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Abstract

The biomechanical changes during functional loading
and unloading of the human gastrointestinal (GI) tract
are not fully understood. GI function is usually stud-
ied by introducing probes in the GI lumen. Computer
modeling offers a promising alternative approach in this
regard, with the additional ability to predict regional
stresses and strains in inaccessible locations. The ten-
sion and stress distributions in the GI tract are related
to distensibility (tension-strain relationship) and smooth
muscle tone. More knowledge on the tension and stress
on the GI tract are needed to improve diagnosis of pa-
tients with gastrointestinal disorders. A modeling frame-
work that can be used to integrate the physiological,
anatomical and medical knowledge of the GI system has
recently been developed. The 3-D anatomical model was
constructed from digital images using ultrasonography,
computer tomography (CT) or magnetic resonance imag-
ing (MRI). Different mathematical algorithms were de-
veloped for surface analysis based on thin-walled struc-
ture and the finite element method was applied for the
mucosa-folded three layered esophageal model analysis.
The tools may be useful for studying the geometry and
biomechanical properties of these organs in health and
disease. These studies will serve to test the structure-
function hypothesis of geometrically complex organs.
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INTRODUCTION

Biomechanical changes due to functional loading and un-
loading of the human gastrointestinal (GI) tract are not
fully understood. The GI function is usually studied by
introducing probes in the GI lumen, e.g. for pressure re-
cordings. Computer modeling based on medical imaging
offers a promising alternative approach in this regard, with
the additional ability to predict regional stresses and strains
in inaccessible locations. Thus, the three-dimensional (3-D)
geometry of visceral organs is of considerable interesting
since the morphology and geometry are changed in vari-
ous discases™”. The tension and stress distributions in the
GI tract are related to distensibility (tension-strain rela-
tionship) and smooth muscle tone. The most widely used
method for biomechanical stimulation of the gastrointesti-
nal tract is bag distension™. Distension data are tradition-
ally based on pressure-volume measurements” . Several
studies suggest that the mechanoreceptors located in the
gastrointestinal wall are tension receptors“o’m. Distension
technology has been refined by the introduction of the
impedance planimetry technique and the endoscopic ultra-
sound probe!**, These are now well-established methods
for assessing circumferential strain, tension, stress and
stiffness (slope of stress-strain relation). Previous GI stud-
ies have provided data on wall tension and stress in visceral
organs. These studies, however, were based on two-dimen-
sional models; i.e., the circumferential tension and stress
have been determined at one specified position along the
long axis of the organ. However, the tension distribution
is related to the geometry (radii of curvature) and the dis-
tension pressure according to Laplace’s law. Complex ge-
ometries will result in heterogeneous tension distributions.
Therefore, three-dimensional geometry based on medical
images is necessary for computing the tension and stress in
the GI tract at various physiological and pathophysiologi-
cal states.

Recently, 3-D surface model of the gall bladder,
stomach, rectum and sigmoid colon have been developed by
simultaneous cross-sectional imaging using ultrasonography,
computer tomography (CT) or magnetic resonance
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Figure 1 A 3-D sigmoid colon solid model (A), the surface model based on the cross sectional images (B)and the 3-D surface model with slices along the centre axis (C).
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imaging (MRI)) and pressure measurement during
distension™"*", Using this method it is possible to model
the 3-D geometry and mechanical properties of the
gastrointestinal tract, including the spatial distribution
of the 3-D principal curvatures, radii of curvature, wall
thickness, tension and stress.

Examples of 3-D surface models of the GI organs,
including stomach, rectum, sigmoid colon and gall bladder
and the mucosal folded three layered esophageal finite
element model are presented. Two different mathematic
algorithms used for surface analysis were introduced.
The human stomach™ and gall bladder™ models were
generated based on the cross sectional images and the
surfaces were analyzed theoretically by using a Fourier
transform method. The human rectum™, human sigmoid
colon and rat stomach”” were established from re-sliced
images. The surfaces were analyzed locally by using a
numerical method.

GEOMETRIC MODELS

Image acquisition and model reconstruction
The anatomical data used for the construction of the
initial GI 3D models were obtained from ultrasonography,
computed tomography (CT) or magnetic resonance
imaging (MRI). The image processing method was used
to identify the inner and outer wall boundaries and then a
data cloud of a 3-D model was obtained. A 3-D sigmoid
colon model built from cross sectional images is illustrated
in Figure 1.

For GI organs such as the stomach™, rectum™ or
sigmoid colon (Figure 1), the centre axis are curved. The
distended organs are deformed along the curved axis.

Figure 2 A 3-D reconstructed
stomach antrum wall surface before
(A) and after (B) surface smoothing
by using the Fourier transform
method.
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Alignment of data points along this curved centre axis was
necessary to describe the GI model deformation. Based
on a 3-D solid model generated from the cross sectional
images, it can be re-sliced along the curved centre axis and
the surface model based on the re-sliced images can be
obtained. Figure 1 show a sigmoid colon solid model and a
surface model generated from the re-sliced images.

