqing, 
China)[6], MiroCam (Intromedic Co., Seoul, South Korea), which uses human body 
communication rather than radio frequency communication to transmit signals [7], and 
CapsoCam (CapsoVision, Cupertino, CA, USA) [8]. As described, the primary outcome 
of intraluminal imaging capsule systems are the images, which are used to visualise and 
assess gut morphology. Gut transit times are a secondary outcome, which can be esti-
mated from certain landmarks as identified in the images e.g. gastric emptying (GET) 
and small intestinal transit times (SITT) can be determined from the first gastric, duode-
nal and caecal images [9], whereas colonic (CTT) and whole gut transit times (WGTT) can 
be determined from the first caecal images and the capsule ingestion and excretion times 
[10].  

WCE systems rely on visible light (white light) to visualise the gut mucosa. IC sys-
tems utilising other imaging modalities such as ultrasound (The SonoPill Program [11]) 
or ionising radiation (The C-Scan® System, Check-Cap Ltd, Isfiya, Israel) are also avail-
able. An in-depth review of these non-white light imaging capsule systems has been 
performed by Cummins et al., [12].  

 
 

S2.2. pH, temperature and pressure sensing systems 
Early pH-sensing capsule systems led to the development of the Wireless Motility 

Capsule (WMC), (formerly SmartPill Corporation, Buffalo, NY, USA; now supplied by 
Medtronic, Minneapolis, MN, USA), introduced in 2003 as a multimodal, indigestible, 
single-use capsule system capable of the simultaneous monitoring of GI pH, temperature 
and pressure [4]. The capsule, powered by two batteries, contains a solid-state pressure 
sensor, an ion sensitive field effect transistor pH electrode and a temperature sensor. It 
also contains a radiofrequency (RF) transmitter and an antenna to transmit the measured 
signals [13]. An external data receiver with a range of 1.5 metres, records the received 
signals and also allows a patient to digitally record a diary of symptoms, meals, sleep and 
bowel movements [14]. After 5 days, data is downloaded off the external data receiver 
and analysed in specialised software (MotiliGI; previously SmartPill Corporation, Buf-
falo, NY, USA; now Medtronic, Minneapolis, MN, USA). Abrupt and stereotypical 
changes in pH as the capsule moves from one gut segment to another are used to deter-
mine gut transit times e.g. GET is defined as the time from ingestion to the point in time 
when there is an abrupt but sustained increase in pH by ≥ 2 units from the gastric pH 
baseline to pH ≥ 4, which indicates the capsule’s passage from the stomach’s acidic en-
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vironment to the less acidic duodenum [15]. SITT is defined as the time from this point to 
when there is a sharp drop in pH of ≥ 1.5 units which occurs as the capsule progresses 
through the ileo-caecal valve into the caecum or ascending colon and at least 30 minutes 
after the capsule’s entry into the small intestine [16]. CTT is then determined from this 
point to the capsule expulsion time, which along with the capsule ingestion time is de-
termined from sharp changes in the temperature sensor readings. The points in time at 
which these changes in temperature occur are used to determine WGTT. Single point 
pressure measurements are made using the WMC, with recording of both amplitude and 
frequency of gut contractions;[14] however, such measurements have not been seen to be 
sufficient enough to describe propagating peristaltic contractions and are yet to have an 
established clinical use [13, 17]. 

Other applications of gut pH sensing include targeted drug delivery. The IntelliCap 
System (Medimetrics, Eindhoven, The Netherlands), is one such ingestible drug delivery 
and monitoring system, that consists of a drug reservoir, pH and temperature sensors, a 
microprocessor, transceiver for 2-way wireless communication and batteries [18, 19]. 
Real-time changes in temperature and pH measurements enable localisation of the cap-
sule and therefore enable controlled drug delivery[18].  

