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Abstract The wireless motility and pH capsule (WMC)
provides an office-based test to simultaneously assess
both regional and whole gut transit. Ingestion of this
non-digestible capsule capable of measuring tempera-
ture, pH, and the pressure of its immediate surroundings
allows for the measurement of gastric, small bowel, and
colonic transit times in an ambulatory setting. Approved
by the US Food and Drug Administration for the eval-
uation of suspected conditions of delayed gastric emp-
tying and the evaluation of colonic transit in chronic
idiopathic constipation, WMC should be considered in
suspected gastrointestinal motility disorders as it pro-
vides a single study capable of simultaneously assessing
for regional, multiregional, or generalized motility dis-
orders. Specific indications for testing with the WMC
should include the evaluation of suspect cases of
gastroparesis, small bowel dysmotility, and slow transit
constipation, as well as symptom syndromes suggestive
of a multiregional or generalized gastrointestinal transit
delay.
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Introduction

The assessment of gastrointestinal transit and motility is fre-
quently needed to define underlying abnormal physiology and
direct therapy for common functional gastrointestinal disor-
ders including gastroparesis, functional dyspepsia, chronic id-
iopathic constipation, and irritable bowel syndrome failing
empiric medical therapy. Traditional transit testing has largely
relied on nuclear or radiographic imaging modalities. The
most widely employed test for the assessment of gastric emp-
tying is gamma camera scintigraphy. Scintigraphy involves
the ingestion of a low-fat, egg-white radiolabeled with a tech-
netium sulfur colloid, toast, jam, and water with imaging
using a gamma camera immediate following meal ingestion
as well as 1, 2, and 4 h post-meal ingestion [1]. Breath testing
utilizing a stable carbon isotope [13] C-labeled substrate
(octanoate or Spirulina) that is ingested as part of a solid meal,
digested, absorbed, and later released as labeled carbon diox-
ide provides a promising alternative to scintigraphy for the
assessment of solid gastric emptying [2, 3]. Although [13] C
breath testing is widely used in Europe, it is not yet available
in the USA for the assessment of gastric emptying.

The assessment of small bowel transit has been described
utilizing gamma camera scintigraphy, lactulose breath testing
and barium radiography. Small bowel scintigraphy is typically
performed as part of whole gut transit scintigraphy utilizing
radiolabeled water [4], resin beads, or a solid meal [5].
However, scintigraphy is limited to a few academic centers
and lacks standardization as a means of assessing small bowel
transit. Lactulose breath testing has also been described for the
assessment of small bowel transit, typically reported as an
orocecal transit time [6]. However, this modality lacks accu-
racy in defining small bowel transit time. Barium radiography
represents one of the oldest modalities used to assess small
bowel transit time. However, many limitations of this testing
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modality have also been identified, most notably its lack of
standardization and definition of normal small bowel transit
[7, 8].

The assessment of colonic transit time is most commonly
performed using a radiopaque marker (ROM) study. ROM
entails the ingestion of multiple small radiopaque markers
and the pursuit of one or more abdominal radiographs to fol-
low the movement of the markers through the digestive tract.
A 5-day ROM protocol can be performed to simply distin-
guish a delayed colon transit from that of normal colon transit
[9]. A more complex 7-day ROM protocol provides a more
precise calculation of colon transit time as well as information
on segmental colon transit [10]. An alternative means of co-
lonic transit testing is with use of scintigraphy, capable of
providing transit information regarding segmental colon and
total colon transit time. Two scintigraphic methodologies to
assess colon transit have been described either using resin
beads containing radiolabeled charcoal [11] or radiolabeled
water [4].

The wireless motility and pH capsule (WMC) is an orally
ingested, non-digestible capable of measuring gastric empty-
ing time, small bowel transit time, and colon transit time as a
single study. This review will include WMC characteristics
and testing protocol, performance of the WMC compared to
traditional transit testing modalities, its limitations and adverse
effects, and its clinical indications as well as diagnostic utility.

