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Abstract

Background This study aimed to determine the pro-
portion of cases with abnormal intestinal motility
among patients with functional bowel disorders. To
this end, we applied an original method, previously
developed in our laboratory, for analysis of endolumi-
nal images obtained by capsule endoscopy. This novel
technology is based on computer vision and machine
learning techniques. Methods The endoscopic capsule
(Pillcam SB1; Given Imaging, Yokneam, Israel) was
administered to 80 patients with functional bowel
disorders and 70 healthy subjects. Endoluminal image
analysis was performed with a computer vision pro-
gram developed for the evaluation of contractile events
(luminal occlusions and radial wrinkles),
contractile patterns (open tunnel and smooth wall
patterns), type of content (secretions, chyme) and
motion of wall and contents. Normality range and
discrimination of abnormal cases were established by
a machine learning technique. Specifically, an iterative
classifier (one-class support vector machine) was
applied in a random population of 50 healthy subjects
as a training set and the remaining subjects (20 healthy
subjects and 80 patients) as a test set. Key Results The
classifier identified as abnormal 29% of patients with
functional diseases of the bowel (23 of 80), and as
normal 97 % of healthy subjects (68 of 70) (P < 0.05 by
chi-squared test). Patients identified as abnormal
clustered in two groups, which exhibited either a
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hyper- or a hypodynamic motility pattern. The motor
behavior was unrelated to clinical features. Conclu-
sions e Inferences With appropriate methodology,
abnormal intestinal motility can be demonstrated in a
significant proportion of patients with functional
bowel disorders, implying a pathologic disturbance of
gut physiology.

Keywords capsule  endoscopy, computer vision
analysis, machine learning technique, small bowel
motility.

INTRODUCTION

It has been proposed that symptoms in patients with
functional bowel disorders are produced by mixed
sensory reflex dysfunctions of the gut, regardless of
the underlying cause and individual predisposing/trig-
gering factors. Intestinal manometry has proved to
detect consistent dysmotility patterns in patients with
intestinal neuropathies or myopathies. However, intes-
tinal dysmotility, long assumed to be the hallmark of
such functional disorders, has rarely been demon-
strated by manometric methods. The paucity of objec-
tive evidence may have generated the prevailing
skepticism regarding its pathogenic role.

We recently launched a new method for the evalua-
tion of small bowel motor activity based on capsule
endoscopy.! Endoluminal images are processed by
computer vision techniques to quantify different fea-
tures reflecting contractile and non-contractile patterns,
amount of secretions and chyme, degree of wall motion
and dynamics of luminal contents. Using automatic
machine learning techniques,” we developed an algo-
rithm to identify patients with severe motor abnormal-
ities. The system proved similar specificity but higher
sensitivity than intestinal manometry. Our hypothesis
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was that this sensitive method is able to detect motor
abnormalities in patients with functional gut disorders.
Hence, our present aim was to identify among this
heterogeneous group of patients the subgroup with
objective intestinal motor dysfunction.

METHODS

Participants

Eighty patients with functional bowel disorders (25 men, 55
women; age range: 20-69 years) fulfilling Rome III criteria of
irritable bowel syndrome (n = 42), functional diarrhea (n = 10),
functional constipation (n =7), functional bloating (n=7) or
functional pain (n = 14), and 70 healthy subjects (31 men, 39
women; age range: 18-66 years) without gastrointestinal symp-
toms were prospectively included in the study. Patients were
recruited from the gastroenterological outpatient clinic, and
healthy subjects by public advertisement.