 
S2.3. Single-sensor temperature sensing systems 

Single-sensor ingestible temperature sensing capsules are also available, with the 
earliest continuous measurements of core body temperature dating back to the 1960s [20, 
21]. Applications of such systems have ranged from understanding thermoregulation 
and heat stresses induced by exercise [22] or illness [23] to monitoring core body tem-
peratures of astronauts [24]. The CorTemp Monitoring System (HQ Inc., Palmetto, FL, 
USA), formerly known as the Ingestible Thermal Monitoring System (ITMS) is commer-
cially available for clinical use [25]. The CorTemp capsule is encapsulated in medi-
cal-grade epoxy and contains a battery and a temperature-sensitive quartz crystal oscil-
lator, the frequency of which varies with temperature [25, 26]. The measured temperature 
values are transmitted as a radio signal every 20 seconds to an external data recorder 
worn around a subject’s waist [27]. Other ingestible temperature systems include Vi-
talSense (Philips Respironics, Oregon, USA) [25], e-Celsius performance pill (BodyCap, 
Caen, France) [28] and myTemp (myTemp, Nijmegen, the Netherlands), which is cur-
rently in prototype form [29]. Only WGTT can be obtained from temperature sensing 
systems. As with pH-sensing systems that incorporate temperature sensors, abrupt 
changes in temperature when a capsule is ingested and expelled are used to determine 
WGTT. 

 
S2.4. Magnetic tracking systems 

Magnetic and electromagnetic tracking systems are used in a wide range of motion 
tracking applications so it’s not surprising that the use of such systems extended to 
monitoring GI motility. The earliest use of ingestible magnets to assess GI motility dates 
back to the late 1950s and early 1960s, where the progression of a permanent magnet 
through the GI tract was monitored using a magnetometer [17, 30]. Such early studies 
demonstrated the correlation of a magnet’s motion with GI motility in the stomach, 
which led to the subsequent development of other ingestible magnetic systems to moni-
tor motility in other parts of the gut. Although these systems are mostly confined to the 
research domain, they have provided some interesting results, such as first images of 
marker movements in the intestines, which don’t require the use of ionising radiation. 
This was demonstrated in the early 1990s by Weitschies et al., [31] who tracked the pro-
gression of magnetically marked drug dosage forms through the GI tract using a 
7-channel, superconducting quantum interference device (SQUID) as the detector. To 
improve visualisation and resolution, a 37-channel SQUID detector was used in a sub-
sequent tracking study with the position of the capsule in the GI tract determined from 
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the measured field distribution using a localisation algorithm [32]. This Magnetic Marker 
Monitoring (MMM) system was shown to be accurate, with good temporal and spatial 
resolution, however it was very complex in set-up and analysis, and required the use of a 
magnetically-shielded environment.  

A simpler, inexpensive system was developed by Andrä et al., [33, 34] which used a 
permanent magnet, aligning magnetic coils and a magnetic field sensor. The localisation 
method for this system relies on the measurement of the permanent magnet’s magnetic 
field, which is repeatedly aligned vertically by the magnetic coils, thus generating stray 
field components that are detected by the magnetic field sensor. These measurements are 
then used to calculate the magnet’s 3-dimensional position in space [33, 34]. The system 
was simple to use, providing real-time monitoring of GI motility, however like the 
SQUID system, subjects had to stay relatively immobile in a controlled laboratory envi-
ronment, with recordings paused to accommodate short breaks for subjects, resulting in 
non-continuous measurements of gut motility.  

The need for an ambulatory system to continuously monitor gut motility was ad-
dressed by the 3D-Transit electromagnet tracking system. It continuously tracks and 
measures the position and orientation of up to three ingestible electromagnetic capsules 
from ingestion to expulsion using an external detector plate positioned over the abdomen 
[35]. The original version of the system, the MTS-1 was developed as a stationary, static 
laboratory-based system using a permanent magnet and a fixed detector plate [36, 37]. 
However, it was limited to use within a laboratory setting and suffered from interference 
from large ferromagnetic items and surrounding ambient fields, a disadvantage of using 
a permanent magnet. To resolve these issues, the ambulatory version uses an electro-
magnet instead of a permanent magnet, which generates a modulated magnetic field that 
can be differentiated from the earth’s magnetic field, making it easier for the detector to 
identify and track the electromagnet at any point in space. This removed the need to keep 
the detector plate fixed in position allowing it to be attached to the body using a belt po-
sitioned over the abdomen thereby making the system ambulatory [38]. The electro-
magnet is encased within a capsule, which also contains an electronic module and a bat-
tery. Once activated and swallowed, the electromagnetic capsule emits an electromag-
netic tracking signal at a frequency of 5Hz or 10 Hz (pulse rate), which is detected by the 
detector plate. The frequency of the tracking signal determines the capsule’s battery life 
which ranges between 60 hours (at 10 Hz) and 120 hours (at 5 Hz). During a recording, 
the electromagnetic tracking signal is saved onto a microSD memory card (Swissbit AG, 
Switzerland), which is embedded within the detector. Once a recording is complete, the 
data are downloaded to a computer and converted into 3D-space-time coordinates using 
dedicated software (Version 0.4-11, Motilis Medica, SA, Lausanne, Switzerland) that uses 
the detector as a reference point. This enables visualization of a capsule’s 3D-position in 
the gut and its orientation, measured as two angles about the x and y axes. A detailed 
description of the system and its use in research is provided elsewhere [39].  

