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Abstract
Background—Traditional testing for gastroparesis with gastric emptying scintigraphy (GES)
likely misses a subset of patients because of the heterogeneous nature of the disease. The primary
aim of this study is to determine the prevalence of simultaneously measured transit and pressure
abnormalities in patients with gastroparesis. The secondary aim is to assess diagnostic gain
realized by measuring antroduodenal pressure and gastric transit with wireless motility capsule
(WMC) compared to gastric transit measured by GES. Identification of abnormalities beyond
gastric transit delay in gastroparesis may yield novel targets for pharmacological therapies.

Methods—43 subjects with symptoms of gastroparesis and previous abnormal GES within 2
years were enrolled in the study. Subjects underwent simultaneous GES and WMC to assess
gastric transit. Gastric and small bowel pressure profiles were measured by WMC to determine the
contribution of pressure to diagnostic gain realized with WMC

Key Results—51% of subjects had abnormal GES while 70% of subjects had either abnormal
GET or antroduodenal pressure. GET was abnormal in 60% of subjects while gastric or small
bowel pressure was abnormal in 47% of subjects. The overall diagnostic gain of WMC compared
to GES was 19% (p=0.04). 7% of subjects had abnormal small bowel pressure profiles when both
GES and GET were normal. Conclusions:(i) Gastroparesis is a heterogeneous disorder and testing
only solid food emptying by scintigraphy may miss a significant amount of pathology.
(ii)_Measuring complementary aspects of gastric and small bowel function simultaneously results
in greater detection of physiologic abnormalities that may underlie patient symptoms.
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INTRODUCTION
Gastroparesis is a chronic disorder characterized by impaired gastric emptying and altered
motility in the upper GI tract in the absence of mechanical obstruction (1). Numerous
physiologic factors may contribute to symptoms such as abnormalities in liquid and solid
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meal emptying (fed state), emptying of indigestible objects (fasted state), and gastric and
proximal small bowel contractility (2).

The pathophysiology behind gastroparesis is varied and may include vagal and/or autonomic
neuropathy (3, 4), interruption of the interstitial cells of Cajal (5), and possibly genetic
factors (6). This can lead to impaired antral contractions, tonic motor defects, altered
intragastric distribution, increased outflow resistance in the pylorus or small intestine, and
impaired distal regulatory mechanisms.

The most commonly used test for diagnosis of gastroparesis is currently solid-phase gastric
emptying scintigraphy (GES), which measures only gastric emptying of solid food.
However, gastroparesis is a complex disease with potential abnormalities in both the fed and
fasted state and so GES may miss potential physiologic abnormalities (7, 8).

Antroduodenal manometry is used to assess pressure profiles in the stomach and proximal
small bowel but is not widely available and few clinicians have the expertise to interpret
these motility studies. The procedure is also inconvenient, invasive, and uncomfortable.

A Wireless Motility Capsule (WMC) is available to measure GI transit and pressures. The
device is FDA approved, non-invasive, and non-digestible (9, 10). After ingestion with a
standardized meal, the capsule travels through the GI tract and measures luminal pH,
pressure, and temperature. This can provide regional (gastric, small bowel, and colonic)
transit profiles as well as whole gut transit times. Gastric emptying time (GET) of less than 5
hours is considered normal and can differentiate healthy and gastroparetic subjects (10, 11).
In addition, the capsule can characterize pressure patterns and motility indices in the entire
GI tract (12-15).

GES and antroduodenal manometry were compared to WMC to determine mechanisms of
emptying of a non-digestible solid. Cassilly et al. found that WMC primarily emptied via
high amplitude antral contractions, mainly phase III migrating motor complexes (MMC) but
also occasionally through isolated antral contractions. The authors reported that emptying of
a meal measured by GES was followed by initiation of the fasted state and phase III portion
of the MMC with subsequent gastric emptying of WMC. They also found that WMC and
antroduodenal manometry had similar pressure patterns around the time period of WMC
emptying (10).

