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Pyloric interventions are surgical procedures employed to increase the
gastric emptying rate in gastroparesis patients. In this study, we use an
in silico model to investigate the consequences of pyloric intervention on
gastric flow and emptying for two phenotypes of gastroparesis: antral
hypomotility and decreased gastric tone. The transpyloric pressure gradient
predicted by the in silico model, based on viscous fluid flow equations, is
compared against in vivo measurements. Both phenotypes exhibit a similar
pre-procedural emptying rate reduction, but after pyloric surgery, antral
hypomotility case with preserved gastric tone shows significant improve-
ments in emptying rates, up to 131%, accompanied by bile reflux from the
duodenum into the stomach. Conversely, severely reduced gastric tone
cases exhibited a post-procedural reduction in the net emptying rate
due to the relatively larger bile reflux. In cases with a combination of
antral hypomotility and reduced gastric tone, post-procedural improve-
ments were observed only when both conditions were mild. Our findings
highlight the pivotal role of the relative increase in pyloric orifice diameter
in determining post-operative emptying rates. The study suggests a possible
explanation for the selective response of patients toward these procedures
and underscores the potential of in silico modelling to generate valuable
insights to inform gastric surgery.
1. Introduction
The stomach acts as a storage, mixer, grinder, sieve and chemical processor of the
ingested meals. It has three main regions—fundus, corpus and antrum (figure 1).
The fundus accommodates the incoming meal while maintaining constant
pressure inside the lumen. The corpus is the main body of the stomach that
houses the pacemaker where small amplitude peristaltic contractions originate
and move towards the pylorus, growing in amplitude as they reach the
antrum [1]. The pylorus connects the stomach to the duodenum, which is the
initial segment of the small intestine. The pyloric orifice opens for a brief
period as each contraction moves across the antrum, allowing liquid and
small-sized particles to empty; the orifice then constricts as the contraction
reaches the terminal antrum forcing the larger particles to be propelled back
into the stomach for continued trituration. Both the gastric muscle tone of the
fundus and the antral contraction waves (ACWs) play a role in emptying the
stomach’s contents, with the former being the primary mechanism for emptying
and the latter for the grinding and subsequent emptying of solid food particles
[2,3]. Each of these physiological responses to a meal may contribute to the
global rate at which the stomach empties into the intestines, a measure that is
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Figure 1. A schematic of the stomach.
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widely used clinically and is directly or indirectly linked to
many disorders like—dumping syndrome [4], gastroparesis
(idiopathic or diabetic) [5] and Parkinson’s disease [6].

Gastroparesis, the focus of this study, is defined as the
reduced rate of gastric emptying in the absence of anymechan-
ical obstruction. While the condition is often idiopathic [7], it is
often associatedwith diabetesmellitus or post-surgical compli-
cations of gastric surgeries [8]. It is characterized by symptoms
including nausea, vomiting, early satiety, bloating and upper
abdominal pain. Gastroparesis can be diagnosed by ruling
out any mechanical obstruction and quantifying the delay in
gastric emptying using scintigraphy or other emerging tech-
niques [5,9]. The disorder impacts the quality of life, and
sometimes patients may need to be hospitalized due to
severe pain, retching or discomfort. The number of hospital
admissions associated with gastroparesis has increased over
four times since 1997 along with a significant rise in inpatient
costs [10]. The current treatment options are also not meeting
the needs of the patients. In 2017, a survey found that 27% of
the patients were ‘somewhat dissatisfied’ and 33% of them
were ‘dissatisfied’ with the available treatments [11].