Magnetic tracking systems rely on the identification of anatomical markers to de-
termine gut transit times, which either take the form of capsule progression pathways, 
movements and velocities, [40] or in the case of the 3D-Transit electromagnet tracking 
system, capsule oscillations, which are dictated by the underlying gut contractile activity 
e.g. GET is defined as the time between capsule ingestion and passage into the duode-
num, which is characterised by a drop in capsule oscillation / contractile frequency from 
3 contractions per minute (cpm) to 9 – 12 cpm,; SITT is determined as the time from 
passage into the duodenum to progression of the capsule into the caecum, characterised 
by a drop in frequency from 9 – 12 cpm to approximately 3 cpm; CTT is then determined 
from this point in time to the capsule expulsion time and WGTT is simply determined 
from the capsule ingestion and expulsion times [41].  
 
S2.5. Gas sensing ingestible systems 
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The latest development in IC systems is the use of gas sensing capsules [42] as an 
alternative to breath tests, which suffer from inaccuracies due to low gas concentrations 
[43] and inconsistent interpretation of results [44]. Direct measurement and localisation 
of gases at the point of production in the GI tract therefore offers potentially better ac-
curacy and reliability of measurements [43, 45]. Earlier developmental versions of the gas 
sensing capsule contained gas sensors that measured oxygen, hydrogen, carbon dioxide 
and methane levels in aerobic and anaerobic conditions within the gut [45]. The capsule 
also contained a temperature sensor, a microcontroller, transmission system and batter-
ies. Gas concentration and temperature readings were transmitted in real-time to a 
hand-held monitor every 5 minutes, which displayed the gas profiles in real-time on a 
mobile-phone application via Bluetooth. Prior to ingestion, capsules were calibrated 
against a range of gas mixtures of known concentrations [45]. Amongst other indications, 
the measured gas concentrations were used to determine regional gut transit times. 
However, from early studies, it was recognised that the landmarks identified from the 
gas profiles to determine GET and SITT were not appropriate as the estimates for GET 
were too long and those for SITT too short [45, 46].  

The sensor technology and software were therefore updated to measure relative 
humidity, hydrogen and carbon dioxide concentration, along with concentrations of total 
relative volatile organic compounds, temperature, capsule orientation and changes in the 
physical electro-magnetic properties of the capsule’s environment [46]. The latest version 
of the capsule therefore uses different measures for landmark assessment which have 
yielded more consistent estimates. GET is now determined from the time the capsule 
enters the stomach (indicated by an increase in temperature) to passage from the stomach 
to the duodenum (i.e. the gastroduodenal junction, identified by an increase in carbon 
dioxide concentration, changes in capsule orientation and electromagnetic properties of 
the environment); SITT is determined from the point the capsule enters the duodenum to 
when it passes from the ileum to the caecum (i.e. the ileocaecal junction, identified when 
the volatile organic compound sensor conductance changes along with a step change in 
the electromagnetic properties of the environment). CTT is determined from the ile-
ocaecal junction to capsule excretion, which is identified from a drop in temperature [46]. 
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Section S4: Results of Bias Assessment 

Table S2: Scores for before-after studies (CD: Cannot determine, N/A: Not applicable) 

Criteria Fujimori, 2010 
1. Was the study question or objective clearly stated? YES 
2. Were eligibility/selection criteria for the study population prespecified and clearly 
described? NO 

3. Were the participants in the study representative of those who would be eligible for the 
test/service/intervention in the general or clinical population of interest? NO 

4. Were all eligible participants that met the prespecified entry criteria enrolled? YES 
5. Was the sample size sufficiently large to provide confidence in the findings? NO 
6. Was the test/service/intervention clearly described and delivered consistently across 
the study population? 

YES 

7. Were the outcome measures prespecified, clearly defined, valid, reliable, and assessed 
consistently across all study participants? 

