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ABSTRACT

The stomach is a critical organ for food digestion but it is
not well understood how the stomach operates, either when
it is healthy or when dysfunction occurs. Stomach function
depends on the timing and amplitude of stomach
contractions, the fill level of contents and the type of gastric
contents. Using a coupled biomechanical-Smoothed
Particle Hydrodynamics (B-SPH) model, we investigate
how gastric discharge is affected by the contraction
behaviour of stomach wall and the viscosity of the contents.
The results of the model provide new insights into how the
content viscosity and the number of compression waves
down the length of the stomach affect the flow rate of the
contents exiting the stomach to the duodenum. This
investigation evaluates the ability of a B-SPH model for
simulating complicated stomach behaviour. Gastric
emptying is found to increase with a greater number of
contractile waves and strongly decrease with increasing
gastric content viscosity. Future studies will determine how
anatomical movements and stomach contents affect the
residence time of food in the stomach.

INTRODUCTION

The stomach is an important organ that mixes and
comminutes the products of ingestion and mastication and
provides control of nutrient and drug delivery to the
intestines and circulatory system. Stomach function has
typically been studied using limited in vivo measurements
(Ajaj et al., 2004; Rao et al., 1996) or in vitro experiments
(Guerra et al., 2012; Kong and Singh, 2010) but the mixing
and emptying behaviour cannot be fully characterised by
these methods. Computational simulation has the capacity
to provide understanding where measurements are not
practical or ethically allowed. Currently, studies have
focused on how the stomach mixes purely liquid contents
(Pal et al., 2004, 2007; Ferrua and Singh, 2010; Kozu et al.,
2010; Xue et al., 2012; Du et al., 2013; Imai et al., 2013;
Cleary et al., 2015) and only one study has considered how
these contents are emptied into the intestines (Pal et al.,
2007).

After mastication in the mouth, food enters the
stomach from the oesophagus and is churned by
contractions of the stomach wall. Acids and other digestive
chemicals are secreted and mixed with the food bolus to
accelerate the digestive process. After a suitable amount of
breakdown the food fragments are emptied through the
pyloric sphincter into the small intestine where further
breakdown and nutrient uptake occurs. Stomach function
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depends on the timing and amplitude of stomach
contractions, the fill level of contents and the load of solid
contents. It is not well understood how the stomach
operates, either when it is healthy or when dysfunction
occeurs.

Emptying is thought to be controlled by restriction of
the pyloric sphincter and contractions in the duodenum,
which are induced by exposure of the duodenum to acid or
lipids (Rao et al., 1996). Aqueous (non-lipid containing)
stomach contents can pass through the stomach without
measureable restriction from the muscles distal to the
stomach, including the pyloric sphincter (Tougas et al.,
1992). However, when substantial oil (lipid) contents are
detected by the duodenum, the pyloric sphincter closes and
retention time of gastric contents is much longer (Tougas et
al., 1992).

Using a B-SPH model, we investigate stomach
emptying for non-lipid containing liquids, where the pyloric
sphincter is consistently fully open. Changes to gastric flow
due to changes in the contraction behaviour of stomach wall
and the viscosity of the contents are investigated. The
model comprises a biomechanical model of the stomach
wall and an SPH representation of aqueous stomach
contents. The large antral contraction waves (ACWSs) that
travel down the stomach wall are prescribed in the model as
rigid deformations of the stomach wall. Using this model,
we investigate the emptying behaviour of the stomach and
the sensitivity of model results to input parameters.

COMPUTATIONAL MODEL

Smoothed Particle Hydrodynamics

SPH is a mesh-free Lagrangian particle method for
solving partial differential equations. Fluid dynamics
applications of the method are detailed in Monaghan (1994,
2005) and Cleary et al. (2007). Volumes of fluid are
represented by a moving set of particles, over which the
Navier Stokes equations can be reduced to the following
ordinary differential equations:
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where pa is the density of particle a, t is time, mp is the mass
of particle b and vap = va - vb, where va and vy are the
velocities of particles a and b. W is a cubic-spline
interpolation kernel function that is evaluated for the



distance between particles a and b. Pa and za are the local
pressure and dynamic viscosity for particle a, 7 is a small
number to mitigate singularities when the denominator is
small, &is a normalisation constant for the kernel function
and g is the gravitational acceleration.

