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Intestinal motor activity, endoluminal motion and transit
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Abstract A programme for evaluation of intestinal
motility has been recently developed based on endo-
Iluminal image analysis using computer vision meth-
odology and machine learning techniques. Our aim
was to determine the effect of intestinal muscle inhi-
bition on wall motion, dynamics of luminal content
and transit in the small bowel. Fourteen healthy
subjects ingested the endoscopic capsule (Pillcam,
Given Imaging) in fasting conditions. Seven of them
received glucagon (4.8 ug kg=! bolus followed by a
9.6 ug kg™! h™! infusion during 1 h) and in the other
seven, fasting activity was recorded, as controls. This
dose of glucagon has previously shown to inhibit both
tonic and phasic intestinal motor activity. Endolumi-
nal image and displacement was analyzed by means
of a computer vision programme specifically devel-
oped for the evaluation of muscular activity (con-
tractile and non-contractile patterns), intestinal
contents, endoluminal motion and transit. Thirty-
minute periods before, during and after glucagon
infusion were analyzed and compared with equivalent
periods in controls. No differences were found in the
parameters measured during the baseline (pretest)
periods when comparing glucagon and control experi-
ments. During glucagon infusion, there was a signifi-
cant reduction in contractile activity (0.2 + 0.1 vs
4.2 + 0.9 luminal closures per min, P < 0.05; 0.4 + 0.1
vs 3.4 + 1.2% of images with radial wrinkles, P < 0.05)
and a significant reduction of endoluminal motion
(82 + 9 vs 21 + 10% of static images, P < 0.05). Endo-
Iuminal image analysis, by means of computer vision
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and machine learning techniques, can reliably detect
reduced intestinal muscle activity and motion.
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INTRODUCTION

Intestinal motor function is accomplished by the
interplay of action-reaction sequences between the
intestinal walls and the luminal content. Understand-
ing gut motor function would require simultaneous
measurement and correlation of multiple variables,
which is technically complex. The technology of
capsule endoscopy provides continuous visualization
of the intestinal lumen and wall movement,' but
simple observation of video images cannot provide a
quantitative estimate of motor activity. We have
applied computer vision techniques to analyze endo-
luminal images. These techniques permit detection of
wall activity, both contractile (luminal occlusions and
radial wrinkles), and non-contractile patterns (open
tunnel and smooth wall patterns), wall motion,
dynamics of contents and transit (axial displacement
of the capsule along the tract). Furthermore, we have
incorporated to our system automatic learning pro-
grammes to identify patterns, and an algorithm for
evaluation of intestinal motility has been developed.
This method has been validated against manometry in
the diagnosis of severe intestinal motor disorders.”
However, the heterogeneity of abnormal motor pat-
terns inherent to the various etiological and clinical
presentations of patients with severe dysmotility
causes difficulties in correlating the various motor
events that take place in the small bowel. Thus, to help
clarify relations among muscular action, wall motion,
dynamics of luminal contents and transit, we have
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used an experimental model of intestinal muscle
inhibition in healthy subjects by glucagon administra-
tion.

METHODS

Participants

Eighteen healthy subjects (nine men, nine women; age range
20-36 years) without gastrointestinal symptoms were included in
the study. The protocol for the study was approved by the Ethics
Committee of the University Hospital Vall d'Hebron, and all
participants gave their prior written informed consent.

Endoluminal imaging and capsule displacement

The Pillcam capsule (Pillcam SB1 video capsule, Given Imaging,
Yokneam, Israel) was used to visualize the intestinal lumen at a
twice-per-second rate. Eight external antennae were fixed to the
anterior abdominal wall to detect the UHF-band signal that is
emitted by the capsule. The position of the capsule on a
bidimensional plane of the abdomen is estimated depending on
the signal strength received by each antenna (Fig. 1). Units of
displacement correspond to a fraction of the interantennae
distance (the lateral diameter of the abdomen is equivalent to
1800 units). The battery in the capsule allows a total recording
time of 8 h.

Experimental procedure

The capsule was ingested after overnight fast, and recording was
continued for a total time of 8 h with the subjects lying

Figure 1 Example of capsule transit through the small bowel registered
by the antennae fixed to the abdominal wall.
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comfortably on a hospital bed and the trunk 30° above the
horizontal. Arrival of the capsule into the jejunum was monitored
by endoluminal visualization (jejunal mucosa pattern) at 10-min
intervals;> when pertinent (see Experimental design below), i.v.
glucagon (4.8 ug kg™ in bolus followed by 9.6 ug kg™ h™! infu-
sion for 1 h) was administered 30 min later. This dose of glucagon
has been previously shown to inhibit both tonic and phasic
intestinal motor activity.*™®

Experimental design

Main experiments Fourteen healthy subjects were studied: in
seven (four men, three women; 20-36 years age range) glucagon
was administered 30 min after arrival of the capsule into the
jejunum, and in the other seven (three men, four women;
24-29 years age range) fasting activity was recorded, as control. As
the main objective was to examine the effect of intestinal muscle
inhibition on endoluminal motion and transit, the experiments
were not placebo-controlled and randomized.