YES 

8. Were the people assessing the outcomes blinded to the participants' expo-
sures/interventions? 

YES 

9. Was the loss to follow-up after baseline 20% or less? Were those lost to follow-up ac-
counted for in the analysis? 

YES 

10. Did the statistical methods examine changes in outcome measures from before to after 
the intervention? Were statistical tests done that provided p values for the pre-to-post 
changes? 

YES 

11. Were outcome measures of interest taken multiple times before the intervention and 
multiple times after the intervention (i.e., did they use an interrupted time-series design)? 

NO 

12. If the intervention was conducted at a group level (e.g., a whole hospital, a commu-
nity, etc.) did the statistical analysis take into account the use of individual-level data to 
determine effects at the group level? 

N/A 

TOTAL YES 7 
TOTAL NO 4 
TOTAL CD 0 
TOTAL N/A 0 
Max no. of questions 11 
Total score out max no. of questions 64% 
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Table S3: Scores for case-series studies (CD: Cannot determine, N/A: Not applicable) 

Criteria 
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1. Was the study question or 
objective clearly stated?  

YES YES YES YES YES YES YES 

2. Was the study population 
clearly and fully described, in-
cluding a case definition? 

NO NO NO NO NO NO NO 

3. Were the cases consecutive? NO NO YES YES NO CD YES 
4. Were the subjects comparable? CD CD CD CD CD CD CD 
5. Was the intervention clearly 
described? YES YES YES YES YES YES YES 

6. Were the outcome measures 
clearly defined, valid, reliable, 
and implemented consistently 
across all study participants? 

NO NO NO NO NO NO NO 

7. Was the length of follow-up 
adequate? YES N/A NO YES YES NO YES 

8. Were the statistical methods 
well-described? YES NO YES NO YES NO YES 

9. Were the results 
well-described? YES NO YES NO YES YES YES 

TOTAL YES 5 2 5 4 5 3 6 
TOTAL NO 3 5 3 4 3 4 2 
TOTAL CD 1 1 1 1 1 2 1 
TOTAL N/A 0 1 0 0 0 0 0 
Max no. of questions 8 7 8 8 8 7 8 
Total score out max no. of ques-
tions 63% 29% 63% 50% 63% 43% 75% 
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Table S4: Scores for cohort & cross-sectional studies (CD: Cannot determine, N/A: Not applicable) 

Criteria 
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1. Was the research question or objec-
tive in this paper clearly stated? YES YES YES YES YES YES YES YES 

2. Was the study population clearly 
specified and defined? 

NO NO NO YES NO NO YES NO 

3. Was the participation rate of eligible 
persons at least 50%? 

NO CD CD YES YES YES YES YES 

4. Were all the subjects selected or re-
cruited from the same or similar pop-
ulations (including the same time pe-
riod)? Were inclusion and exclusion 
criteria for being in the study prespec-
ified and applied uniformly to all par-
ticipants? 

NO NO CD NO CD YES NO NO 

5. Was a sample size justification, 
power description, or variance and 
effect estimates provided? 

NO NO YES NO NO NO NO YES 

6. For the analyses in this paper, were 
the exposure(s) of interest measured 
prior to the outcome(s) being meas-
ured? 

YES YES YES YES YES YES YES YES 

7. Was the timeframe sufficient so that 
one could reasonably expect to see an 
association between exposure and 
outcome if it existed? 

CD YES YES YES CD CD CD CD 

8. For exposures that can vary in 
amount or level, did the study exam-
ine different levels of the exposure as 
related to the outcome (e.g., categories 
of exposure, or exposure measured as 
continuous variable)? 

YES YES YES N/A N/A NO N/A NO 

9. Were the exposure measures (inde-
pendent variables) clearly defined, 
valid, reliable, and implemented con-
sistently across all study participants? 

NO NO NO YES NO YES YES YES 

10. Was the exposure(s) assessed more 
than once over time? 

NO NO NO NO NO NO NO YES 

11. Were the outcome measures (de-
pendent variables) clearly defined, 
valid, reliable, and implemented con-
sistently across all study participants? 

YES NO YES YES YES YES YES YES 

12. Were the outcome assessors 
blinded to the exposure status of par-
ticipants? 

NO NO NO NO NO YES NO NO 
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13. Was loss to follow-up after baseline 
20% or less? 

N/A N/A N/A N/A N/A YES N/A N/A 

14. Were key potential confounding 
variables measured and adjusted sta-
tistically for their impact on the rela-
tionship between exposure(s) and 
outcome(s)? 

