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Abstract—Screening of the gastrointestinal tract is imperative
for the detection and treatment of physiological and pathological
disorders in humans. Ingestible devices (e.g., magnetic capsule
endoscopes) represent an alternative to conventional flexible
endoscopy for reducing the invasiveness of the procedure and
the related patient’s discomforts. However, to properly design
localization and navigation strategies for capsule endoscopes, the
knowledge of anatomical features is paramount. Therefore,
authors developed a semi-automatic software for measuring the
distance between the small bowel and the closest human external
body surface, using CT colonography images. In this study,
volumetric datasets of 30 patients were processed by gastro-
intestinal endoscopists with the dedicated custom-made software
and results showed an average distance of 79.29 + 23.85 mm.

Clinical Relevance—The mean distance between the small
bowel and the closest human external body surface is calculated,
and it equals to 79.29 + 23.85 mm.

I. INTRODUCTION

Gastrointestinal (GI) diseases represent a widespread problem
in developed countries, significantly contributing to the
increase of morbidity, mortality and healthcare-related costs
[1]-[3]. Ranging from moderate to severe, GI disorders can
be acute or chronic, leading patients to periodic examinations.
Systematic screening programs are promoted worldwide for
the prevention of GI pathologies, especially cancers,
indicating the importance of undergoing regular inspection of
the stomach and large intestine [4]-[6]. In addition, as
demonstrated in the last few years, the alteration of the gut’s
microbial composition (i.e., microbiota) is associated to
several pathologies (e.g., diabetes, obesity, cardio-vascular
disorders [7], [8]). Hence, a GI microbial analysis can have a
notable impact for a longitudinal and personalized healthcare
approach [9].

In this context, the rapid technological advancements in the
field of ingestible electronics and capsule endoscopy (CE)
represent a powerful tool for the analysis, diagnosis and
treatment of GI diseases [10]-[13]. Indeed, CE has the
potential to drastically reduce the invasiveness of the
procedure, consequential discomfort and the risk of infections
and complications. In addition, CE allows to reach portions of
the GI tract (e.g., small bowel), not easily accessible through
commonly used methodologies (i.e., flexible endoscopy).

*These authors equally contributed to the paper.

M. Chiurazzi, A. Damone, M. Finocchiaro and G.Ciuti are with The
BioRobotics Institute and the Department of Excellence in Robotics &
Al, Scuola Superiore Sant'Anna, 56127 Pisa, Italy (e-mail:
marcello.chiurazzi@santannapisa.it, angelo.damone@santannapisa.it,
martina.finocchiaro@upc.edu, gastone.ciuti@santannapisa.it).

978-1-7281-1178-0/21/$31.00 ©2021 IEEE

Finally, CE provides a methodology to boost personalized
medical care, being potentially able to collect multi-modal
data [14], towards a P5 medicine approach to oncology [9].
From the first commercially available capsule endoscope on
the market in 2001, i.e. Pillcam™ from Given Imaging Inc.
(Yokne'am Illit, Israel), now part of Medtronic Inc. company
(Dublin, Ireland), a wide range of capsule endoscopes have
been designed and developed [12], [15]-[17]. Video
endoscopy represents only one of the potential applications of
these miniaturized systems, which also address: (1) sensing of
different parameters (e.g., pressure, temperature, pH, efc.)
[18], (2) drugs and delivery of treatments [19], and (3)
tissue/microbiota sampling [20].

Besides the capsule design, a crucial role in the evolution of
this technology is played by the development of robust
localization and remote navigation/activation systems,
enabling in-situ diagnosis and active treatments [21], [22].
Indeed, a major problem in CE is the lack of its ability to
target specific sites in the GI tract. Possible solutions include,
for instance, the use of magnetic manipulation, enabled by the
coupling of external magnetic sources with small magnetic
components included into the capsule [23]. However, to
design remote navigation controllers or localization systems,
it is crucial to know the operational distances, i.e. the distance
between the capsule, hence the anatomical lumen, and the
human external body surface. As a matter of fact, this
information, that is so far lacking in the literature, is
paramount for the correct dimensioning, design and set-up of
such ingestible devices, external controllers and related
magnetically-driven navigation/activation strategies. On this
regards, this paper aims at covering the aforementioned gap
by calculating the distances between the small bowel (our first
target) and the human body surface. This is done thanks to an
analysis performed by medical doctors (i.e., GI endoscopists)
on the abdominal CT colonography datasets from a
consecutive series of 30 patients. In this context, a user-
friendly and medical-oriented software, developed for the
visualization and used for the semi-automatic measurement of
the anatomical distances, is here presented.
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Figure 1 - User-oriented Human Machine Interface for 3D reconstruction, visualization, and semi-automatic distance computation.