Surface smoothing

The reconstructed surfaces have some irregularities due
to the discretization of the images. The irregularities were
removed using two different smoothing methods in our
studies, one method was based on the Foutier transform
algorithm and another one is a modified non-shrinking
Gaussian smoothing method™. The two smoothing
algorithms used in the surface analysis are illustrated in
Appendix A and B. By using the algorithm described in
appendix A, a complex surface can thus be described and
smoothed by the surface function of Eq. A3. A smoothed
stomach antrum model is illustrated in Figure 2. Figure 3
shows a sigmoid colon model that was smoothed based on
the Gaussian smoothing method. With the continuous and
smoothed surface, thus the surface can be approximated
locally by a biquadric surface patch. The parametric surface
used in our studies is a tensor product B-spline surface
which gives the necessary continuity properties and with
good surface approximation””.

GEOMETRIC ANALYSIS

Curvature calculation
With the surface function Eq. (A3) or Eq.(B1) at the
local co-ordinate system, the principle curvatures of
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Figure 4 Circumferential (A, B, C) and longitudinal (D, E, F) radii of curvatures distributions in sigmoid colon (A, D), rectum (B, E) and human stomach (C, F).

the surface were generated from the coefficient of the
first fundamental form (E,F and G) and the second
fundamental form (I, M and N) of the surface function.
The principal curvatures k1 and k2 can be combined from
the Gaussian curvature (Ke) anczl the Mean curvature (Ku):
— _LN-M
Ke=ximkz = < F ®
Kw:l(m +12) _1NE-2MF+ LG )
2 2 EG-F
K¢ is a particularly useful curvature parameter that
indicates an elliptical surface (Kc > 0), a parabolic surface
(Ke = 0) or a hyperbolic surface (K¢ < 0).
Circumferential and longitudinal curvatures distribution
on human sigmoid colon, human rectum and human
stomach models are illustrated in Figure 4.

Tension and stress calculation

If we assume that the GI organs are thin-walled and its
material properties are isotropic, the surface tension at
a surface point is related to the transmural pressure by
Laplace’s equation as follows:

www.wjgnet.com

P=T[k1+ k2] 3
where k1 and k2 are the principal surface curvatures
at a surface point. This equation is valid as long as the
membrane is so thin that bending rigidity can be neglected
and the curvature changes are not sudden. Accordingly,
only the spatial points with positive Gaussian curvature
were used for tension (and stress) calculations in this study.
Stress is defined as the force acting on a unit area. The
stress distribution on the surface can be calculated from
wall tension and normal wall thickness as:

oc=T/h “)

T is the surface tension and h is the normal wall thickness.
An example of tension and stress distribution on the
rectum model are illustrated in Figure 5.

FINITE ELEMENT ANALYSIS FOR MUCOSAL
FOLDED LAYRED ESOPHAGUS

The major shortcoming of the above surface analysis is
the thin wall assumption. Thus only surfaces with positive
principal curvatures in both directions could use Laplace’s
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equation for tension and stress calculation (Figure 5). To
overcome this limitation, numerical methods such as finite
element analysis must be adopted. The finite element
method has been used for modeling GI tract bioelectric
activitym’m and the layered esophagus distension
simulation”>"”. Figure 6 is a mucosal folded three layered
esophageal finite element model. It is indicated that the
stress distribution throughout the esophageal wall was not
uniform and the stress was discontinuous between the
muscle and mucosal-submucosal layer (Figure 6). Thus the
Laplace’s law is no longer valid in such layered and thick
wall models.

PERSPECTIVES

Mechanosensitive receptors are important for GI tract
function and sensation. The intraganglionic laminar nerve
ending (IGLE) is believed to be a mechanosensitive
receptor and is located within the smooth muscle-lined
regions of the GI tract™, Tt is generally believed that
they are tension receptors. The neurons respond in an
intensity-dependent manner to the gastric distension”>".
Hence, determination of the stress or tension locally is
important for understanding the mechanical environment
at receptor sites. Methods based on pressure-volume
measurements obtained during bag distension (such as
the barostat) do not directly measure variables used in
plane stress and strain analysis[i’s’lz’zzj. Because the bag
can elongate, cross-sectional area cannot be derived
from bag volume. Moreover, the main assumption for
the computation of tension using the barostat and
Laplace’s law is that the geometry is spherical, although it
seems obvious from medical imaging modalities such as
ultrasound and magnetic resonance (MR)-scanning of the
complex GI organs such as stomach or rectum that the
assumption is not valid. Impedance planimetry measures
luminal pressure and cross-sectional area in a short
segment of hollow viscera during bag distension %",
Based on these measures the citcumferential strain, tension
(applying Laplace law) and stiffness (slope of tension-
strain relation) of a specific cross-sectional segment can
be computed. This approach has limitations in irregular
organs like the stomach, rectum or sigmoid colon because
the calculated tension is based on the assumption of
circularity, is only valid for thin walled structures, and only
accounts for circumferential tension.

Stress Figure 5 Tension (A) and
stress (B) distribution on a

distended rectum model.