Ancillary study Recordings in the main experiments were
performed with the subjects at rest lying on bed; to determine the
potential influence of body motion on capsule recordings, partic-
ularly on endoluminal motion and capsule displacement, four
additional subjects (two men, two women; 23-24 years age range)
were studied twice on separate days in random order, once during
rest and another day intercalating 5 min periods of ambulation
every 30 min.

Data analysis

Gastric exit of the capsule and arrival in the cecum were visually
detected, and small bowel images were analyzed. Endoluminal
image and displacement was analyzed blindly by means of a
computer vision programme specifically developed for the auto-
matic evaluation of muscular activity (contractile and non-
contractile patterns), intestinal contents, endoluminal motion
and transit.”

Non-contractile patterns tunnel and wall In each image, the
intensity of light of the different pixels was analyzed using a
Laplacian of Gaussian model, which defines the three-dimen-
sional curve reflecting the relationship between the bright walls
close to the light of the capsule and the dark lumen.® A tunnel
pattern (open lumen) was visualized as a band of bright peripheral
wall and a central lumen characterized by a large dark area.
Conversely, a wall pattern, reflecting a transverse endoluminal
view, was characterized by an image directly focusing on a
smooth bright wall without a view of the lumen.

Contractile patterns Phasic luminal closure Phasic intestinal
contractions are visualized as reversible changes in lumen size
(closure/opening) within a 9-frame sequence (4.5 s). These events
were detected using a cascade of sequential steps,'© first filtering
out turbid and static sequences, and then using an automatic
classifier (support vector machine),'' as follows. From the
Laplacian analysis of each image described above, 54 parameters
were measured in each 9-frame sequence. Based on a series of
examples of contraction sequences and mnon-contraction
sequences selected by visual analysis, the programme found the
best discriminatory function to identify contractions. Discrimi-
nation between occlusive and non-occlusive contractions
(complete vs partial luminal closure) was performed by a second
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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. In each image, the amount of
intestinal wrinkles was measured by structural tensor analy-
sis, 213 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 was measured. The degree
of wrinkles was measured from O to 1 using a radial Gaussian
basis function kernel, and a threshold of 0.9 was used to define
wrinkles.

Turbid intestinal content Each image was defined by two
parameters representing the mean value (chromacity) of the blue-
yellow vs the red—green component.'* Using these parameters, an
automatic classifier was trained to detect the turbid frames in
each video.

Endoluminal motion Endoluminal motion was measured by
analysis of colour differences (red—green-blue composition) in
consecutive images using the Earth Mover’s Distance method,®.
The method measures the amount of work (Euclidian distance)
necessary to transform the colour plot of one frame into the
following one, and static images are defined using a pre-estab-
lished threshold. This method was used to measure wall motion
in clear frames, and the dynamics of contents in turbid frames
(Fig. 2).

Capsule transit Displacement of the capsule was estimated by
the change in the location of the capsule on a bidimensional
plane of the abdomen over time (Fig. 1). Cumulative displace-

Movement of intestinal content

Figure 2 Examples of consecutive image sequences.
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Figure 3 Displacement of the capsule. Examples of abdominal
projection and cumulative displacement over time.

ment during transit through the small bowel was calculated
(Fig. 3).

Periods analyzed Once the capsule entered the jejunum (by
mucosal appearance on an on-line viewer) a 30-minute pretest
period began. Following this period, glucagon infusion was initi-
ated. Ten minutes after, the test period began, also lasting 30 min.
The post-test period corresponded to the 30 min that followed
cessation of the glucagon infusion. Equivalent periods were tested
in controls.

Statistical analysis

The sample size was calculated based on the percentage of static
images in previous studies (24% mean, 14% standard deviation),
anticipating a 25% difference in static images between the two
groups (with vs without glucagon) with a power of 80% and a
significance level of 5% (two-sided).

Fasting activity was characterized in the 11 subjects who did
not receive glucagon, to determine the general pattern of activity.
Mean values (+SE) of the parameters measured were calculated in
each group of subjects. Within each group normality was tested by
the Shapiro-Wilk test. Analysis of variance was performed by
ANOVA. Post hoc comparisons of parametric, normally-distributed
data were made by the Student’s t-test, paired tests for intragroup
comparisons and unpaired tests for intergroup comparisons;
otherwise, the Wilcoxon signed rank test was used for paired data
between groups, and the Mann-Whitney U test for unpaired data
between groups.