II. MATERIALS & METHODS

A. 3D reconstruction of the small bowel from CT images

A custom-made software to easily visualize the GI tract
(Figure 1) was designed, starting from images of CT
colonography, collected from a public online archive [24].
For each patient’s dataset (total: 30 datasets), a 3D model
reconstruction of the intestinal lumen (i.e., small bowel and
colon) was implemented in Matlab R2020 (MathWorks Inc.,
Natick, MA, USA). Starting from the available DICOM
dataset, belonging to each specific patient, two meaningful
images were selected and used to create the mask, later
employed to segment the intestine from all the other tissues
and internal organs arose from the screening phase. A specific
image belonging to the DICOM dataset was used for creating
the mask along the transversal plane, whereas a second image
was reconstructed starting from the initial dataset (from
512*512*N slices to 512*N slices*512) and used for the mask
along the frontal plane. Masks were created using the Image
Segmenter app of Matlab that allows to create a segmentation
mask using either automatic algorithms (e.g., flood fill), semi-
automatic techniques (e.g., graph cut), or manual techniques
(e.g., drawing ROIs). In addition, it is possible to refine masks
using morphology or iterative approaches, such as active
contours. In our case, a graph cut procedure has been adopted.
Such approach requires selecting the foreground and the
background from representative images in order to perform a
graph-based segmentation. Despite its limitation in real-time
scenarios, this type of segmentation algorithm is able to
create, off-line, a resolute mask, that is later used by the
Matlab active contour function. This function applies the
mask to the entire volume (size*number of images) after
being enhanced in contrast using a histogram equalization.
Due to the application, a Chan-Vese method was applied to
define the active contour [25]. Indeed, if object regions are
not of significantly different grayscale intensities, the Chan-
Vese method allows to segment all the objects in the image.
For instance, if the image contains some objects that are
brighter than the background, and some that are darker, this
method typically segments out either the dark or the bright

objects only. The workflow of the reconstruction of the
volume is reported in Figure 2-left.

B. Graphical User Interface

A software, endowed with an easy-to-use graphical user
interface (GUI) was developed, in close collaboration with
medical doctors (following a human-centered approach) for
interactively selecting representative references of the small
bowel. As shown in Figure 1-left, the left part of the GUI
displays the reconstructed volumes. This is implemented by
using the Matlab Volume Viewer function, which allows to
plot and simultaneously interact (e.g., rotate, zoom etc.) with
the 3D reconstruction of the segmented images. In this panel,
the user can navigate across different patients, and for each of
them, can partition the volume to reconstruct (Figure 1-left).
Whereas, on the right side of the GUI, (Figure 1-right), the 2D
representation of a specific slice of the reconstructed volume
on both the transversal and the frontal planes is shown. This
part of the interface enables the user to select the
representative points, marking the centers of the small bowel.
The algorithm, described in the Section I1.C, is then used for
computing the minimum distance between the selected points
and the human body surface.

C. Semi-automatic computation of distances between the
small bowel and the human body surface

The main function of the algorithm for enabling the automatic
distance measurement is a Sobel operator for edge detection
[26]. The Sobel operator uses an isotropic discrete
differentiation 3x3 kernel applied, with a convolutional
approach, to the pixel intensity of the image, computing an
approximated gradient of the intensity. The advantage of this
methodology is that it does not require a massive number of
computational resources because the kernel operator can be
used in both vertical and horizontal directions relative to the
pixel grid.