A quasi-compressible formulation of the SPH method
is employed. The equation of state for such a weakly
compressible fluid relates the fluid pressure, P to the
particle density, p:
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where ¢ is sound speed and the reference density is given
by po. is a material constant, which is equal to 7 for fluids
with properties similar to water. A mach number of
approximately 0.1 is used to reduce density variations from
compressibility effects to the order of 1%.

A second order predictor-corrector integration scheme
given in Monaghan (1994) is used. The time step is chosen
so that it satisfies the Courant condition with a modification
for the presence of viscosity (see Cleary, 1998):
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This formula guarantees stability of the numerical
integration

Nodes of boundary objects are represented as boundary
SPH particles, which are repositioned at every time step as
a result of both rigid body motion and/or deformation of the
boundary. The wall of the stomach (described below) is
deformed by antral contraction waves (ACWSs) propagating
down towards the pyloric sphincter.

SPH model of the stomach contents

The stomach was filled to 80% with an initially stationary
Newtonian fluid of a constant viscosity. Stomach contents
can vary from water with a viscosity of 0.001 Pa s to a thick
slurry with a viscosity of 1 Pa s (Ferrua and Singh 2010).
The effect of viscosity on mixing and emptying was
investigated using four values that span the representative
range: 0.01 Pa.s, 0.03 Pa.s, 0.1 Pa.s and 1.0 Pa.s in separate
simulations. Back pressure on the fluid leaving the stomach,
due to downstream intestinal contractions is modelled using
a constant pressure outflow boundary condition after the
pyloric sphincter. The back pressure is assumed to be 400
Pa, which is approximately 50% of the hydrostatic pressure
at the pyloric sphincter (using an 86 mm initial depth of
fluid). This is similar in magnitude to manometry readings
for the pyloric region of the stomach (Tougas et al., 1992)
during emptying. The sensitivity of model results to the
choice of back pressure is investigated using two pressure
levels (400 Pa and 500 Pa) in separate simulations.

Biomechanical model of the contracting stomach

Figure 1 shows a schematic of the stomach model. The
stomach wall is represented in the computational model by
a deforming surface mesh. The mesh comprises 15,000
nodes, spaced at an average separation of 3 mm. The
deformation of the surface mesh is a kinematically
prescribed input according to measurements by Ferrua and
Singh (2010). The mesh is rigged to a set of rings, which
reduce in radius according to the speed and occlusion of
each ACW.

Figure 2 shows the deformation of the stomach model
for a simulation case with three simultaneous ACWs. Each
ACW travels down the stomach at a speed of 2.2 mm/s
along the centreline (Ferrua and Singh, 2010). With a
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centreline length of 13.3 cm, the ACW duration is 60 s. The
effect of varying the number of ACWs was investigated by
considering three different inter-wave periods: 20 s (giving
3 simultaneous waves at different locations in the stomach),
40 s (2 simultaneous waves) and 60 s (one wave at a time).

Cardia |- Esophagus

Pyloric
Sphincter > Duodenum

Pylorus

Figure 1: The anatomical model of the stomach which is a
hollow digestive organ. The food bolus enters from the
oesophagus at the cardia. The superior section is the fundus
and is often not filled with liquid/solids; the middle section
is the body (or corpus); and the inferior section is the
pylorus. Once mixing and digestion have occurred the
contents leave the stomach through the pyloric sphincter
into the duodenum, which leads to the small intestine.

