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Abstract. As a part of multi-level model of accumulation of functional disorders in the human body under the
influence of environmental factors, the sub-model of “meso-level” of digestive system is being developed. The
article highlights the tasks of reconstruction of 3D model of antroduodenal area of the gastrointestinal tract and
evaluation of nodes dislocation of the computational grid at the passing of peristaltic wave in gastric antrum and
pyloric sphincter motor activity. The observed approaches could be applied in health risk assessment at peroral
exposure to chemicals.
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A multi-level mathematical model is developed to evaluate the impact of environmental
factors on public health and forecast the development of functional disorders in a human body
associated with the chemical, physical, social and other factors [8]. The upper level (or ‘macro
level’) of the accumulated functional disorders model — an entire body, the second level (or
‘meso-level’) is individual organs and systems. Based on the suggested multi-level model,
various approaches to the assessment of the integral and population health risk were developed
[1, 4, 5] as well as methods to calculate additional cases of diseases and deaths associated with
the environmental factors [2].

The need to determine kinetic dependencies for the chemical substances originating from
food products and drinking water explains the practicability of development of a submodel of the
digestive tract ‘meso-level’. In peroral exposure to chemical substances, one can point out two
mechanisms of the digestive tract disorders risk evolution — the irritant effect of the chemical
substances contained in the digestive tract on the tract wall, and the negative impact of the

chemical substances contained in blood that washes off the digestive tract organs.

© Kamaltdinov M.R., 2014

Kamaltdinov Marat Rashidovich — Junior research fellow of Department (e-mail: kamaltdinov@fcrisk.ru;
ph: +7 (342) 237-18-04).



Besides, the substances that come into the body through the gastro-intestinal tract via the
circulatory system may impact other organs and systems thus increasing the risk of health
disorders. For this reason, in order to assess health risks in peroral chemical exposure within the
framework of evolutionary modelling, it is necessary to do dynamic calculations of the
concentrations in the GIT chamber.

It should be noted that the above task requires a certain level of development of the
submodel of digestive system on the macro level and the submodels of the meso-level — mouth
cavity, gastro, intestine tract which as a whole present a rather major issue. In that regard, the
article reviews only a small extract from the research devoted to one of the most interesting
smaller tasks — 3D modelling of the flow in the antroduodenal stomach chamber with due
consideration of peristaltic waves.

Today when experimental research methods are constantly improving especially in terms
of the quality of images of digestive system organs and systems (quite often over time thus
allowing to track the processes over time), interdisciplinary approaches to the application of
mathematical modelling methods in physiology, biology and biochemistry of digestion are
rapidly developing. Kinetic compartmental models [6, 7] widely used for the assessment of the
substance concentrations in the circulatory, digestive and other systems do not track spatial
characteristics of the process because they are mostly based on the system of standard
differential equations with a time variable. In this context, it is reasonable to assess the chemical
substances taken in perorally with the help of the continuum mechanics method (hydrodynamics)
using the differential equations in partial derivatives that describe spatiotemporal patterns. One
of the advantages of such approach is physiology focus — ability to model the main digestive
processes including absorption and secretion (diffusion processes), movements of the tract walls,
splitting and dilution of food, and biochemical reactions in the GIT chamber.

Despite the fact that in the last several decades, new approaches to the numerical
simulation of the flow process in various digestive tract regions — esophagus, gastro and bowel —
have been developing, the number of 3-D models is still very limited [14, 24, 27]. The biggest
interest from the point of view of mechanics is drawn to the models of the flow in the
antroduodenal region of the tract [9, 12] since this region has the most pronounced effects of
intermixing, homogenization of the mixture determined by intensive motor activity of the muscle
walls [17]. Studies on this topic require further development — taking into account the above
main digestive processes as well as neuroendocrinal regulation and functional disorders of the

body organs.



Currently, the ‘meso-level’ model of the digestive system has helped introduce the basic
terms and definitions, develop the main concepts and paths for further development of
submodels including a transition to the 3-D objective [8]. This article briefly describes the
approaches to the reconstruction of a 3-D shape of the antroduodenal region of the gastro-
intestine tract and to the definition of the grid point shifts when passing through a contraction
wave in the antral section and the motor activity of the pyloric sphincter.

Experimental methods - ultrasound (USG) and magnetic resonance imaging (MRI) -
allow us to take high resolution pictures of internal organs in different sections with a small time
interval. MRI results are used to determine a particle size, track the tract motor activity and
gastric emptying rate [16, 22]. The main disadvantages of MRI include a high cost of equipment;
in addition, a survey is carried out in the prone position, in which the distribution of food in the
tract is different in comparison with the sitting and standing position. [13] The results of
ultrasound are used to construct geometric shapes and evaluate gastrointestinal motor
performance [10, 26], with this if the three-dimensional shape recovery methods for two-
dimensional images of MRI and ultrasound are well developed [11, 18, 20, 21, 24], then for pa
eristaltic wave simulation it is desirable to have an analytical description of the surface of the
body. Due to interindividual variability of sizes and shapes of the digestive tract [22], to
construct a simplified surface of the antroduodenal sector it would be sufficient to have evidence
of anatomical atlases; nonetheless the parameters of motor activity (especially in functional
disorders) should be determined from experiment.

Let us briefly review the algorithm for the reconstruction of a three-dimensional shape of
the antroduodenal section of the gastrointestinal tract based on the ultrasound results.