Gastroparesis remains a challenging condition with multifactorial physiologic abnormalities
contributing to symptoms. Multiple tests may uncover other pathophysiologic mechanisms
contributing to symptoms of gastroparesis. The primary aim of this analysis was to evaluate
the prevalence of abnormalities of gastric and proximal small bowel function (gastric transit
as well as gastric and small bowel pressure measurements) in symptomatic gastroparetic
subjects. The second aim was to assess the additional diagnostic gain realized with
measurement of gastric transit and antroduodenal pressure by WMC as a replacement for the
measurement of gastric emptying of a meal by GES alone.

MATERIALS AND METHODS
Subject enrolment

This data for analysis was taken from a study that was conducted at seven medical centers
from March 2005 to October 2007 and the Institutional Review Board of each participating
center approved the study protocol. Subjects with a history of gastroparesis and continued
symptoms were enrolled. Subjects entered the study after the nature and purpose of the study
had been explained and after they granted written informed consent. The subjects in our
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analysis were selected from the clinical study previously described by Kuo (11) who met the
following inclusion/exclusion criteria.

Subjects with history of gastroparesis
Males and females between ages 18 and 65 years with history of nausea and vomiting, early
satiety, epigastric pain or discomfort for at least 6 months and documented abnormal
scintigraphy by local standards within two years were enrolled.

Subjects with previous gastrointestinal surgery were excluded. Medications that can affect
gastrointestinal parameters or may cause delayed gastric emptying were stopped at least 3
days prior to WMC ingestion and during the study.

Experimental Protocol
Subjects swallowed the WMC capsule with 50 ml of water followed by ingestion of a
standard eggbeaters meal mixed with 1 mCi 99mTc sulphur-colloid marker to ensure
standardized conditions for measurement of gastric emptying scintigraphy. The eggbeater
meal has a total caloric value of 255 kcal (72% carbohydrate, 24% protein, 2% fat, and 2%
fiber), which is nutritionally identical to a Smartbar meal that is routinely taken with WMC
(16, 17). Gastric emptying scintigraphy was performed simultaneously with the WMC
examination. Scintigraphic images were taken in the 140 keV 99Tc peak with a 20% window
(140 keV ± 10%); 1 min of anterior and 1 min of posterior measurements were taken for
each scan. Data were corrected for time decay of technetium. The region of interest was
drawn around the image of the stomach for each time frame and the geometric mean was
calculated as the square root of the product of the counts measured on the anterior and
posterior images. Data were expressed as per cent of the meal retained at 2 h (GES-2 h) and
per cent of the meal retained at 4 h (GES-4h) as previously described (11).

Six hours after capsule ingestion, subjects consumed 250 ml Ensure®. Approximately 8
hours after capsule ingestion, subjects left the study center with the data receiver to enable
continued data acquisition from the capsule. At 48 to 120 hours post ingestion, subjects
returned with the data receiver and diary. Capsule exit was confirmed for each subject by
plain abdominal radiograph (KUB) unless the subject retrieved and returned the capsule
(18-20).

Pressure and pH Monitoring System
pH and pressure data were obtained by using the WMC wireless capsule system (The
SmartPill Corporation, Buffalo, NY). The capsule houses sensors for pH, temperature, and
pressure and transmits the data to a receiver worn by the subject during ambulatory
monitoring. The wireless motility capsule is 13mm across and 26mm long. The capsule and
receiver have battery lives rated for 5 days. pH is accurate to within 0.5 units and pressure is
accurate to +/- 5mmHg below 100 mmHg. After completion of the test, data was
downloaded to a computer from the data receiver through a docking station and was
analyzed using the WMC pressure analysis software (GIMS 1.8).