Prior to study entry, mucosal lesions were ruled out by visual
inspection of capsule endoscopy images. Using a structured
questionnaire subjective severity of bowel symptoms was scored
in all participants as absent (0); mild (1) i.e., well-tolerated;
moderate (2) i.e., interfering with daily activities; and severe (3)
i.e., incapacitating. Healthy subjects were required to have no
symptoms. Patients were symptomatic at the time the study:
diarrhea was reported by 60% of patients (1.8 + 0.1 mean score),
constipation by 29% of patients (1.5 = 0.1 mean score), abdominal
discomfort/pain by 75% patients (1.8 + 0.1 mean score) and
bloating by 77% of patients (1.6 + 0.1 mean score). Symptom
duration was over 6 months in all patients and over 1 year in 76%
of them. Medical history of psychological/psychiatric disorders
was present in 26% of patients. The study protocol was approved
by the Ethics Committee of the University Hospital Vall d’Heb-
ron, and all participants gave their written informed consent.

Test procedure

Endoluminal images were obtained with the Pillcam capsule
(Pillcam SBI video capsule; Given Imaging). The capsule was
ingested after medications that could affect gastrointestinal
motility had been discontinued for at least 48 h and an overnight
fast. Recording was continued for a total of 8 h with the subjects
lying comfortably on a hospital bed and the trunk raised 30° above
horizontal.

Gastric exit of the capsule was determined by visual inspection
at 10-min intervals using a real-time viewer monitor (RAPID
Access; Given Imaging). Forty-five minutes later, participants
were requested to ingest a liquid meal (Ensure HN; Abbott,
Zwolle, The Netherlands; 300 mL, 1 kcal mL™}).

Computer vision analysis

Small bowel images were selected by visual detection of gastric
exit and arrival into the cecum of the capsule. Endoluminal
images of the small bowel were automatically analyzed by a
computer vision program specifically developed for the evaluation
of intestinal motility. The following patterns were measured.

Turbid content Intestinal content is usually clear, and allows
viewing intestinal walls and lumen, but in some instances the
lumen contains turbid secretions (Fig. 1). Images with turbid
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content were identified by color analysis.® Each frame was rep-
resented by a 256 color histogram developed on the basis of 80
capsule endoscopy videos. Based on a series of examples of turbid
and non-turbid (clear) frames, an automatic classifier was trained
to detect the turbid frames in each video.

Endoluminal motion The motion of intestinal walls and content
results in a degree of dissimilarity between sequential images of the
capsule video. Endoluminal motion was measured by analysis of
color differences (red-green-blue composition) in consecutive
images using the Earth Mover’s Distance method,* which measures
the degree of motion as the amount of work (expressed as units of
Euclidian distance) necessary to transform the color plot of one
frame into the following one. Static sequences (very low dissimi-
larity in consecutive frames for at least 30 s) were defined using a
pre-established threshold.'® This method measured wall motion in
clear frames as well as the dynamics of content in turbid frames.

Non-contractile patterns: tunnel and wall In the absence of con-
tractions, the endoluminal images may show a flat intestinal wall
(reflecting a transverse endoluminal view) or a tunnel (open
lumen view), depending on the position of the capsule within the
lumen (Fig. 1). In each image, the intensity of light of the different
pixels was analyzed using a Laplacian of Gaussian model which
defines the three-dimensional curve reflecting the relationship
between the bright walls close to the light of the capsule and the
dark lumen.® A tunnel pattern was characterized by a peripheral
band of bright wall and a large, dark central lumen. Conversely, a
wall pattern was characterized by an image directly focusing on a
smooth bright wall without a view of the lumen.

Contractile patterns Phasic Iuminal closure. Phasic intestinal
contractions are visualized by capsule endoscopy as reversible
changes in lumen size (closure/opening) within a nine-frame
sequence (Fig. 2)."! These events were detected using a cascade of
sequential steps. First turbid and static sequences were filtered
out. Second, each image was analyzed using the Laplacian anal-
ysis described above, and each nine-frame sequence was evaluated
as a whole to determine whether it corresponded to a contractile
event or not, using an automatic classifier (support vector ma-
chine)” as follows. Based on a series of examples of contraction
sequences and non-contraction sequences selected by visual
analysis, the program found the best discriminatory function to
identify contractions.® Discrimination between occlusive and
non-occlusive contractions (complete vs partial luminal closure)
was performed by a second classifier based also on a training set of
both types of contractions.