The implemented algorithm measures the distance between a
point selected by the user on the small bowel and the closest
point belonging to the human body surface, identified as the
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TABLE 1 - RESULTS FROM THE DATA ANALYSIS RELATED TO THE DISTANCES MEASURED BETWEEN THE CENTERS OF

THE SMALL BOWEL AND THE CLOSEST BODY SURFACE

th th Min
Number of Num'ber of Mean value Stal}dz}rd Median 25 . s . Max value
Dataset atients points (mm) deviation (mm) percentile | percentile value (mm)
p (sample size) (mm) (mm) (mm) (mm)
All data 30 2700 79.29 23.85 80.17 62.01 96.44 153.48 6.67
Occluded 23 2070 76.35 22.67 77.47 60.49 93.00 144.34 6.67
Not
7 630 88.9 25.10 90.15 71.21 105.98 153.48 33.18
occluded

skin. Then, the Sobel filter is applied to locate the boundary
between the human body surface and the external "empty
spaces" in the image. Before using the Sobel filter to find the
edges, the algorithm executes a cleaning background
operation by defining a mask to isolate the empty spaces
outside the human external body. These empty areas usually
are identified as a low pixel intensity on the image, and they
are set to a value of zero. Besides, the pixel intensities that
identify the human body are set to the maximum value to
create a contrast between the “empty space” and the human
body to emphasize the application of the Sobel filter. For a
correct identification of the pixel inside the human body, a
morphological image analysis has been used to fill the
possible "holes" and make the pixel intensities uniform [27].
Once the external “empty spaces” and the “human body
surface” are identified, the algorithm applies the Sobel filter
to define the edges of the human body and save the edge
pixels' position inside a matrix employed to compute the
distance from the selected points in the small bowel. The final
step of the algorithm is to measure the distance by picking the
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pixel point representing the manually-selected small bowel's
internal part. Once the point is selected by the user, the
algorithm finds the closest edge pixel iteratively by
computing the norm between the selected point and the pixels
that represents the edge, by knowing the grid size in x and y
directions. The algorithm operations can be observed in the
mask along the frontal plane in the second raw image. The
human body surface is highlighted, setting the pixel intensity
to the maximum value. A straight line is drawn after the point
on the small bowel is selected, and the edge pixel is identified.
In Figure 2-right the workflow of the algorithm is presented.

D. Experimental study

Three GI endoscopists were enrolled to perform the tests,
using the application described in Section II.LB. Each
endoscopist was asked to detect 30 points along the center line
of the small bowel of each transversal section of the patient’s
dataset. Overall, 30 consecutive CT datasets were analyzed.
For each dataset, the endoscopists were asked to mark the
center of the lumen on different transversal 2D slices and to
cover, as much as possible, the entire length of the volumetric
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Figure 2 - Workflow of the volumetric reconstruction procedure (left), and distance measurement (right).
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small bowel. To identify the correct spots, the medical doctors
took advantage of the reconstructed 3D models of the
intestine and the filtered CT scan images. At the end of the
experimental session, each user was asked to fill a
questionnaire to evaluate the performance of the software
(i.e., ability of the algorithm to detect the minimum distance
between the selected point and external surface) and the
overall experience in terms of easiness (1 - poor to 5 -
excellent). In addition, (1) the training time required by the
endoscopist to master the software and (2) the average
procedural time to conclude the task were calculated by and
external observer.

E.  Data analysis

The data collected during the experiments were analyzed. The
mean value and standard deviation of the distance between
the manually-selected small bowel centers and the closest
human body surface was calculated. Additionally, other
statistical parameters to characterize the data distribution
were also computed (see TABLE 1). Among all the 30
patients analysed, a subset presented signs of intestinal
occlusion. Therefore, the data collected from occluded
patients were compared to those from healthy subjects
(identified and confirmed by medical doctors) in other to
detect any statistical difference among the measures. On this
regard, a two samples student t-test was performed between
the two groups. Previously, the two data distribution were
tested for normality and equality of variances (i.e., F-test).
Finally, data collected from the survey were processed in
order to extract the cumulative success rate and the mean
qualitative score, together with the quantitative training and
procedural time to accomplish the experimental task.

III. RESULTS

At the end of the experimental session, each endoscopist
marked 900 spots, corresponding to the centers of the small
bowel from the abdominal CT colonography scans of 30
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Figure 3. Data distribution of the distances computed between the
manually-selected small bowel centers and the closets human body
surface. SB: small bowel.

o
—
N

[ occluded
[INot-occluded | |

o
—_

0.08

0.06

0.04

Number of points (%)

0.02

0 50 100 150
Distance SB center - abdominal skin [mm]

Figure 4. Data distribution of the distances computed between the
manually-selected small bowel centers and the closets human body
surface on occluded patients versus healthy ones. SB: small bowel.

consecutive patients (30 points per patient), for a total of 2700
points. The mean distance + standard deviation between the
lumen centers and the closest external body surface
corresponds to 79.29 + 23.85 mm (see TABLE 1 and Figure
3).