Assessment of gastroduodenal motility
Pressure data recorded by the WMC capsule was analyzed for 1 hour before and after the
WMC empties the stomach (GET). Subjects were included for analysis if pressure profiles
in these regions included ≥ 85% of the pressure data available. The lower limits for the
pressure parameters were based on the lowest 5th percentile of the normal population. The
transition from stomach to small bowel was marked by an abrupt pH rise (> 3 pH units)
from gastric baseline to a pH greater than 4 (21-23). This pH change marked the end of the
gastric pressure analysis window and the beginning of the small bowel pressure analysis
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window. Pressure analysis of the small bowel did not commence until pH was consistently 3
pH units above baseline indicating that the capsule had passed into the small intestine (10).
Any transitory drops in pH could not exceed 10 minutes in length for the initial abrupt pH
rise to be considered gastric emptying. The analyzed parameters were: number of
contractions (Ct), and motility index defined as: MI = Ln (sum of pressure amplitudes *
number of contractions +1) (24, 25). Pressure peaks exceeding 10 mmHg but less than 300
mmHg were included in the analyses. Motility parameters in the stomach and proximal
small bowel of these patients were compared to healthy volunteers as previously described
in the literature (11, 26). Gastric emptying time (GET) is defined as the duration of time
from capsule ingestion to entry of the capsule into the duodenum. The cut-off value for GET
reported by Kuo is 5h while normal value for GES reported by Tougas is < 10% gastric
retention at 4h (11, 16).

Statistical Analysis
Study variables were summarized using frequencies and relative frequencies. To statistically
assess differences between proportions McNemar's test was used. Reported p-vales were
based on the exact distribution of the test statistic. A nominal significance level of 0.05 was
used in all testing and all analyses were done using SAS (version 9.2). Device agreement
compared the agreement of GET to GES.

Calculation of Diagnostic Gain in Upper GI Tract
The total number of subjects with an abnormal motility parameter detected by WMC (GET,
gastric Ct, SB Ct, gastric MI, and/or SB MI) with normal GES was adjusted for the total
number of subjects with abnormal GES but normal WMC to arrive at diagnostic gain.
Diagnostic gain was then expressed as a percentage of the total number of subjects.

Abnormal pressure measurements (PM) are defined as number of Ct and/or MI that did not
meet threshold values for the lowest 5th percentile of the normal population (26). Data was
then analyzed to determine whether individual pressure parameters (Ct, MI) as well as total
PM provided additional diagnostic gain compared to GES.

RESULTS
Study Subjects and Demographics

48 subjects were initially enrolled in the study. 5 subjects were excluded because pressure
profiles in the analyses windows were incomplete. Data from 43 subjects (8 male, 35
female, mean age 42 years) met the inclusion criteria of this analysis. 27 subjects had
idiopathic gastroparesis while 16 subjects had gastroparesis secondary to underlying
diabetes mellitus.

Prevalence of Physiologic Abnormalities
26/43 (60%) subjects had an abnormal GET and 22/43 (51%) had an abnormal GES (Figure
1). Overall device agreement was calculated as 77% (positive agreement = 86%, negative
agreement = 66%) between GET and GES. Seven subjects had delayed GET when GES was
normal while 3 subjects had delayed GES when GET was normal.

Overall, a total of 47% had abnormal gastric and SB PM. 40% of these subjects had an
abnormal gastric PM (Ct and/or MI) while 40% of subjects had abnormal small bowel PM
(Figure 1). The remaining 20% of subjects with abnormal PM had both abnormal gastric and
small bowel PM. 30% of subjects overall had abnormal gastric Ct and 16% of subjects had
abnormal SB Ct. Gastric MI was abnormal in 21% of subjects while 23% had abnormal SB
MI (Figure 2).
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Additional Diagnostic Gain of WMC over GES
Ten of the twenty-one subjects with normal GES had abnormalities identified by WMC
(GET, gastric Ct, gastric MI, SB Ct, or SB MI). There were two subjects who had normal
parameters by WMC but abnormal GES. The overall diagnostic gain with WMC compared
to GES was 19% (p = 0.04).

The diagnostic gain associated with individual pressure parameters was calculated as well.
In the 21 subjects with normal GES, seven had an abnormal GET, three had abnormal
gastric pressure, and six had abnormal SB pressure. Of the 14 subjects with normal GES and
GET, there were no subjects with abnormal gastric PM but there were 3 subjects with
abnormal SB PM (Figure 3).