RESULTS AND DISCUSSION

Figure 3 shows the mixing flow of fluid in a central
cross-sectional plane through the stomach during discharge
for inter-ACW periods of 20 s, 40 s and 60 s. The
contraction waves start at the top and propagate
downwards. In regions of high contraction, the fluid is
forced to move quickly away from the converging stomach
surfaces. At 30 s (Figure 3a) the peak contraction is about
2/3 of the way down the stomach. Fluid is fairly quiescent
above this but flows quickly within and away from the
constricted area. The contractile state of the stomach is the
same for each of the three wave periods (shown in Figure 3
as columns) at this time so the flow is very similar for the
three cases. At 60 s (Figure 3b) the stomach contraction has
dissipated for the period=60 s case (left) and so the fluid
velocities have substantially slowed. Higher speed flow is
only observed near the pyloric sphincter. In contrast, the
contraction in the period=40 s case (middle column) has
reasonable flow speeds throughout much of the content. For
the period=20s case (right column) the contraction has
almost reached the lower end of the stomach and flow
speeds are high throughout. The free surface level declines
through each simulation due to the discharge generated by
the contraction of the stomach. The amount of emptying
visibly increases with the decrease in contraction period
(since there is more contractile activity driving the flow).
At 90 s, (Figure 3c) the second wave for the period=60 s
case is now in the same location as for the first wave (Figure
3a) and generates similar intensity flow but with a lower
free surface due to the discharge. The period=20 s case
shows the contractile wave just arriving at the location of
the pyloric sphincter and there is a strong and coherent flow
out through the end of the stomach into the small intestine.
Figures 3d and e show the state of the stomach and contents
for another half and one full contraction cycle for the
period=60 s case.
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Figure 2: Model representation of antral contractile waves
(ACWSs) moving down the stomach towards the pyloric
sphincter. The wave occurs every 20 s (resulting in three
waves being present at different locations in the stomach at
any point in time). These are inputs into the model.

The multiple overlapping contractile  waves
(period=20 s case) are very effective at creating discharge
flow and lowering the level of fluid content in the stomach.
As a general observation, high fluid speeds occur below the
regions of peak contraction of the stomach wall and this
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flow is a combination of discharge flow out of the stomach
and vortex induced mixing within the stomach contents.

Figure 4 shows the mass flow rate through the pyloric
sphincter for inter-ACW periods of 20 s, 40 s and 60 s for a
viscosity of 0.01 Pa.s. In all cases there are high frequency
fluctuations driven by the details of the fluid flow in the
lower stomach which are not important. The underlying
flow rate for the period=20 s case (with 3 simultaneous
waves) declines linearly with time due to the decreasing
pressure head as the stomach content empties. However as
the inter-ACW period increases and the number of
simultaneous waves decreases then long period coherent
cyclic variations are observed in the flow rate. For an inter-
ACW period of 40 s (2 simultaneous waves) the mass flow
rate has minima corresponding to the start of each wave (at
40 s, 80 s etc). For an inter-ACW period of 60 s (1 wave at
a time) the mass flow rate reduces substantially after the
first 20 s of wave transit. The flow speeds inside the
stomach content decline and the fluid becomes substantially
quiescent. It would appear that overlapping of the ACWs is
able to eliminate the long period cyclic behaviour and
produce a nearly linear discharge rate. The average
discharge rate from the stomach (given in Table 1)
decreases steadily with increasing inter-ACW period. Since
this period is often observed to be around 20 s (Ferrua and
Singh, 2010), it is possible that this wave frequency is in a
sense optimal for steady emptying of the stomach.

Figure 5 shows the mixing and discharge of fluid in a
central cross-section of the stomach for viscosities of low
(0.01 Pa.s) and high (1.0 Pa.s) viscosities. Flow speeds are
significantly reduced by stronger viscous forces with the
mixing flow in the main volume of the stomach particularly
strongly affected. Discharge flow through the pyloric
sphincter is still observed but it is much gentler.