© 2009 Blackwell Publishing Ltd
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RESULTS

Fasting activity

In eight of the 11 subjects not receiving glucagon
(seven in the main experiments and four in the
ancillary study), the capsule had reached the colon by
the end of the study, and in them, mean transit time
from the duodenum to the cecum was 235 + 40 min.
During the studies, 944 + 157 events of phasic luminal
closure were detected (5.2 = 0.4 events per min), in
4.9 + 1.4% of which luminal closure was incomplete
(non-occlusive contractions). Wrinkles were detected
in 2.9 +08% of frames. Non-contractile patterns
consisted in a smooth wall image, recorded 26 = 5%
of the time, and an open tunnel view, recorded 7 + 2%
of the time. A tunnel pattern appeared in 36 + 8 s
sequences. Turbid intestinal content was detected
31 + 6% of the time. In the videos, 15 =+ 3% of the
images were static, i.e. corresponded to static se-
quences. The mean duration of static sequences was
44 + 15 s. The image was static in 12 + 4% of frames
showing turbid intestinal content, and in 15 + 4% of
nitid images (6 = 3% of tunnel images, and 25 + 7% of
wall images). In subjects in whom the capsule arrived
to the cecum, the location diagram of the capsule
showed a displacement over the abdomen from an
upper region corresponding to the epigastrium down to
the right iliac fossa. During intestinal transit, total
displacement of the capsule was 28660 + 3449 units
(115 = 5 units per minute).

Effect of glucagon

As compared with the baseline period, glucagon
significantly inhibited contractile patterns, specifi-
cally, reduced the number of luminal closures by
93 +2% (02+0.1 vs 42=09 events per min,
P =0.018) and the presence of wrinkles by 85 + 7%
(0401 vs 34+12% of frames with wrinkles,
P =0.028). Inhibition of motor activity was associated
with a 63 £ 5% reduction of endoluminal motion
(average EMD 0.006 + 0.001 wvs 0.017 + 0.002,
P =0.001) and a 61 + 11% increase of static images
(82 +9 ws 21 +10%, P =0.018). Reduced motion
affected both the intestinal walls seen in the clear
images (82 + 8 vs 22 + 9% during baseline, P = 0.018),
and intestinal content in turbid images (78 = 11 vs
13 + 9% during baseline, P = 0.018).

Capsule displacement was reduced during glucagon
administration by 65 = 9% (46 = 10 vs 142 = 14 uni-
ts min~! during baseline, P = 0.002) (Fig. 3. Interrupt-
ing glucagon administration, the effect rapidly faded,
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Figure 4 Effect of muscular inhibition on intestinal contractile
activity.

*P <0.05

and no statistically significant differences were found
between postglucagon vs baseline.

Comparing glucagon and control experiments, no
differences were found in the parameters measured
during the baseline (pretest) periods. By contrast, the
same differences found when comparing glucagon vs
baseline in the glucagon experiments were also found
when comparing the test periods during glucagon vs
control experiments. The delta values (test minus
baseline) in the glucagon experiments were significantly
different than in the control experiments (Figs 4 and 5).
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Wall Movement Capsule
motion of contents displacement
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Figure 5 Effect of muscular inhibition on endoluminal motion and
capsule propulsion.
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Effect of body motion

In the ancillary experiments, periodic ambulation did
not influence endoluminal motion of the walls (average
EMD of nitid images 0.024 + 0.003 with ambulation and
0.023 = 0.003 without ambulation) or the motion of
content (average EMD of turbid images 0.028 + 0.003
with ambulation and 0.023 + 0.004 without ambula-
tion). Capsule displacement with ambulation was
30570 + 5628 units (n.s. vs 26734 + 4799 units without
ambulation), and the speed of transit was 118 =8
units min~! (n.s.vs 116 + 10units min~! withoutambu-
lation). No differences between both sets of experiments
were found in any of the other parameters measured, i.e.
contractile patterns (luminal closures, wrinkles),
non-contractile patterns (wall and tunnel pattern) and
intestinal content (percentage of turbid images).

DISCUSSION

Using a new technological approach we have estab-
lished the relation between muscular contraction, wall
motion, dynamics of intraluminal contents and axial
displacement along the small bowel, under two differ-
ent contractile states: quiescence and activity.

Our method allows direct and continuous measure-
ment of wall motor activity from a luminal observation
point. We have identified muscular activity by phasic,
i.e. rapid and reversible, luminal occlusions and radial
wrinkles. Muscular contraction results in active
motion of the intestinal wall that may accomplish
various actions upon luminal content, such as
accommodation, propulsion, fragmentation/mixing or
resistance to flow, that finally determine the dynamics
of chime/secretions (flow and turbulences) and transit
(displacement) of the capsule itself.