In a second analysis, aimed at comparing the measures
performed on the occluded patients (mean distance + SD =
88.9 + 25.10 mm) versus healthy subjects (mean distance +
SD = 76.35 + 22.67 mm), statistically-related significant
differences were found. The two samples were tested using a
two-sample unequal variance student t-test (i.e., Welch's t-
test), with a resulting p-value < 0.001. To assess the test, a
valid assumption was made regarding the normality of the two
distributions (large samples size, skewnessocciuded = -0.0659,
skewnessnot occluded = 0.0307, see Figure 4 and Figure 5) and
non-similar variances (F-test, p-value <0.001).
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Figure 5 - Comparison of boxplots of the distances computed
between the manually-selected small bowel centers and the
closets human body surface on occluded, not occluded and all
datasets. SB: small bowel.
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In addition, as a result of the survey filled by the endoscopists
at the end of the study, the easiness of operating the software
was rated with the maximum score (5 = “excellent”) by all the
users. Furthermore, all the endoscopists positively endorsed
the ability of the algorithm to correctly detect the minimum
distance between the selected point and the human body
surface. Finally, the average training time needed by the users
to master the software was calculated equal to 0:12 £ 0:3 h
(mean + SD), while the average procedural time to conclude
the task was calculated as 4:28 = 0:17 h (mean + SD).

IV. CONCLUSION AND DISCUSSION

The present study enabled the collection of fundamental
information related to the anatomy of the human body, that
were, to date, absent in the scientific state of the art literature.
As a matter of fact, the distance between the center of the
small bowel and the human body surface, was never derived
before, making an accurate and engineering design of remote
controllers for CE and localization strategies hard, if not
impossible. This is particularly relevant for CE with magnetic
actuation, to enable active navigation [28], [29], wireless
activation [30], and localization [31]. Indeed, in this case, the
strength of the magnetic link between the external magnetic
sources (e.g., an external permanent magnet) and the magnets
inside the capsule decreases exponentially with the distance
[32]. Therefore, knowing the minimum distance between the
capsule inside the bowel (small bowel in this study), and the
human body surface is paramount to derive how close the
external magnet can get to the internal ones, enabling the
proper dimensioning of the whole magnetic-driven system
[30]. Similar considerations can be done for the localization
strategies of CE (e.g., magnetic localization, radio-wave
based localization, etc.). Indeed, in several cases, knowing the
distance between the transmitter and the receiver is critical to
properly design the localization systems [31]. As expected,
the distances measured show high variances, since the small
intestine occupies a big portion of the abdominal cavity.
Therefore, this study provides a range of measures that,
together with the minimum distance, can be used for the
aforementioned design purposes.

Additionally, this study highlights a difference on the values
measured from healthy people with respect to people
suffering from intestinal obstruction. The latter, indeed,
presents a lower mean distance between the center of the
small bowel and the human body surface. Future work will
focus on the acquisition of additional measures from healthy
subjects, since in the current study patients with signs of
intestinal obstruction prevailed.

Furthermore, this paper demonstrates the efficacy of a novel
interactive GI tract visualizer also for screening purposes.
Such application is the result of an interdisciplinary
collaboration between engineers and endoscopists. The
software features may place the proposed system as a
candidate for enabling both screening and clinically-relevant
interactive procedures. As a matter of facts, the simultaneous
presence of a 3D reconstruction of the bowel and the 2D
representation of specific slices of the volume makes the
identification of the anatomical landmarks easier and the
analysis of radiologic images faster.

However, the work was mainly focused on the small bowel.
Therefore, further efforts should focus on improving the
software for a more general purpose. The presented study,
indeed, may pave the way to an extended analysis of the mean
distances of the entire intestine (also including the colon)
from the human body surface. Starting from such
information, researchers will be able to reliably design and
set-up magnetic remote controllers and localization systems,
to track online ingestible capsules, and eventually allowing
in-situ activation and delivery of specific treatments.
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