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ABSTRACT This paper presents a gastric contraction imaging system for assessment of gastric motility
using a 3-D endoscope. Gastrointestinal diseases are mainly based on morphological abnormalities. How-
ever, gastrointestinal symptoms are sometimes apparent without visible abnormalities. One of the major
factors for these diseases is abnormal gastrointestinal motility. For assessment of gastric motility, a gastric
motility imaging system is needed. To assess the dynamic motility of the stomach, the proposed system
measures 3-D gastric contractions derived from a 3-D profile of the stomach wall obtained with a developed
3-D endoscope. After obtaining contraction waves, their frequency, amplitude, and speed of propagation can
be calculated using a Gaussian function. The proposed systemwas evaluated for 3-Dmeasurements of several
objects with known geometries. The results showed that the surface profiles could be obtained with an error
of <10% of the distance between two different points on images. Subsequently, we evaluated the validity of
a prototype system using a wave simulated model. In the experiment, the amplitude and position of waves
could be measured with 1-mm accuracy. The present results suggest that the proposed system can measure
the speed and amplitude of contractions. This system has low invasiveness and can assess the motility of the
stomach wall directly in a 3-D manner. Our method can be used for examination of gastric morphological
and functional abnormalities.

INDEX TERMS Endoscopes, gastric contraction, gastric motility, gastroenterology.

I. INTRODUCTION
Functional gastrointestinal disorders (e.g., functional dys-
pepsia and irritable bowel syndrome) are frequent condi-
tions encountered in clinical practice [1], [2]. According to
a recent systematic review and meta-analysis, the prevalence
of functional dyspepsia was 27% and that of irritable bowel
syndrome was 16% [3]. People with functional gastrointesti-
nal disorders experience gastrointestinal symptoms despite
the absence of morphological or anatomical abnormalities.
While these disorders are not life-threatening, it was noted
that quality of life was markedly impaired and productivity
was decreased in such patients [4]–[6]. One of the major
factors for these diseases is abnormal gastric motility. The
principal functions of the stomach are reservoir, mixing, and
emptying of gastric contents. The fundus acts as the reservoir,
and the gastric corpus and gastric antrum facilitate mixing

and emptying. Contraction and dilatation of the stomach are
related to these functions, and abnormal gastric motility leads
to depression of these functions. For functional assessment of
gastrointestinal motility, the barostat technique is the current
standard [7], [8]. This system estimates the gastric tone by
the change in volume or pressure of air in a balloon placed in
a hollow organ. However, the burden on the patient is large.
Scintigraphy and 13C breath tests are also important meth-
ods [9]–[11]. These methods track the motion of a marker,
included in a meal, from outside of the body. Although these
methods are non-invasive, they involve indirect assessment
of gastric motility, because the system can only assess the
gastric flow produced by the gastric motility. Magnetic reso-
nance imaging (MRI) has been used to investigate dynamic
gastrointestinal motility [12]–[16]. MRI can obtain the
whole shape of the stomach, including the motility. It can
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estimate the volume of the stomach or detect gastric con-
traction waves generated for the mixing and emptying
functions by measuring the stomach shape. It has been
elucidated that gastric contraction waves are different in
healthy humans and patients with functional gastrointesti-
nal disorders through the use of MRI [15], [16]. However,
this system can only obtain two-dimensional cross-sectional
images of the stomach. Therefore, functional quantitative
analyses by MRI would be untrue.

On the other hand, an endoscope can be used to look
inside the body, including observation of the gastrointestinal
tract. For such examinations, endoscopes are mainly used
to detect organic abnormalities. Recently, three-dimensional
endoscopes have been developed and put into practical use
[17]–[20]. A three-dimensional endoscope is currently almost
always used as a surgical navigation system. However, it is
expected that they will become useful as diagnostic instru-
ments, because it is possible to obtain the three-dimensional
shape of an organ from inside of the body.

FIGURE 1. Modality of the stomach.

This paper presents a gastric contraction imaging sys-
tem using an endoscope, as shown in Fig. 1. By using
the three-dimensional shape of the stomach obtained from
the endoscope, contraction waves are measured to assess
the gastric motility. This system has low invasiveness and
can assess the motility of the stomach wall directly in a
three-dimensional manner. In addition, an endoscope is usu-
ally used for examination of the stomach. In other words,
no additional equipment is required for assessment of the
motility.

In this paper, we evaluate the proposed gastric motil-
ity imaging system using a three-dimensional endoscope.
In section II, we introduce a method for assessing gastric
motility. In section III, we evaluate the performance of a pro-
totype three-dimensional endoscope and the effectiveness of
the proposed method in an experiment with a wave simulated
model. Finally, we provide some conclusions in Section V.