WMC System

The wireless motility and pH monitoring system (Smartpill®)
consists of a single-use capsule measuring 26.8 x 11.7 mm, a
receiver, and data processing software (Fig. 1). The capsule
possesses sensors that continuously monitor the temperature,
pH, and pressure of its immediate surrounds which are

Fig. 1 Wireless motility and pH capsule monitoring system. Photo is
Copyright© 2001-2016 Given Imaging Ltd. Reprinted by permission
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transmitted via radio waves to an external receiver kept within
5 ft of the body. Characteristic patterns in the recorded tem-
perature and pH during the course of the study are then used to
determine the movement of the capsule through the digestive
tract including its time of arrival into the stomach, time of
arrival in the small intestine, time of arrival into the cecum,
and exit from the body during defecation. From this informa-
tion, a precise determination of gastric emptying time (GET),
small bowel transit time (SBTT), and colon transit time (CTT)
can be made [12] (Fig. 2). Normative values have been deter-
mined to be 2 to 5 h for GET, 2 to 6 h for SBTT, and 10to 59 h
for CTT [13] (Table 1). However, gender, age, and country of
origin have been recently shown to impact regional transit
times in a cohort of 215 healthy volunteers (191 from the
USA and 40 from Sweden) [14]. Female gender was associ-
ated with a longer GET by 17 min, P=0.0307, and longer
CTT by 104 min, P=0.0285. Increasing age was associated
with a shorter small bowel transit. It is also important to realize
that unlike gastric emptying scintigraphy and breath testing,
which are measuring the gastric emptying of digestible solids,
the WMC is measuring the emptying of a non-digestible solid.
As such, the WMC is not affected by the fed contraction and
must therefore wait for return of fasting motor activity to pass
across the pylorus and into the duodenum [15].

Intraluminal pressure recordings also provide data on the
frequency of contractions and strength of contractions as the
capsule travels through the gut lumen as a single pressure
recording device. Normative values have been reported for a
variety of intraluminal pressure characteristics in the stomach
and small bowel, including contraction frequency, contraction
amplitude, and a motility index [16].

WMC Protocol

WMC testing begins with an overnight fast, the avoidance of
tobacco and alcohol, and the discontinuation of medications
potentially altering gastric pH and gastrointestinal motility
(Fig. 3). A standardized meal either consisting of a 260-kcal
nutrient bar (17 % protein, 66 % carbohydrates, 2 % fats, and
3 % fiber) that is available through the manufacturer along
with 50 ml of water or that of a low fat egg substitute meal
(120 g eggbeaters, two slices of bread, 30 g of strawberry jam,
and 120 ml of water) is consumed. It is important not to de-
viate from the standardized meal, as the use of an alternative
meal has been shown to affect gastric emptying time [17]. The
WMC is activated and calibrated using an activation fixture
provided by the manufacturer and immediately swallowed
following the completion of the standardized meal. It is im-
portant to note that the ingestion of the WMC prior to con-
suming the standardized meal has been shown to lengthen the
GET by 52 min (P=0.0063) and shorten CTT by 140 min
(P=0.0189) underscoring the importance of adherence to the
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Fig. 2 WMC tracing. Gastric emptying time: period of time ranging abrupt drop in pH by 1 unit that is sustained for at least 10 min (at least
from abrupt rise in temperature to abrupt rise in pH by at least 3 units. 30 min after gastric emptying). Colon transit time: period of time ranging
Small bowel transit time: period of time ranging from abrupt rise in pH to from abrupt 1-unit drop in pH to abrupt drop in temperature [12]

standardized meal [14]. An external data recorder is attached  although strenuous or vigorous exercise must be avoided.
to the body via a belt worn around the waist. This recorder =~ The receiver is then returned to the office upon study
needs to be kept within 5 ft of the body for the 3- to 5-day =~ completion.