1. The geometric shape of the modelled object includes the antrum of the stomach and a
small sector of the adjacent duodenum. We obtained ultrasound images of the stomach (vertical
position of the human body) in planes parallel to the two main anatomical planes: horizontal
(parallel to the ground level) and middle (separating the human body into two symmetrical
halves). At a first approximation, we estimated the size of the stomach and defined the reference
points on the concave and convex part of the antral section in the third main (front) anatomical
section (plane XY). Concave and convex walls of the stomach in the XY plane were
approximated by polynomials of the 6" degree.

2. The central line of the antrum is defined as the mean between the curves
approximating the concave and convex wall of the stomach; it is located in the XY plane and is

approximated by a polynomial of the 6" degree.



3. The next step involves construction of a finite number ellipses of variable radii, which
will be the basis for the approximation of a three-dimensional surface of the stomach; the centers
of ellipses lie on the center line, and the ellipse lies in the normal plane (normal to the plane of
the spatial curve is a plane perpendicular to the tangent line and passing through the point of

contact) to the center line. The major axis of the ellipse 7 lies in XY plane, the minor axis 7, is
perpendicular to the XY plane, the ratio of # and r, in the antrum and the gastric outlet sector is

considered constant and equals 0.613 (the measurement is based on the ultrasound results).

4. The calculated coordinates of the reference ellipses are exported to Ansys Design
Modeler, and a three-dimensional approximation of the surface is conducted using the skin
/ loft tool (Fig. 1).

The segment with the smallest radius corresponds to the pyloric sphincter. The

major axis of the elliptical cross-section segment 7 varies sinusoidally, in which the

parameters corresponding to the open / closed state of the sphincter are introduced (which
corresponds to a change in the diameter of the pyloric opening in the XY plane at the
narrowest point of 0.00923 to 0.00102 m). Complete closing of the sphincter is modeled
with a small hole to ensure the existence of solutions of the equations of fluid flow and
stability of the numerical calculations of the pyloric opening. In the future, additional
criteria on the state of the sphincter (a sufficient degree of grinding food, acidity) should be
introduced. The central line of the intestine at a first approximation is described by a

quadratic dependence on the coordinate x, the radius # and 7, vary linearly to a value of

0.014 m, so the cross section on the left border of intestines takes a circular shape that

corresponds to the anatomical reference data.

Fig. 1 Construction of a three-dimensional surface of the stomach in Ansys Design Modeler (abbreviated segment -
the region of the pyloric opening, segment to the left of the reduction - the intestine, to the right - the antrum)



5. A computational grid of 717,953 tetragonal elements was built in Ansys Meshing. The
edge of the surface element varies from 0.6 mm (in the areas of the concave segment of the
antrum and pyloric region near the hole) to 1.5 mm (in the convex part of the antrum).

Wave propagation and interaction with the pyloric sphincter motility is modeled on the
basis of published data [15, 19] and the ultrasound results. A few minutes after a meal,
contraction waves begin to spread in the antrum - compression of the sections (strips) of the
circular muscle layer around the entire circumference of the stomach. Following the contraction
of the area of the circular muscle is their relaxation, and the contraction wave moves to another

sector. The antral contraction wave is initiated from the ellipse centered at x =0,088 m and is

moving to the pyloric opening at a rate of v=2,2- 10~ m/ s, directed along the tangent to the

center line, for 38 seconds.
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Fig. 2 Options wave contraction in the antrum 2 - 10~ m/ s tangential to the center line, for 38 seconds.

The values of the wave parameters (Fig. 2) in the baseline scenario: the wave width
parameter does not depend on time A, =0,01 m (half of the wave width), the contraction
amplitude is linearly growing during the first 12 s to the value 0.011 m (d. =(z/12)-0,011 m),
at the moment of time ¢ €[12,34]s the amplitude remains constant, at ¢ €[34,38]s is linearly

decreasing to 0. The period of wave initiation is 18 s. The sphincter opens at ¢ €[26,28]s, and

closes at ¢ €[30,32]s (Fig. 3).
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Fig. The position of 3 waves in the antrum: a - when the pyloric sphincter is open;
b — when the pyloric sphincter is closed



Dynamic rebuilding of the the computational grid is conducted by using the Dynamic
Mesh tools in Fluent solver using a script (User-Defined Function), written in C. A script is a
software implementation of a three-dimensional algorithm of the grid point shift assessment
during a moving wave of antral contractions and motility of the pyloric sphincter. The main step
of the algorithm is to determine the position of the points in the estimated time through a shift

from an unstrained state along the perpendicular to the center line using a sinusoidal function:
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where d!) —is a shift value, p, — is a distance between the center of the ellipse and the position

of the center of the wave, r,

1node

— a major radius of the ellipse in the initial configuration, 7

node
radius of the ellipse in the initial configuration corresponding to the grid point. Raising of the
multiplier with sine to the power (in this case, to the second power) determines smoothing in the
wave peak region.

Thus, in the framework of the "meso-level" digestive system, we developed an algorithm
to construct a three-dimensional shape of the antroduodenal area of the gastrointestinal tract
based on the ultrasound result. We estimated the changes in the configuration of the
computational grid points for the contraction wave passing through the antral and pyloric
sphincter motor activity. The results of the study will be used to calculate the three-dimensional
flow field in the antroduodenal region of the tract. Further development of the "meso-level"
model involves consideration of a multiphase flow (particles of food / liquid), the processes of
secretion of the digestive juice, absorption of toxic substances into the circulatory system, and
the elements of the neuroendocrine regulation. Furthermore, these objectives require further
development of other submodels of the digestive system, especially the intestine where the
process of substance absorption into the circulatory system dominates. The above approaches
can be used to assess the health risk associated with oral chemical exposure in an evolutionary

simulation.
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