II. WAVE MEASUREMENT SYSTEM
A. THREE-DIMENSIONAL ENDOSCOPE
For three-dimensional measurements, the proposed system
employs a compound eye system. We previously developed

a compound eye system called the TOMBO (Thin Observa-
tion Module by Bound Optics) [21]–[23]. This system has
a compact structure and can take close images because it
uses a micro-lens array. This feature is an advantage because
the optical system involves a flexible endoscope that allows
bending. Moreover, this system can simultaneously obtain
multiple images with positional shifts. These images are
available for use in wide-field, high-resolution, and three-
dimensional measurements. The TOMBO is well suited for
the three-dimensional endoscope.

FIGURE 2. Basic structure of the TOMBO.

A schematic diagram of the compound optics system is
shown in Fig. 2. The compound optics system consists of a
micro-lens array, partition, and CMOS image sensor. Each
micro-lens focuses optical signals on the image sensor. The
images obtained by this system are presented with slightly
different information for the view. Based on triangulation,
three-dimensional information about the imaged object can
be computed. An area-based method with the sum of the
squared difference is used to obtain the corresponding points
in two images. A sub-pixel estimation with a parabolic func-
tion and cross-checking by replacing the left and right images
is also used to improve the accuracy of measurement. Search-
ing for corresponding points for all pixels on one image, the
three-dimensional profile of the object can be estimated.

B. DATA ANALYSIS
For analysis of gastric motility, gastric contractions are
derived from the three-dimensional profile of the stomach
wall. Gastric contractions propagate from the gastric corpus
to the pylorus. The three-dimensional profile of the stomach
is mixed with the stomach geometry itself and the contraction
profile, as shown in Fig. 1. Therefore, the contraction waves
must be separated from the three-dimensional profile of the
stomach wall for analysis. The geometry of the stomach is
obtained as the most frequent value in a time series, and
the other value reflects the contraction profile. The shape
of the contractions is obtained by measuring the distance
between the geometry of the stomach and the measure-
ment profiles. The three-dimensional data obtained from the
three-dimensional endoscope include noise or outliers, and
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missing areas caused by masking could exist. To overcome
these problems, we model the geometry of the stomach and
the contraction waves. Here, the shape of the gastric con-
tractions is modeled by a one-dimensional Gaussian function
[24] and the geometry of the gastric antrum is regarded as
a circular tube, as shown in Fig. 3. The one-dimensional
Gaussian function on the x-axis can be expressed as follows:

G(x) = Ne

(
−
x−xc
2σ2

)
(1)

where N and xc are the attitude and position of the wave,
respectively, and σ indicates the spread of the wave. From
the Gaussian parameters, the amplitude and speed of each
contraction can be calculated.

FIGURE 3. Geometry of the antrum with peristaltic contractions.

FIGURE 4. Photograph of the endoscope-type TOMBO.

III. EXPERIMENT
A. PROTOTYPE THREE-DIMENSIONAL ENDOSCOPE
SYSTEM
Fig. 4 shows an overview of the prototype endoscope system.
A custom-made rigid endoscope with a compound optics
system was used to reconstruct three-dimensional images.
The tip of the endoscope has a tool channel, compound
optics, and illumination. Table 1 shows the specification of

TABLE 1. Specification of the prototype.

the prototype system. The imaging sensor used was AR0331
(Aptina Imaging Co.). The light source device used was
CLV-U20D (Olympus Co.). In this study, we used two images
arranged on the y-axis for three-dimensional measurements.
The baseline length was approximately 2.2 mm. We defined
a coordinate system for the endoscope as follows: z-axis
parallel to the optical axis; and x− and y-axes parallel to the
image sensor. The experiment was conducted after calibration
of the optics and stereo images.

FIGURE 5. Reconstruction of the surface of a flat plane on the x–z plane
at different distances from the endoscope tip.

B. ACCURACY EVALUATION FOR THREE-DIMENSIONAL
MEASUREMENTS
First, we evaluated the accuracy of the three-dimensional
measurements using the prototype system. A target with the
simplest of geometric features was used to evaluate the accu-
racy of depth measurements. A rigid flat plane with a grid
sheet was fixed on a one-dimensional translation stage. The
distance between the endoscope tip and the target surface
could be adjusted. The target plane size was 50 mm× 75mm.
The cross points of the grid were used as the features and
the grid interval was 1 mm. Images of the grid on the target
were taken at distances from the endoscope tip starting at
10 mm and finishing at 50 mm with 10-mm increments.
A feature point was designated manually and the correspond-
ing point was obtained automatically. Typical results are
shown in Fig. 5. The means and standard deviations of the
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estimated distances from the target plane to the endoscope
tip for the set distances of 10, 20, 30, 40, and 50 mm were
9.8 ± 0.066, 19.9 ± 0.061, 30.0 ± 0.121, 40.0 ± 0.198, and
50.0 ± 0.264 mm, respectively, in three trials for each dis-
tance. The percentage of measurement error for the distance
between the endoscope tip and the target plane was less than
2% when the distance ranged from 10 to 50 mm.