Figure 6 shows the mass flow rate through the pyloric
sphincter for viscosities of 0.01 Pa.s, 0.03 Pa.s, 0.1 Pa.s and
1.0 Pa.s. The rate is strongly proportional to viscosity. The
pattern of time variation is similar for the different
viscosities. The average mass flow rate for the different
viscosities is shown in Table 2 and shows that the discharge
rate increases logarithmically with decreasing viscosity.

Finally, Figure 7 shows the mass flow rate through the
pyloric sphincter for duodenal back pressures of 400 and
500 Pa. There are only very small differences in the short
time scale fluctuations with the underlying mass flow rate
being insensitive to viscosity and both the magnitude and
the long term variation being the same for the two pressures.
The average mass flow rates are given in Table 3 and show
that there is little change with the fluid back pressure. This
shows that the discharge dynamics are entirely controlled
by the pressures and flow generated within the stomach as
a result of the nature of the contraction behaviour, the fill
level and the fluid viscosity.

Future work will focus on model verification and
validation. Sensitivity of results to model parameters such
as particle size and stomach wall deformation specifications
will be determined using a sensitivity study. Model outputs
will be validated against measurements where available.
Notably, the measurement of flow rates is difficult and
needs to be done in tandem with characterisation of
stomach contractile patterns to allow suitable comparison
with the stomach model.
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Figure 3: Fluid flow in a cross-sectional plane through the centre of the stomach showing progressive emptying. Flow
velocities are represented by vectors with velocity dependent lengths and coloured by fluid speed (blue low, green
intermediate and red is fast). The period between ACWs are: (left) period = 60 s; (middle) period = 40 s; and (right) period =
20s.
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This stomach model allows prediction of gastric
mixing and emptying of the stomach for any prescribed
contractile wave and content fill level and rheology. The
presence of particulate solids and any non-Newtonian
behaviour of the content will change these behaviours to
some degree. This will be explored in future work.

Table 1: Mass flow rate through the pyloric sphincter for
different inter-ACW periods.

Inter ACW period (s) Mass flow rate (g / s)
20 82
40 72
60 53
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Figure 4: Mass flow rate through the pyloric sphincter for
a viscosity of 0.01 Pa.s and inter-ACW periods of 20, 40,
and 60 s.

Table 2: Variation of average mass flow rate through the
pyloric sphincter with the viscosity of the gastric content.

Viscosity (Pa s) Mass flow rate (g/s)
0.01 82
0.03 54
0.1 31
1.0 8.9

Table 3: Variation in the average mass flow rate through
the pyloric sphincter for different back pressures.

Back pressure (Pa) Mass flow rate (g/s)

400 82
500 81
CONCLUSION

A coupled B-SPH model of gastric emptying for non-
lipid contents is presented. Using a detailed model of
stomach contraction, simulations were performed of the
mixing and discharge flow behaviour of gastric contents
within the stomach and out through the pyloric sphincter.
Shorter periods between antral contractile waves (AWCs)
lead to higher and steadier discharge mass flow from the
stomach. This occurs because the first 20 s of the wave
propagation appears to contribute the most to generating the
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flow that leads to discharge. As the wave period increases
the flow generated by each wave is able to substantively
decline before the arrival of the next wave leading to a
strong cyclic variation in the discharge rate. Gastric
emptying was found to be strongly dependent on the
viscosity but insensitive to back pressures in a sensible
range of 400 to 500 Pa.

Future extensions of the model will include mixed
solid and liquid contents and dynamic or static constrictions
of the pyloric sphincter for mixing of lipid-containing
contents.
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Figure 5: Fluid flow in a cross-section of the stomach for an AWC period of 30 s. The vectors have length and colour
depending on the fluid speed. The viscosity is: (left) 0.01 Pa.s; and (right) 1.0 Pa.s.
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Figure 6: Mass flow rate through the pyloric sphincter for (left) viscosities of 0.01, 0.03, 0.1 and, 1.0 Pa.s, and (right) back
pressure conditions of 400 Pa and 500 Pa.
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