Muscle layer scale
s, Miss (Ave. Crit.: 75%)
+1.250e-02
+1.245e-02
+1.241e-02
+1.237e-02
+1.233e-02
+1.228e-02
+1.224e-02
+1.220e-02
+1.215e-02
+1.211e-02
+1.207e-02
+1.203e-02
+1.198e-02
Mucosal layer scale
s, Miss (Ave. Crit.: 75%)
+1.310e+00
+1.202e+00
+1.094e+00
+9.858e-01
+8.776e-01
+7.693e-01
+6.611e-01
+5.529e-01
+4.447e-01
+3.365e-01
+2.283e-01
+1.201e-01
+1.919e-02

Epithelial
layer

Muscularis mucosae-

submucosal layer
Muscle layer Y

Figure 6 Mises stress (left) distribution in the mucosal folded three-layered
esophagus at the bonded state.

In our 3D surface analysis, we generated the organ
geometry based on 3-D ultrasound or MR images
measurements. It is clear that GI organs such as the
stomach, rectum, sigmoid colon and gall bladder have
heterogeneous curvature distributions. Consequently,
the geometry cannot be assumed spherical or cylindrical
and that tension estimations based on Laplace’s law are
dubious because the geometry of the surface is complex.
Two different methods were used for building 3D model
and the surface approximation. By using the Fourier
transform method the whole surface was reconstructed
and smoothed simultancously, i.e. the surface can be
described theoretically and then the curvatures can be
computed with good accuracy. However, it is difficult
to describe all geometry characters in such complex GI
organs by using only one function. Furthermore, the
Fourier transform method can only be used on the surface
generated from the horizontal cross sectional images.
The analysis employed in these surface models produces
large errors at both polar ends, especially to models with a
curved center axis, such as the stomach, rectum or sigmoid
colon. Since 3D solid model can be re-sliced in any
direction, a new method for re-generating the 3-D surface

www.wjgnet.com
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from the solid model was developed. By using the new
method, all geometric characters can thus be kept in the
surface model.

The major limitation of the surface analysis is the
thin wall assumption. Thus only surfaces with positive
principal curvatures in both directions could use Laplace’s
equation for tension and stress calculation. The finite
element analysis or the finite difference method should
be developed for further GI modeling analysis in the
future. 3-D modeling based on cross-sectional imaging
(CT, MRI and ultrasonography) has been used to
characterize biomechanics and geometry in for instance

h*? 9 cardiovascular system™,

the stomac , the rectum
and in computer-aided orthopedic surgery. The present
analytical tool can be used to analyze complex structures
for understanding biomechanical properties and visceral
perception in other hollow visceral organs. The geometry
and sensory aspects of diseases in the sigmoid colon
(diverticular disease, irritable bowel syndrome, ez.), small
bowel (motility disorders), stomach (motility disorders,
non-ulcer dyspepsia, ¢fc.) and esophagus (esophagitis,
gastro-esophageal reflux disease, non-cardiac chest pain,
ete.) can be obtained by applying a modified version of this

method.
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APPENDIX A

Surface smoothing based on the Fourier transform
method
Arbitrary point in a given cross section of the surface can
be expressed in a polar co-ordinate system as (1, 6, z),
where 7, @ and z are the polar radius, angle and section
height with respect to the origin. Each point can be fitted
using a Fourier series as
Math1

n=d n=d
Hg) = a+ Day cos(ug) + X busin (ng) (Al
n=1 n=1

where 4 denotes the degree of the Fourier series.
To approximate the Fourier coefficient as a function of

the section height z , orthogonal polynomial were used as

az) =yt Coiz izt +Cpizp (A2)
where p is the degree of the polynomial and 7 is the index
of the Foutier coefficient. The (1, 8, z) coordinates were
described using vector rotation as

XO,z) = (r@,z) cos@),r@,z) sin@),z) (A3)
where

Math2
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Hence, all the information of the surface is contained
in the coefficient matrix, i.e., the surface was now
transformed from a three-dimensional Cartesian
coordinates (x, y, z) to a two-dimensional local tangent
plane coordinates system (@, z), where the 8 is the tangent
direction corresponding to the circumferential muscle
direction and z to the longitudinal muscle direction,
respectively.

APPENDIX B

Surface smoothing based on modified non-shrinking
Gaussian method

This smoothing algorithm consists of two consecutive
Gaussian smoothing steps with a positive scale factor 4
applied to all the vertices of the shape, a second Gaussian
smoothing step applied to all the vertices but with a
negative scale factor g, greater in magnitude than the
first scale factor (0 <A< -). To produce a significant
smoothing effect, these two steps must be repeated,
alternating the positive and negative scale factors, a
number of times. The relation between the position of the
vertices of the surface before and after N iteration can be
expressed as

XY= (- KT - AR X (1)
where N was the number of iterations, 4 and g are
two scale factors, I is the 7, x #, identity matrix, K=1-1F,
W is the weight matrix and #,1s the number of the
neighborhood of a vertex. In fact this method produces a
low pass filter effect. The two scale factors determine the
pass band and the stop band.
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