In the second experiment, we evaluated the measurement
accuracy for the distance between two different feature points.
The target was fixed on a rotator that permitted the angle
between the optical axis of the endoscope and the orientation
of the flat plane to be changed. The distance of the rotation
center from the endoscope tip was 30 mm. The angle between
the flat plane and the optical axis was then changed in incre-
ments of 15 degrees up to 75 degrees. Themeans and standard
deviations of the estimated distances between two different
feature points separated by 1 mm for the set distances of 10,
20, 30, 40, and 50 mm were 1.01 ± 0.020, 1.01 ± 0.010,
1.01 ± 0.011, 1.00 ± 0.012, and 1.00 ± 0.009 mm, respec-
tively. The means and standard deviations for the same points
at the set angles of 15, 30, 45, 60, and 75 degrees were
1.01± 0.011, 1.01± 0.011, 1.01± 0.017, 1.01± 0.020, and
0.95 ± 0.081 mm, respectively. The percentage of measure-
ment error for the distance between two different points was
less than 6% when the distance ranged from 10 to 50 mm
and the angle ranged from 15 to 60 degrees. For the angle of
75 degrees, the percentage of maximum measurement error
was about 25%. This error could be caused by masking of the
corresponding point.

FIGURE 6. Brass cube on the dog colon obtained by the prototype system.

Finally, to evaluate the accuracy of the prototype system
in the clinical situation, we conducted experiments with a
dog. A 10-mm brass cube was put on the colon of the
dog, as shown in Fig. 6. The length of the upper side of
the cube was measured. The mean value for the measured
length was 10.4± 0.35 mm in three pairs of images obtained
from different positions. The measurement length was longer
than the correct length in all cases. This error could be
caused by secretory fluid attached to the cover glass of the
lens.

C. MEASUREMENTS IN A WAVE SIMULATED MODEL
Next, we evaluated the validity of wave measurements using
a wave simulated model. The object used for the wave simu-
lated model was a plastic spring cylinder, as shown in Fig. 7.
A wave was made on the spring’s surface by pushing the

FIGURE 7. Experimental setup for measurements in the wave simulated
model.

coil from the opposite surface. The amplitude of the wave
was approximately 7 mm. The wave was manually propa-
gated with increments of approximately 3.2 mm along the
central axis of the spring. In this case, the wave generated
on the plane was mixed with the shape of the spring, and
we thus used a rectangular coordinate system. We defined a
coordinate system for the object as follows: Z -axis parallel
to the contraction; X -axis parallel to the central axis of the
spring; and Y -axis parallel to another axis. The geometry
of the cylinder itself was measured by obtaining images
without waves. We then approximated the geometry by the
paraboloidal surface. The parameter of the paraboloid was
used for axial correction. After axial correction, the shape of
the waves could be obtained by subtracting the paraboloidal
surface and the reconstructed shape of the surface along the
Z -axis.

FIGURE 8. Images obtained by the endoscope. (a) Left image. (b) Right
image.

The object was placed so that the vibration direction
of the wave was along the z-axis and the central axis of
the spring was along the x-axis. Fig. 8 shows one of the
captured images of a wave made on the spring surface.
The reconstructed shape of the spring surface is shown in
Fig. 9. Fig. 10 shows the extracted contraction wave. The atti-
tude of the wave was 7.1 mm. Fig. 11 shows the position and
attitude of the detected wave when the wave was propagated
in increments of about +3.2 mm along the central axis of the
spring (X -axis). In Fig. 11, Si (i= 1, 2, . . .) means the surface
that propagated the wave by +3.2 mm from Si−1. The mean
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measured value for the attitude was 7.2± 0.3 mm. The mean
measured value for the wave movement along the X -axis was
about +3.2 mm.

FIGURE 9. Reconstructed shape of the spring surface.

FIGURE 10. Extracted wave of the spring surface. Gray dots show the raw
data and red lines show the Gaussian function-fitted raw data.

Next, to evaluate the potential for clinical application, the
wave simulated model was covered with thinly-sliced pork.
Fig. 12 shows one of the captured images of a wave made on
the pork surface. The reconstructed shape of the pork surface
is shown in Fig. 13. The attitude of the wave was 6.4 mm. The
mean measured value for the attitude was 6.6 ± 0.3 mm and
the mean measured value for the wave movement was about
+3.3 mm, as shown in Fig. 14.