Radial wrinkles. Contraction of the circular intestinal muscle
produces wrinkles in the intestinal wall radial to the shrinking
intestinal lumen (Fig. 2). In each image, the amount of intestinal
wrinkles was measured by structural tensor analysis, as follows.
The image was treated as a topographic map in which the crests
and valleys were identified and their direction towards the central
lumen (point of highest entropy) was measured. The degree of
wrinkles was measured from O to 1 using a radial Gaussian basis
function kernel, and a threshold of 0.7 was applied.”'°

Statistical analysis

Statistical analysis was performed using the SPSS 12.0 (SPSS Inc.,
Chicago, IL, USA) for Windows statistical package. Sample size
estimation was based on the number of parameters used to define
cach subject in the classification algorithm.'! Mean values (+SE)
of the parameters measured were calculated in each group of

© 2011 Blackwell Publishing Ltd
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Figure 1 Non-contractile patterns and intestinal content. In the absence of contractions, the capsule can reflect a wall pattern, i.e., transverse
endoluminal view, or a tunnel pattern, i.e., open lumen view. Intestinal content can be visualized as turbid secretions or as small bubbles.

Figure 2 Contractile patterns. Luminal occlusions are visualized as reversible changes in lumen size (closure/opening) within a nine-frame sequence.

Intestinal contractions produce radial wrinkles in the wall.

subjects. Analysis of variance was performed by anova. Post-hoc
comparisons were made by the Tukey’s test. Potential effects of
gender and age were evaluated by comparing the parameters
measured in men vs women and in the older vs the younger half of
healthy subjects by the unpaired Student’s t-test. Distribution of
abnormalities between groups was evaluated by the chi-squared
test. Differences were considered significant at a P < 0.05.

Algorithm for identification of abnormal
intestinal motility

Each subject was defined by 19 parameters (dimensions) derived
from the patterns described above, as previously reported.!

© 2011 Blackwell Publishing Ltd
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Healthy subjects were randomized into a training set (n = 50)
and a test set (n = 20). Based on the data of the training set, a
program (one-class support vector machine combined with prin-
cipal component analysis) calculated the function that best
defined normal range.'™'?® Using this algorithm, the remaining
20 healthy subjects and the set of 80 patients were then tested to
identify those outside normal range. To strengthen the stability of
the classifier, the procedure was repeated 500 times using a
repetitive classification method: 500 classifiers were trained with
random subsets of 50 healthy subjects (ensemble classifier);'*
patients were tested with all classifiers and healthy subjects were
tested in a mean of 143 classifiers (only when they entered the test
set). A case was then defined as abnormal if it fell outside normal
range in >50% of runs (majority vote).
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Patients identified as abnormal were then analyzed by the
K-means clustering technique (Lloyd’s algorithm) to determine the
existence of subgroups.'® This algorithm uses an iterative refine-
ment technique: starting from randomly selected subgroups, each
case is assigned to the subgroup with the nearest mean (centroid
of the cluster), and the new mean is calculated; the procedure is
repeated until convergence is reached.

RESULTS

The capsule reached the colon and, hence, visualized
the whole small bowel in the majority of subjects,
healthy subjects and patients alike (Table 1). No
adverse events were observed either in patients or in
healthy subjects. Using the majority vote (outside
normal range in 250% of runs) the classifier identified
as abnormal 29% of patients with functional bowel

Neurogastroenterology and Motility

disorders (23 of 80), and as normal 97% of healthy
subjects (68 of 70) (P = 0.000 by chi-squared test).

Moreover, using different thresholds, the ensemble
classifier provides a measure of certainty (Fig. 3): 26%
of patients and 1% of healthy subjects were in the
abnormal zone (above the 66% cut-off), 65% patients
and 93% healthy subjects were very likely normal
(below the 33% cut-off), while a relatively low propor-
tion (9% of patients and 6% of healthy subjects)
remained in the gray zone (between 66% and 33%
cut-offs). The amount of cases within these three
regions of equal probability (one-third each) indicates
that, in contrast to healthy subjects (65 normal, 4
uncertain, 1 abnormal), patients had a bimodal distri-
bution (52 normal, 7 uncertain, 21 abnormal).