testing period. Various activities such as meals, sleep, and

bowel movements are manually recorded during the testing  WMC Clinical Trial Results

period via an event button on the data receiver. The patient can

leave the office following capsule ingestion but must wait 6 h  Gastric emptying time (GET) as measured by the WMC was
from the time of capsule ingestion before eating another meal.  girectly compared to gastric emptying scintigraphy in 87
This period of brief fasting is very important as early eating  healthy adults aged 18-75 and 61 adults aged 18-75 with
can impact the gastric emptying time owing to the fact that the
WMC assesses emptying of a non-digestible solid and must ¢ Discontinuation of medications raising gastric pH

. . o o Proton pump inhibitors 7 days prior
wait for the return of fasting motor activity of the stomach to L X )

. . o Histamine receptor antagonists 3 days prior

pass through the pylorus. The patient must also refrain from o Antacids 1 day prior
the use of tobacco products for 8 h and the ingestion of alcohol « Discontinuation of medications slowing GI motility 3 days prior
for 72 h post-WMC ingestion. There are no further restrictions o Anticholinergic agents

regarding subsequent meals during the testing period, o Antidiarrheal agents
o Antiemetic agents
o Narcotic analgesic agents

» Discontinuation of medications accelerating Gl motility
o Prokinetic agents 3 days prior

Table 1 Normative

WMC transit times Gastric emptying time 2-5h o Laxative agents 2 days prior
Small bowel transit time 2-6h ¢ Discontinuation of nonsteroidal anti-inflammatory agents 3 days prior
Colon transit time 10-59 h ¢ Avoidance of tobacco products for 8 hours prior

e Avoidance of alcohol consumption for 24 hours prior
From [13] Fig. 3 Preparation for WMC testing [34¢]

@ Springer



14 Page4 of 7

Curr Gastroenterol Rep (2016) 18: 14

gastroparesis in an industry-sponsored multicenter trial [18].
In this study, GET measured by WMC compared favorably
with gastric emptying scintigraphy at 2 and 4 h with a corre-
lation coefficient of 0.63 with 0.73, respectively. This study
also demonstrated a diagnostic accuracy of 0.83 with GET
compared to 0.79 with scintigraphic emptying at 2 h and
0.82 for scintigraphic gastric emptying at 4 h. GET as mea-
sured by WMC was also found to correlate accurately with
gastric emptying scintigraphy in single center study involving
ten healthy adults aged 18—65 with a correlation coefficient of
0.9 at 2 h and 0.72 at 4 h post-meal ingestion [19]. Another
single-center study, this time involving 22 children aged 8-17,
found the WMC to have 100 % sensitivity and 50 % specific-
ity in predicating gastroparesis as compared to scintigraphic
gastric emptying at 2 h. Furthermore, the WMC detected mo-
tor abnormalities in 17 patients compared with ten patients
assessed by antroduodenal manometry [20¢].

Small bowel transit time (SBTT) as measured by the WMC
has been directly compared to small bowel transit obtained
during whole gut scintigraphy in an industry-sponsored mul-
ticenter trial involving 66 healthy adults aged 18-65 and 34
adults aged 18-66 with gastroparesis [21]. In this study, the
measured SBTT by WMC was similar to the calculated SBTT
by scintigraphy for both the healthy controls and the
gastroparetics. A single-center study of ten healthy adults aged
18-65 undergoing simultaneous WMC testing and whole gut
scintigraphy has also demonstrated comparable SBTT mea-
surements with that of scintigraphy [19]. It is important to note
that in the clinical trials, the determination of SBTT was not
possible in 5-10 % of the WMC studies due to an inability to
accurately identify the necessary pH landmarks.