In the same way, Fig. 15 shows typical results for an angle
of 30 degrees between the central axis of the spring and the
optical axis. Fig. 16 shows the position and attitude of the
detected wave in the coordinates of the wave when the wave
was manually propagated with increments of about+3.2 mm
along the X -axis. The mean measured value for the attitude

FIGURE 11. Detected propagated waves extracted from the spring
surface. (a) Gaussian function-fitted wave and (b) position of the wave.
The average wave attitude is 7.2 mm and the average wave movement is
+3.3 mm.

FIGURE 12. Images obtained by the endoscope. The object is covered
with thinly-sliced pork. (a) Left image. (b) Right image.

was 6.1 ± 0.3 mm. The mean measured value for the wave
movement along the X -axis was about +3.0 mm.

IV. DISCUSSION
Wehave demonstrated a three-dimensional endoscope system
for assessment of gastrointestinal motility. First, we eval-
uated the performance of a prototype endoscope system.
The prototype system could measure the geometry of a
flat plane with an error of less than 10 percent of the dis-
tance between two different points on images. Subsequently,
we conducted experiments with a dog to evaluate the accuracy
of the prototype system for a clinical status using an object
with known geometry. These results suggested that our sys-
tem could achieve quantitative measurements for a clinical
status. However, some errors occurred in the animal experi-
ment, which were caused by secretory fluid. A secreted fluid
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FIGURE 13. Reconstructed shape of the pork surface.

FIGURE 14. Position and attitude of detected propagated waves extracted
from the pork surface.

FIGURE 15. Reconstructed shape of the pork surface with an angle of
30 degrees between the cylinder axis and the optical axis.

is an obstacle for measurement, and a matching error occurs
because the image is blurred by water droplets. Since our sys-
tem does not have equipment to remove any dirt present, the
secretory fluid attached to the cover glass of the lens cannot be
removed. A water supply nozzle function is needed for stable
measurements.

Next, we demonstrated a three-dimensional endoscope sys-
tem for assessment of gastrointestinal motility using a wave
simulated model. The experimental results showed that the

FIGURE 16. Position and attitude of detected propagated waves extracted
from the pork surface with an angle of 30 degrees between the cylinder
axis and the optical axis.

amplitude and position of a wave could be measured with
1-mm accuracy. Unlike MRI, an endoscope cannot capture
the whole shape of the stomach at once. The hidden surface
of the contraction wave cannot be used to reconstruct the
three-dimensional profile. Thus, the proposed system esti-
mates the shape of peristaltic contractions through the use
of a one-dimensional Gaussian function. Nevertheless, the
wave surface opposite to the endoscope had low information
when the angle between the central axis of the object and the
optical axis was 30 degrees, and the estimated surface fitted
by the Gaussian function was quite well fitted with the raw
data. From the data shown in Figs. 14 and 16, the estimated
attitudes of the waves were almost constant. These results
suggest that the prototype system can provide measurements
with high robustness.
Kwiatek et al. [15] and Pal et al. [16] measured the

details of peristaltic contractions in healthy volunteers using
MRI. Contraction waves were initiated every 20 s, and
the width and speed of these waves were 18 mm and 2.5
mm/s, respectively. The amplitude of the waves was 7 mm.
These parameters are similar to those in the wave simu-
lated model. The prototype system obtains 4 frames/s. The
speed of the contraction wave is sufficiently slower than
the performance of the prototype system. Consequently,
the prototype system can detect contraction waves of the
stomach.
In a clinical status, it is hardly possible for operators to

keep the tip immobile. Thus, the obtained images are recorded
from different viewing positions in a time series and the
contraction waves on images also move with the movement
of the endoscope tip. This issue can be solved by performing
three-dimensional registration [25] using a portion that does
not move, because contraction waves are sufficiently slower
than the movement of the endoscope and occur partially. This
is part of our future work.

V. CONCLUSION
In this paper, we have proposed a gastric contraction
imaging system for assessment of gastric motility using a
three-dimensional endoscope. For analysis of gastric
motility, we described a method that derived peristaltic
contractions from the three-dimensional profile of the
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stomach wall. Moreover, we evaluated the developed
three-dimensional endoscope system using a flat plane. This
system can measure the geometry of a flat plane with an error
of less than 10 percent of the distance between two different
points on images. Subsequently, we conducted experiments
with a dog to evaluate the accuracy of the prototype system for
a clinical status using an object with known geometry. These
results suggested that our system could achieve quantitative
measurements for a clinical status. We then evaluated the
validity of a prototype system using a wave simulated model.
In that experiment, we demonstrated that the amplitude and
position of the wave can be measured with 1-mm accu-
racy. These results suggest that the proposed system can
measure the speed and amplitude of contractions. In the
future, we will evaluate the proposed system using in vivo
experiments.
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