Table 1 Motility evaluation by endoluminal vision analysis in healthy subjects and patient subgroups

Patients

Healthy Pvs Pvs Pvs P hyper

subjects Normal health Hyperdynamic health Hypodynamic health vs hypo
Subjects, n 70 57 13 10
Capsule reaching colon, % 74 84 92 90
Gastric exit time, min 41 =5 46 + 5 0911 37 £ 10 0.992 77 £22 0.053 0.109
Transit time, min* 218 = 12 206 = 15 0.917 136 = 19 0.032 185 = 29 0.754 0.628
Luminal closures min~! 4.2 £0.1 4302 0.952 6.7 £ 0.6 0.000 2.6 £0.3 0.001 0.000
Frames with wrinkles, % 6.8 +04 7.9 £0.5 0.245 11.1 £ 1.3 0.000 6.8 +1.7 1.000 0.021
Turbid, images % 14 +1 101 0.211 10+ 3 0.637 14 + 4 0.993 0.710
Turbid images, degree of motion 2.2 +0.1 2.1+0.1 0.725 2.8 +0.3 0.018 1.8+0.2 0.357 0.004
Turbid images, % static 19+2 21 £2 0.816 10+2 0.246 38+6 0.001 0.000
Clear images, degree of motion 1.7+ 0.0 1.6 £ 0.0 0.216 2.0=+0.1 0.001 1.1 +0.1 0.000 0.000
Clear images, % static 27 + 1 32+2 0.118 20+ 3 0.351 55+3 0.000 0.000
Duration of static sequences, s 44 + 2, 47 + 3 0.919 34+5 0.445 92 + 14 0.000 0.000

Mean = SE of relevant parameters are shown; *time between gastric exit and cecal entry when the capsule reached the colon.

Note: Significant P values in bold.

100

-

Classified as abnormal, % of runs

o

Healthy subjects (n = 70)

-

Functional gut disorders (n = 80)

Figure 3 Intestinal dysmotility identified by the ensemble classifier. Five hundred classifiers were trained with random subsets of 50 healthy
subjects. Each bar represents the percentage of times a given subject was classified as abnormal: 29% of functional patients (vs 3% healthy subjects,
P = 0.000) were detected outside the normal range in >50% of runs. Doted lines represent the 66% and 33% cut-offs.
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Healthy subjects

Themajority of images (86 + 1%)provided a clear view of
theintestinal wall and lumen, and only arelatively small
proportion of images showed turbid content. A mean of
860 + 44 phasic luminal occlusions per study was
detected. Images with marked radial wall wrinkles were
observed in one-third of luminal occlusions. Approxi-
mately one-fourth of the images were static, i.e., corre-
sponded to static sequences (Table 1). No significant
differences in any of the parameters measured (Table 1)
in men (n = 31) vs women (n = 39) nor in the older vs
the younger half of healthy subjects were detected.
Similar findings were observed in the subjects in which
the capsule reached the colon and in those who did not.

Patients with functional bowel disorders

Patients classified as normal exhibited similar features
to healthy subjects. Those identified as abnormal were
then further analyzed. These patients clustered into
two subgroups with distinctive features when com-
pared to healthy subjects and between themselves
(Fig. 4).

Thirteen patients exhibited hyperdynamic behavior,
with a significantly shorter transit time than healthy
subjects (136 + 19 min vs 218 + 12 min, respectively;
P =0.032). As compared with healthy subjects,
patients with a hyperdynamic behavior exhibited more
luminal closures (6.7 + 0.6 vs 4.2 + 0.1 closures min™"
in health; P =0.000), more images with radial wall
wrinkles (11 +1% wvs 7 +0.1% of images with
wrinkles in health; P = 0.000) and higher degree of
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motion of both clear (2.0 + 0.1 vs 1.7 = 0.0 EMD value
in health; P =0.001) and turbid frames (2.8 £ 0,3 vs
2.2 + 0,1 EMD in health; P = 0.018) (Table 1).