Colon transit time (CTT) as measured by the WMC has
been directly compared to colon transit obtained by simulta-
neous 2- and 5-day radiopaque marker (ROM) testing in an
industry-sponsored multicenter clinical trial involving 78
adults aged 21-79 meeting Rome II criteria for functional
constipation and 87 healthy adults aged 1865 [22]. In this
study, CTT as measured by the WMC demonstrated an overall
correlation coefficient of 0.78 with the number of retained
radiopaque markers at day 2 and correlation coefficient of
0.59 with the number of retained markers at day 5. A
follow-up industry-sponsored multicenter trial was performed
on 158 adults aged 18-80 meeting modified Rome III criteria
for constipation [23]. In this study, delayed CTT by WMC
(defined as CTT>59 h) demonstrated an overall agreement
of 87 % between with that of 5-day ROM (defined as
CTT>67 h). A single-center study has also been performed
on 27 elderly adults aged 6578 fulfilling Rome III criteria for
chronic functional constipation and 11 healthy elderly adults
aged 67-76 [24¢]. In this study, device agreement between
WMC and 5-day ROM in identifying slow colonic transit
was 88 %, with slow transit constipation identified in 32 %
by WMC versus 28 % by ROM.

@ Springer

Whole gut transit time (WGTT) as measured by the WMC
was directly compared to whole gut transit scintigraphy dem-
onstrating comparable transit results [19]. In this study, ten
healthy adults consumed a dual isotope gastric emptying meal
followed immediately by ingestion of the WMC. After remov-
ing a single outlier with rapid WMC transit and very slow
isotope excretion, the correlation coefficient of WGTT as
measured by the WMC was 0.79 with that of whole gut
scintigraphy.

There is also data regarding the reproducibility of the re-
gional transit times as measured by the WMC. A recent clin-
ical trial assessing the intrasubject variability of SBTT and
CTT was performed on ten healthy adults aged 18-26 who
were required to ingest two capsules 24 h apart [25¢]. This
study revealed an intrasubject coefficient of variation (COV)
of 12.0 % for the SBTT and 25.8 % for CTT as measured by
the WMC. The intrasubject variability of the SBTT by WMC
was better than that of scintigraphy (COV of 19 %) and that of
the lactulose breath test (mean COV of 18.5, 29.7, and 28.3 %
with 10, 15, and 20 g of lactulose, respectively) [26].
Intrasubject variability for CTT was similar to the intrasubject
variability of scintigraphy (COV of 14-28 %) [27].
Intrasubject variability has not been reported for GET as mea-
sured by the WMC; however, intersubject variability is similar
to that of gastric emptying scintigraphy at 2 h and higher than
that at 4 h in healthy adults with a COV of 28 % versus 29 and
8 %, respectively [18, 27].

WMC Indications

The WMC has been approved by the US Food and drug
Administration (FDA) for the evaluation of suspected condi-
tions of delayed gastric emptying since 2006, and for the eval-
uation of colonic transit in chronic idiopathic constipation since
2009. The American and European Neurogastroenterology and
Motility Societies (ANMS and ESNM) have outlined the clin-
ical indications for use of the WMC in a position paper pub-
lished in 2011 [28]. These indications include (1) the assess-
ment of gastric emptying (as well as regional and whole gut
transit time) in suspected cases of gastroparesis and symptoms
of upper gastrointestinal (GI) dysmotility, (2) the assessment of
small bowel transit to specifically facilitate the detection of
small bowel dysfunction in more generalized GI motility disor-
ders, and (3) the assessment of colonic transit time in cases of
chronic constipation. The ANMS and ESNM also concluded
that the WMC was particularly useful in cases of suspected
alterations of GI motility involving more than one region of
the GI tract.

A systematic review assessed the comparative effective-
ness of WMC with other tests of gastric and colonic motility
[29]. This review was funded by the Agency for Healthcare
Research and Quality and published by the Johns Hopkins
Evidence-based Practice Center. The investigators concluded
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that WMC is comparable to other transit testing modalities for
the detection of delayed gastric emptying and slow-transit
constipation. They added that the overall strength of evidence
regarding the detection, diagnosis, treatment, and manage-
ment of gastric and colonic dysmotility disorders was either
low or insufficient for making evidence-based recommenda-
tions. As such, they further concluded that that there was in-
sufficient data to determine the optimal timing of WMC in
diagnostic algorithms.