Compared to GES, there was a statistically significant improvement in diagnostic gain
discovered by GES + GET (p = 0.02), GES + gastric PM + SB PM (p = 0.03), GES + GET +
gastric PM (p = 0.02), GET + gastric PM + SB PM (p = 0.04), as well as GES + GET + SB
PM and GES + GET + gastric PM + SB PM (p = 0.0020).

DISCUSSION
Gastroparesis is a heterogeneous disorder with multiple physiologic etiologies underlying
symptoms, which can potentially impact emptying of solids and indigestible objects. The
conventional measure of gastric transit, GES, measures only one aspect of gastric function,
the emptying of a meal corresponding to the gastric fed state. This may fail to uncover other
physiologic reasons for symptoms and may result in under detection of abnormalities in
symptomatic patients. Our study is the first to quantify three simultaneously obtained
variables (GES, GET, and pressure measurements) in gastroparetics. We found that
measuring multiple simultaneously acquired motility variables reveals physiologic
abnormalities including small bowel dysmotility that may have been overlooked by testing
focused mainly on gastric meal emptying. We also found that WMC produces an additional
statistically significant diagnostic gain compared to GES in gastroparesis.

There are few published studies looking at multiple variables measured simultaneously in
gastroparesis. Sogabe et al. used ultrasound to measure gastric emptying, gastric
contractions, and gastric motility index in gastroparetics (27). Darwiche et al. found a strong
correlation between simultaneously acquired ultrasound and GES to evaluate gastric
emptying in gastroparetics (28). However, ultrasound has many limitations, such as being
operator dependent and does not have the capability to measure small bowel dysfunction.
Pfaffenbach et al. simultaneously compared elctrogastrography (EGG) with GES in
gastroparetics but could not find a correlation between electrical abnormalities measured by
EGG with delayed gastric emptying shown on GES (29). Braden et al. have compared stable
isotope breath tests simultaneously with GES and showed reliable correlation with liquid
emptying. However, solid food emptying by breath tests in gastroparetics has not been
validated to date.(30, 31).

Camilleri et al. performed same day testing with antroduodenal manometry and GES on
subjects with gastroparesis (32). This study is closest in design to our study as both measure
gastric meal emptying as well as gastric and small bowel motility patterns in gastroparetics.
Camilleri shows that antral contractility dysfunction and/or small bowel dysmotility is
important in the pathogenesis of gastroparesis, which may be missed by only measuring
solid food emptying. We have also found gastric and small bowel dysmotility present in
gastroparesis. However, in contrast to Camilleri's study, we performed GES and WMC
simultaneously allowing direct comparison of the two diagnostic tests.
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WMC is also less invasive, more widely available, and easier to tolerate than antroduodenal
manometry. Even though there was not a control population used in this study, each subject
acted as his or her own control to calculate diagnostic gain and a previous study by Cassilly
et al. has already characterized normal pressure patterns of the stomach and proximal small
bowel with simultaneously performed ADM and WMC in healthy controls (10).

Gastroparesis is a clinical diagnosis based on typical symptoms and physiologic tests
showing delayed gastric emptying. GES is the most commonly used modality in the
diagnosis of gastroparesis. However, there are significant disadvantages in relying on this
technique as a modality to evaluate for gastroparesis. It is not standardized in terms of
meals, diagnostic cutoffs, and test duration times across institutions. We found that in our
population of subjects with gastroparetic symptoms, only 51% had an abnormal GES despite
having a previously documented abnormal scintigraphy study. Degen et al. has shown there
is variation with gastric emptying scintigraphy (CV = 15%) (33). Furthermore, there can be
variability with GES given the lack of standardization across institutions with most
institutions measuring gastric emptying for only 90 or 120 minutes. Our study measured
gastric emptying for 4h, which is the current recommended time period (34). We also
utilized a standardized test meal currently recommended by the American
Neurogastroenterology and Motility Society and the Society of Nuclear Medicine (34).
Previous scintigraphic examinations in some subjects utilized variable time frames with non-
standardized test meals for measuring gastric emptying, which may also explain
intraindividual variation seen in our study.