NO NO NO NO NO NO YES NO 

TOTAL YES 4 4 6 7 4 8 7 7 

TOTAL NO 8 8 5 5 6 5 4 5 

TOTAL CD 1 1 2 0 2 1 1 1 

TOTAL N/A 1 1 1 2 2 0 2 1 

Max no. of questions 12 12 11 12 10 13 11 12 

Total score out max no. of questions 33% 33% 55% 58% 40% 62% 64% 58% 
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Table S5: Scores for randomized controlled trial studies (CD: Cannot determine, N/A: Not appli-
cable) 

Criteria 
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1. Was the study described as randomized, a randomized trial, a ran-
domized clinical trial, or an RCT? YES YES YES YES YES 

2. Was the method of randomization adequate (i.e., use of randomly gen-
erated assignment)? YES YES YES YES YES 

3. Was the treatment allocation concealed (so that assignments could not 
be predicted)? 

YES YES YES YES NO 

4. Were study participants and providers blinded to treatment group as-
signment? 

YES YES YES YES NO 

5. Were the people assessing the outcomes blinded to the participants' 
group assignments? 

YES YES NO YES YES 

6. Were the groups similar at baseline on important characteristics that 
could affect outcomes (e.g., demographics, risk factors, co-morbid condi-
tions)? 

YES YES YES NO YES 

7. Was the overall drop-out rate from the study at endpoint 20% or lower 
of the number allocated to treatment? 

YES NO YES YES YES 

8. Was the differential drop-out rate (between treatment groups) at end-
point 15 percentage points or lower? 

YES NO NO YES YES 

9. Was there high adherence to the intervention protocols for each treat-
ment group? 

YES YES CD CD CD 

10. Were other interventions avoided or similar in the groups (e.g., similar 
background treatments)? 

YES CD YES YES YES 

11. Were outcomes assessed using valid and reliable measures, imple-
mented consistently across all study participants? 

NO YES NO NO YES 

12. Did the authors report that the sample size was sufficiently large to be 
able to detect a difference in the main outcome between groups with at 
least 80% power? 

YES YES NO YES YES 

13. Were outcomes reported or subgroups analyzed prespecified (i.e., 
identified before analyses were conducted)? 

YES YES YES YES YES 

14. Were all randomized participants analyzed in the group to which they 
were originally assigned, i.e., did they use an intention-to-treat analysis? 

YES YES NO YES YES 

TOTAL YES 13 11 8 11 11 

TOTAL NO 1 2 5 2 2 

TOTAL CD 0 1 1 1 1 

TOTAL N/A 0 0 0 0 0 

Max no. of questions 14 13 13 13 13 

Total score out max no. of questions 93% 85% 62% 85% 85% 
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Table S6: Scores for case-control studies (CD: Cannot determine, N/A: Not applicable) 

Criteria Sangnes, 2021 

1. Was the research question or objective in this paper clearly stated and appropriate? YES 

2. Was the study population clearly specified and defined? NO 

3. Did the authors include a sample size justification? CD 

4. Were controls selected or recruited from the same or similar population that gave rise to the 
cases (including the same timeframe)? 

YES 

5. Were the definitions, inclusion and exclusion criteria, algorithms or processes used to identify 
or select cases and controls valid, reliable, and implemented consistently across all study partic-
ipants? 

YES 

6. Were the cases clearly defined and differentiated from controls? N/A 

7. If less than 100 percent of eligible cases and/or controls were selected for the study, were the 
cases and/or controls randomly selected from those eligible? 

NO 

8. Was there use of concurrent controls? YES 

9. Were the investigators able to confirm that the exposure/risk occurred prior to the develop-
ment of the condition or event that defined a participant as a case? 

YES 

10. Were the measures of exposure/risk clearly defined, valid, reliable, and implemented con-
sistently (including the same time period) across all study participants? 

NO 

11. Were the assessors of exposure/risk blinded to the case or control status of participants? 
NO 

12. Were key potential confounding variables measured and adjusted statistically in the analyses? 
If matching was used, did the investigators account for matching during study analysis? 

YES 

TOTAL YES 6 

TOTAL NO 4 

TOTAL CD 1 

TOTAL N/A 1 

Max no. of questions 10 

Total score out max no. of questions 60% 
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Figure S1: Bias assessment scores 
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