WMC Use in Special Populations

As already discussed, WMC has demonstrated use in the as-
sessment of motility disorders in the elderly and pediatric
populations [20e, 24¢]. The WMC has also been shown to be
safe and effective in assessing regional and whole gut transit
time in adults with spinal cord injury (SCI) [30]. In the study,
20 adults aged 24 to 63 with either complete or incomplete
paraplegia or tetraplegia for six or more months were matched
to age and gender able-bodied controls. Consistent with pre-
vious reports, those with SCI revealed prolonged GET, CTT,
and WGTT compared to controls. The WMC may have a
potential role in the management of cystic fibrosis given its
ability to provide a gastrointestinal pH and transit profile in
this population [31]. This was demonstrated in a study of ten
adults with cystic fibrosis aged 18-27 who were compared to
ten aged match controls and found to have significantly de-
layed small intestinal transit as well as a deficient buffering
capacity needed to neutralize gastric acid in the proximal
small bowel. The WMC was also safely administered to eight
critically ill trauma patients in a clinical trial to assess gastric
and small bowel transit [32]. Compared to the results of 87
healthy controls from a separate study, the trauma patients
were found to have significant delays in both gastric and small
bowel transit.

WMC Pressure Data

A unique feature of the WMC is the device’s ability to sense
the pressure of its immediate surroundings and report a pres-
sure ranging from 0 to 350 mmHg every 0.5 s for the initial
24 h and every second thereafter. This allows for the measure-
ment of intraluminal contractile frequency and strength as the
WMC passes through stomach, small bowel, and colon, and
may help to characterize contractile abnormalities in addition
to providing transit data. However, such contractile data is
limited by the WMC being a single pressure sensor that is
constantly moving through the Gl tract, precluding any assess-
ment of peristaltic wave propagation. Although normal pres-
sure patterns have been characterized in healthy controls, and
abnormal pressure patterns identified in some cases of
gastroparesis [16] and chronic constipation [33], a well-

defined clinical role for the WMC pressure data has not been
established.

WMC Contraindications

Due to concerns for capsule retention within the GI tract, WMC
testing should not be performed in those with swallowing dis-
orders, dysphagia to solid foods or pills, history of gastric be-
zoar, suspected or known strictures or fistulas within the GI
tract, Crohn’s disease, history of diverticulitis, history of sur-
gery on the gastrointestinal tract, or any abdominal or pelvic
surgery within the last 3 months. Also, due to concerns related
to the capsule’s radio transmission of data to the receiver, the
WMC is contraindicated in those with a cardiac pacemaker or
defibrillator. However, the test is permitted in those with a gas-
tric stimulator, bladder stimulator, spinal stimulator, and infu-
sion pumps for medication including insulin pumps and con-
tinuous glucose monitors. Capsule passage must also be radio-
graphically confirmed prior to the pursuit of magnetic reso-
nance imaging if passage from the body has not been previous-
ly confirmed by the temperature curve during the study or vi-
sualized passage from the body during a bowel movement. The
WMC is not approved for use in the pediatric population and is
presently confined to clinical trials in this population.

WMC Adverse Events

Test failure can occur due to an inability of the patient to
swallow the capsule, failure of the WMC to transmit data,
failure of the receiver to record or download data, and/or soft-
ware malfunction. The incidence of patient failure to swallow
in the clinical trials was 0.6 %. Post-marketing analysis has
revealed and incidence of equipment failure of approximately
0.8-0.9 %.

Inability to confirm passage of the capsule outside the
body, capsule retention and obstruction represent the most
serious potential adverse events with the WMC. In the clinical
trials, there were several incidents of prolonged capsule reten-
tion with all but two cases demonstrating spontaneous passage
of the capsule by X-ray imaging 21 days post-capsule inges-
tion. In one of the two remaining cases of capsule retention,
the retained capsule in the stomach passed into the small bow-
el with a single dose of intravenous erythromycin. In the sec-
ond case, capsule retention occurring in the stomach due to a
peptic stricture in the proximal duodenum required capsule
extraction via upper endoscopy. Since commercial introduc-
tion of the WMC, with over 10,000 capsule shipped for clin-
ical use, there have been isolated reports of capsule retention
requiring intervention at an estimated rate of 0.01 % [34-].
Cases of capsule retention in the stomach have either
responded to the administration of a prokinetic agent or re-
quired upper endoscopy for capsule extraction when the