Ten patients showed a hypodynamic behavior, char-
acterized by less luminal closures (2.6 + 0.3 clo-
sures min~}; P = 0.001 vs health) more static images,
both clear (55 + 3% vs 27 + 1% in health; P = 0.000)
and turbid (38 + 6% vs 19 + 2% in health; P = 0.001)
and longer static sequences (92 + 14 s vs 44 =2 s in
health; P = 0.000). However, total transit time (in those
cases in which the capsule arrived to the cecum) was
similar to healthy subjects (185 =29 min and vs
218 = 12 min, respectively; P = 0.754). Gastric exit
time tended to be longer in the hypodynamic group,
but the difference was not statistically significant
(Table 1). The percentage of cases in which the capsule
reached the colon was not significantly different
among subgroups (P = 0.264 by Pearson chi-square),
and conversely similar findings were detected inde-
pendently of colonic arrival.

Clinical-physiologic correlations

The distribution of patients classified as having nor-
mal, hyper- or hypodynamic behavior was similar
among the clinical subgroups (Fig. 5). Conversely, the
prevalence and severity of constipation, diarrhea,
abdominal pain/discomfort and bloating was similar
among patients with normal, hyper- and hypodynamic
behavior (Fig. 6); likewise, illness duration was similar
in the three groups (over 1 year in 72%, 80% and 92 %,
respectively). No difference in psychological/psychiat-
ric co-morbidity was found among groups.

Hv:padvna mic

Figure 4 Clusters of patients with abnormal motility identified by endoluminal motility analysis. Each case is represented by three parameters
(normalized from O to 1) in a three-dimensional space. The cases grouped into two distinct clusters, one which showed a hyperdynamic behavior
(more occlusions and wrinkles and less static), and the other a hypodynamic behavior (less occlusions and wrinkles and more static).

© 2011 Blackwell Publishing Ltd
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Patients classified as:

@ Normal
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Figure 5 Dysmotility in relation to bowel habit. Similar motor findings were detected in patients with diarrhea, constipation and normal bowel habit.
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Figure 6 Clinical patterns in patients with normal, hypodynamic and
hyperdynamic behavior. The prevalence (%) and severity (scored from
0 to 3) of diarrhea, constipation, abdominal discomfort/pain and
bloating was similar within the three physiological subgroups.

DISCUSSION

Our data indicate that a subgroup of patients with
functional gut disorders exhibit small bowel motor
abnormalities. Furthermore, these patients can be
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segregated into distinctive clusters based on objective
motor parameters.

Despite the relatively small body of experimental
evidence, previous studies from different laboratories
provide evidence of small bowel motor dysfunction in
functional bowel disorders. Kellow et al. were among
the first to show abnormal motility patterns in IBS
patients using ileal manometry, a laborious and tech-
nically challenging method, which probably explains
why it has not been assiduously employed.'®!” Later,
other groups provided spotty, albeit largely consistent,
evidence of small bowel dysmotility in IBS.'823

In our laboratory, we previously applied a non-
manometric technique, the gas challenge test, to study
small bowel motility in functional disorders. This
method, which uses a continuous infusion of gas into
the jejunum, showed that healthy subjects are basically
able to propel and clear as much gas as is infused from
the gut without discomfort. The gas challenge test
proved to be very sensitive, and also showed highly
reproducible variations in gas transit induced by phys-
iologic stimuli. Different studies using these tests have
consistently shown that a proportion of patients with
irritable bowel syndrome and functional bloating
develop gas retention and symptoms in response to
intestinal gas loads that are well-tolerated by healthy
subjects;>*2¢ these data suggest that these patients
have abnormal intestinal function. Interestingly, when
patients with manometrically proven intestinal
dysmotility and severe clinical symptoms underwent
the same test, they exhibited a similar, though more
severe dysfunction. Subsequent studies measuring the
transit of radiolabeled gas with scintigraphy further
showed that the motor abnormality in patients with
functional bowel disorders predominantly affected the
small bowel rather than the colon,?” which coincides
with the small bowel dysmotility now detected by
endoluminal vision analysis.