Our experimental design aims at elucidating rela-
tions between intestinal contractions, wall movement
and intraluminal contents by comparing normal and
pharmacologically inhibited muscular activity. Inhibi-
tion of motor activity was demonstrated by a signifi-
cant reduction of contractile patterns, e.g. luminal
closures and radial wrinkles. Studying the dynamic
behaviour of the sequence of images in the video, our
data showed that reduction of contractile patterns is
associated with reduced motion of the intestinal walls,
presence of static endoluminal content and slow
transit of the capsule itself. Glucagon in previous
studies was showed to almost completely abolish
phasic contractions recorded by manometry.!®!’
A similar effect was observed with endoluminal vision,
although still some residual activity could be detected.
It has been also shown that glucagon produces a tonic

Neurogastroenterology and Motility

relaxation recorded by an intestinal barostat (117-
195% volume increment at a fixed pressure level; >
Studies on intestinal clearance of exogenous gas loads
have shown that these relaxatory effects result in
impaired gas propulsion and pooling (62% retention
with vs 18% without glucagon; 7. All these bits of
information obtained with different methodologies fit
well with the comprehensive view integrating muscu-
lar activity, wall motion, characteristics and dynamics
of contents and transit provided by endoluminal vision
analysis. Alternatively to intestinal inhibition, these
relations could have been explored in a model of
intestinal stimulation, but potent prokinetics such as
neostigmine,'® have secondary effects that limit their
experimental use in healthy subjects.

Continuous endoluminal measurement of intestinal
motility was achieved by a miniaturized camera con-
tained within a capsule with a transparent window. The
capsule is swallowed and propelled through the gastro-
intestinal tract while emitting two images per second,
which are received by an array of antennae fixed of the
abdominal surface and recorded on a holter system. The
capsule is eventually eliminated with faeces. A major
advantage of the system is that recordings are taken in
the minimally disturbed gut, except for the potential
disturbance produced by the capsule itself.

The capsule endoscopy system is a standard com-
mercially available device but quantification of intes-
tinal motility by endoluminal vision analysis is based
on newly developed computer vision techniques.
A series of features of the images are chosen, such as
mean colour, colour distribution and the presence of
specific structures. Each one of these features is then
quantitatively analyzed by specific mathematical mod-
els measuring numerical parameters. The next step
consists in identifying whether the parameters that
define one feature conform to specific pattern or not.
This classification process is performed by automatic
learning using machine learning techniques.!! A series
of images of a given pattern are provided to the
machine, which then learns to identify them, by
developing the mathematical function that best dis-
criminates positive from negative examples.

The method to detect endoluminal motion is based
on colour dissimilarity of sequential images. Theoret-
ically, motion (dissimilarity of sequential images) can
be due to capsule displacement within the intestinal
lumen, as a vehicle driving through a tunnel, or to
active movement of the wall or content over the
capsule. Previous validation studies with the capsule
fixed over an endoluminal tube, showed that active
displacement of endoluminal structures, both wall and
contents, is a major component of endoluminal motion

© 2009 Blackwell Publishing Ltd
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measurements. Movement of liquids and large solid
particles through the gut is distinctively different,'®
and the capsule behaves as a relatively static reference
point with respect to the flow of secretions freely
moving around the device; capsule displacement can-
not be extrapolated to reflect transit of chime.

The experimental model of intestinal inhibition by
glucagon mimics in part the pathophysiological condi-
tions observed in patients with severe motor disorders.
In a previous study we have shown that quantitation of
intestinal motility by endoluminal vision analysis
identifies patients with intestinal dysmotility with a
similar specificity and higher sensitivity than conven-
tional intestinal manometry.> Patients with abnormal
motility exhibited some features similar to the present
pharmacological model of intestinal motor inhibition
in healthy subjects: less contractile activity and
reduced wall motion with more static endoluminal
content. Furthermore, in separate studies we have
shown that patients with intestinal dysmotility have
impaired gas transit and develop gas retention, abdom-
inal symptoms and distension in response to
exogenous gas loads,*® and this effect is reproduced
by glucagon in healthy subjects.”

Endoluminal measurement of intestinal motility
provides an integrated and dynamic assessment of
various intestinal motor functions. The clear-cut
detection of differences between normal motility and
pharmacologically manipulated muscular activity

Intestinal activity, endoluminal motion and transit

provides further evidence of the validity of our tech-
nology in the evaluation of intestinal motility. Fur-
thermore, the similarity of artificially induced
abnormal motor patterns in healthy volunteers with
disturbed motility in patients with neuromuscular
bowel disorders provides further indication of the
potential diagnostic value of the method.
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