The overall device agreement between GES and GET was 77%, which again confirms that
these two modalities measure similar but not identical physiology. The two measures have
also been shown to be highly correlated (11). GES measures solid food emptying in the
stomach while GET measures emptying of a non-digestible object. Gastroparesis may
involve multiple physiologic abnormalities including meal emptying, trituration, coordinated
pressure profiles, pyloric coordination and small bowel regulation. GES alone may fail to
detect mechanisms not dependent on meal emptying that contribute to symptoms. We were
able to identify 7 additional subjects with delayed GET that appeared normal by GES.
Overall, we showed a 19% increase in diagnostic gain of WMC compared to GES. WMC
and GES both measure parameters of gastric transit. However, because WMC has increased
diagnostic gain compared to GES, it suggests that both tests do not have to be performed
simultaneously in most clinical situations.

We also found that small bowel dysfunction is present in some subjects with symptoms of
gastroparesis. Small bowel regulatory mechanisms are believed to be important for normal
gastric emptying. This has been measured typically in the past by antroduodenal manometry
with multiple sensors in fixed locations in the antrum and proximal small bowel (35).
Dysregulation of these regulatory mechanisms may play an important role in the
pathogenesis of gastroparesis (7, 8). Uncoordinated and reduced small intestinal pressure
patterns have been shown to be important in the development of gastroparesis. Disturbed
sympathetic innervation could also play a role in this dysfunction (36-39). This suggests
interplay between stomach and small bowel regulates normal gastric emptying. However,
disruption of this relationship may play an important role in the pathogenesis of
gastroparesis. Clinically, this may have an impact on therapy as the pharmacological dosing
in the treatment of small bowel dysmotility is typically less aggressive compared to gastric
stimulation with a motilide agent (40, 41).

The primary concern of WMC is it may provide only an indirect measure of solid meal
emptying as it measures gastric emptying of a non-digestible object. Although WMC and
GES are highly correlated, emptying of indigestible objects relies on return of the phase III
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MMC in addition to the meal emptying, which can introduce some variability (10).
Additionally, WMC is a free floating object and so the exact location where pressure
profiles are generated from is indeterminate which may limit interpretation. Finally, the
classical peristaltic pattern obtained as a result of multiple pressure sensors on the catheter
based ADM is not available with the single, moving WMC pressure sensor. As a result,
WMC cannot directly measure peristalsis and has led to concerns that it cannot differentiate
between artifact and true peristaltic waves. However, several authors have found that WMC
accurately measures upper GI motility patterns in a noninvasive manner with good fidelity
to simultaneously performed ADM during the last hour prior to and the first hour after
gastric emptying in both healthy and gastroparetic subjects (10, 26). Kloetzer and
Thumshirn have reported similar percent declines in contraction frequency utilizing WMC
and ADM, respectively, in gastroparetics compared to healthy controls. This further
suggests the two modalities sense similar overall pressure patterns (10, 42).

In conclusion, gastroparesis is a heterogeneous condition with likely multiple
pathophysiologic mechanisms. Traditional scintigraphic testing methods typically measure
only a single variable, which may fail to uncover other potential physiologic abnormalities
and thus miss the correct diagnosis in a significant subset of patients. This missed subset
might benefit from appropriate use of pro-motility agents. The multiple gastric and small
bowel motility parameters may not always agree in terms of normal/abnormal profile and
explains why correlation of symptoms with a single parameter may be poor. Testing
multiple aspects of gastric function can uncover different but complementary physiologic
abnormalities that all may contribute to symptoms of gastroparesis. Measuring multiple
variables, such as gastric transit as well as gastric and small bowel PM provides additional
insight into the pathophysiology of gastroparesis and can improve diagnostic gain compared
to GES.
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FIGURE 1.
Prevalence of physiologic abnormalities calculated by GES, GET, as well as gastric and
proximal small bowel pressure measurements (PM) by WMC.
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FIGURE 2.
Percentage of abnormal pressure measurements (PM) by contractility (Ct) and motility index
(MI) in the stomach as well as proximal small bowel.
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FIGURE 3.
Comparison of diagnostic gain of WMC compared to GES. WMC and GES were performed
simultaneously and each subject acted as their own control. All parameters showed
statistical significance compared to GES (p < 0.05).
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