@ Springer
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prokinetic agent failed. In two cases of small bowel capsule
retention, surgical intervention was required due to the pres-
ence of a small bowel tumor that had not been previously
diagnosed. In another case of small bowel capsule retention
in a small bowel diverticulum, the WMC passed 2 months
later with the use of prokinetic and laxative therapy. In the
cases of prolonged capsule retention in the colon, the capsule
either passes spontaneously or with the use of laxatives. In the
event capsule passage outside the body cannot be confirmed at
the end of the 5-day testing period, the management approach
should be based on suspected capsule location (from the pH
profile obtained during the study). Given the low risk of cap-
sule obstruction once in the colon, there is no specific follow-
up necessary for colonic capsule retention. If capsule retention
is suspected to be in the stomach or small bowel, serial X-ray
imaging is recommended and should be repeated at 3-week
intervals until the capsule has moved into the colon or exited
the body. If clinical evidence of obstruction with symptoms of
nausea, vomiting, abdominal pain, or abdominal distention
develops, abdominal imaging should be pursued immediately
and capsule extraction pursued.

WMC Clinical Utility

From a practical standpoint, the WMC should be considered
the transit study of choice when a generalized or multiregional
motility disorder is clinically suspected. This may eliminate
the need for additional regional motility testing as well as
influence the diagnosis and treatment strategy. Furthermore,
there is growing evidence that a substantial proportion of
those suspected of having isolated regional transit delays such
gastroparesis, intestinal dysmotility, or slow transit constipa-
tion are found to have multiregional and generalized transit
delays. Kuo and colleagues reported their findings from a
retrospective review of 83 patients from two academic centers
who underwent WMC testing [35]. WMC provided complete
and interpretable data in 77 of the 83 patients. WMC provided
a new diagnosis in 44 (53 %) of the cases and specifically a
new generalized motility disorder in 23 (28 %) of patients.
Presenting symptoms did not predict a normal versus isolated
versus generalized motility disorder as determined by the
WMC. Furthermore, WMC testing influenced management
in 67 % of cases and eliminated the need for additional testing
including gastric scintigraphy in 17 %, barium radiography in
54 %, and ROM testing in 68 %.

Rao and colleagues have reported similar findings in 86
patients from a single tertiary care center undergoing WMC
as well as conventional motility testing for suspected motility
disorders (42 % with suspected upper GI dysmotility and
58 % with suspected lower GI dysmotility) [36]. WMC testing
provided new diagnostic information in 47 % of those with
suspected lower GI dysmotility and 53 % of those with
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suspected upper GI dysmotility. Furthermore, a generalized
motility disorder was identified in 51 % of patients, influenc-
ing management in 50 % of those with suspected upper GI
dysmotility and 30 % of those with lower GI dysmotility.

Arora and colleagues reported on the diagnostic yield and
clinical utility of WMC test results from a retrospective chart
review of 166 patients with symptoms suggestive of a multi-
regional GI dysmotility [37¢]. Of the 166 patients tested, com-
plete interpretable WMC data was obtained from 161 patients.
Multiregional dysmotility was diagnosed in 54 patients with
another 55 identified as having isolated regional motility dis-
orders. Past medical history, past surgical history, and present-
ing symptom were unable to predict a regional versus multi-
regional motility disorder.

Conclusions

The WMC provides the clinician with an office-based, radiation
free, standardized testing modality capable of simultaneously
measuring gastric emptying time, small bowel transit time, and
colon transit time. WMC has demonstrated comparable results
with traditional radiolabeled and radiographic motility testing
modalities. WMC should be considered as an alternative for
transit testing in suspected cases of gastroparesis, small bowel
dysmotility, and colon transit testing, and considered the test of
choice in suspected conditions of multiregional or generalized
motility disorders.
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