© 2011 Blackwell Publishing Ltd
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It has become increasingly clear that patients with
functional bowel disorders are pathophysiologically
heterogeneous, and the current data show that the
method of endoluminal image analysis identifies a
subgroup with intestinal dysmotility. Furthermore,
based on objective motility parameters, these patients
with dysmotility clustered into two distinctive sub-
groups showing hyper- or hypodynamic behavior. The
motor abnormalities in the subgroup of patients with
hypodynamic behavior present some similarities to
those in patients with manometrically proven dysmo-
tility and severe clinical symptoms, such as intestinal
pseudo-obstruction or reduced tolerance to feeding
with inability to maintain normal body weight. Spe-
cifically, in a previous study dysmotility patients
exhibited less luminal occlusions, less degree of
motion of both turbid and clear images and longer
static sequences.! Similar findings could be experi-
mentally reproduced, at least in part, in healthy
subjects by the administration of glucagon, a potent
smooth muscle relaxant.® Conversely, accelerated
transit time in patients with hyperdynamic behavior
was associated with more contractions and endolumi-
nal motion, implying a predominantly peristaltic
activity.

In the present study no correlation between motor
abnormalities detected by our endoluminal technique
and clinical features in patients with functional bowel
disorders could be identified. A possible explanation
could relate to the poor clinical expression of intestinal
dysfunction. Indeed, different intestinal stimuli, such
as distension, transmucosal electrical nerve stimula-
tion and thermal stimuli, have been shown to elicit a
reduced repertoire of sensations, which were indistin-
guishable in most cases, while the type of perception
(or its interpretation) exhibited interindividual varia-
tions. Moreover, the symptoms in patients with
abnormal intestinal manometry, i.e., the clinical
expression of intestinal dysmotility, are heteroge-
neous, and the same manometric pattern may be
associated with different symptoms: abdominal pain,
diarrhea, constipation or even pseudo-obstruction.28-39

All healthy subjects, except two outliers, were
consistently found to be within normal range. The
outliers, and also borderline cases, could correspond to
subclinical dysfunctions. The motor abnormalities
detected in patients by endoluminal image analysis,
and previously by the gas challenge test, may not
produce relevant functional impairment with the
normal chyme load in ordinary circumstances; how-
ever, these motor abnormalities, together with some
degree of sensory dysfunction, may produce digestive
symptoms. Conceivably, more motor abnormalities

© 2011 Blackwell Publishing Ltd
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could become patent under challenge conditions. As a
matter of fact, the capsule itself could be acting as a
provocative stimulus. The technique of endoluminal
vision by capsule endoscopy used in the present study
presents obvious limitations in terms of single obser-
vation point, partial field of view, poor localization of
the intestinal area under exposure and incomplete
intestinal transit in studies not reaching the cecum,
which may also reduce the sensitivity of the method
and underestimate the incidence of motor dysfunction.
This method provides a global overview of intestinal
motor function by integrating information of the chain
of mechanical actions and reactions taking place in the
gut: muscular contraction, wall motion, content pro-
pulsion and transit of the capsule itself; the meaning
and interpretation of this information is in a different
dimension than that defined by conventional recording
techniques, which makes comparisons hard to estab-
lish. Studies were conducted primarily in the fed state,
with a similar fast to fed ratio (about 1 : 4) in healthy
subjects and patients. Potential changes induced by the
meal (fast vs fed pattern) were confounded by capsule
progression and regional differences in the gut that
could not be accounted for.

In previous clinical trials using symptom-based
selection criteria, the benefit of potentially effective
treatments for functional gut disorders was blurred
possibly due to the pathophysiological heterogeneity of
these conditions, which constituted a major drawback
in the development of new treatments. The use of
objective, physiological criteria may allow more pre-
cise and appropriate selection of patients in future
clinical trials.
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