Since there is no cure, the treatment for gastroparesis
focuses on relieving symptoms [12]. A recent guideline pub-
lished by field experts describes the sequelae for clinical
management of the disorder [5]. Dietary modifications and
pharmacological options are the first recommendations, but a
large fraction of the patients [13] do not respond to these treat-
ments. Such patients are labelled refractory and are prescribed
surgeries such as the pyloric intervention procedures. These
surgeries treat the pylorus as a therapeutic target based on
the theory that ‘pylorospasms’, or unusual resistance to empty-
ing by the pylorus, may be an important mechanism in the
pathogenesis of delayed gastric emptying in at least a subset
of patients [14,15]. The two primary pyloric intervention
procedures are surgical pyloroplasty and pyloromyotomy
(gastric per-oral endoscopic myotomy or GPOEM), with the
latter being a novel and more attractive option as it is less inva-
sive and has comparable outcomes to pyloroplasty [16]. These
procedures enlarge the pylorus and disrupt its sphincter func-
tion, and are based on the notion that a patent pylorus should
empty the stomach faster [12,17,18]. Other pyloric intervention
procedures, like botulinum toxin injection or pyloric stent, also
use the same rationale but have not been proven to be effective
in controlled trials [5].
Multiple studies report a clinical success rate of pyloroplasty
or pyloromyotomy in the range of 60–80% [7,12,16,19,20].
Although impressive, this still represents a relatively large
rate of failure and raises the important question of whether
there are better ways to select patients for this procedure [13].
Recent studies have discussed potential strategies for predict-
ing the response to these surgeries [14], but an intrinsic
limitation to success is the lack of a clear understanding of the
effects of pyloric intervention in different pathophysiological
subgroups, e.g. those with antral hypomotility or altered
fundic accommodation. Furthermore, these surgeries may
sometimes lead to bile reflux from the duodenum into the
stomach [21–23] which may not only damage gastric mucosa
but result in reflex-driven alterations in gastric motility.
Newer paradigms for approaching these important questions
are therefore needed.

Computational modelling of gastric digestion is gaining
interest in recent times and is a useful tool to complement
experimental observations. Since the first two-dimensional
modelling studies in 2004 [24], multiple three-dimensional
models have been developed to investigate the emptying
rate, mixing, recirculation and effect of posture [25–29]. In
recent years, computational models of the stomach are starting
to incorporate new complexities to address more specific ques-
tions. Ishida et al. studied the effect of changes in the timing of
pylorus opening relative to the incoming contractions, which
might be disrupted due to surgery [30]. Others have incorpor-
ated acid secretion and solid food into theirmodels to study pH
distribution and bolus stacking [31,32]. Somemodels have also
incorporated the functionality of the stomachmuscle fibres and
their orientation into their model [33]. Computational models
can help fill the gaps and shed light on mechanisms that
would otherwise be hard to explore with experimental tech-
niques. There have been attempts to model the effect of
hypomotility, which is one of the mechanisms observed in
gastroparesis, on stomach digestion [34]. The use of these
models to examine the effect of gastric surgeries, the subject
of the current work, has, however, not yet been attempted.

In this study,we use a high-fidelity computationalmodel of
the human stomach called ‘StomachSim’ [35,36] to investigate
these different gastroparesis phenotypes and the effect of pyl-
oric intervention procedures on restoring gastric emptying.
We mimic a healthy case, and two gastroparesis pheno-
types—one due to hypomotility and the other due to
decreased gastric tone. We then investigate the differences in
the flow and emptying of the contents before and after pyloric
intervention, referred to as pre- and post-operative cases,
respectively. In the past, we have used StomachSim to examine
the effects of gastroparesis on the dissolution of an oral pill
[35,36] and on the hydrolysis of a liquid meal [34]. In this
study, we model the changes in gastric flow phenomenon for
gastroparesis cases before and after pyloric intervention pro-
cedures. The computational model allows us to study the
competing effects of the two mechanisms and understand
possible reasons behind the cases not responding to these
surgeries.
2. Methodology
2.1. The stomach model
The stomach geometry and motility model used in this study
are described here in brief, since a detailed description can be
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Figure 2. The stomach model is shown with the different regions and the
contraction parameters. ‘s’ is the distance along the centerline of the stomach,
Tp is the time elapsed between consecutive contraction waves, and Vp and Wp

are the velocity and width of the contractions, respectively. ‘r’ is the distance
of any point on the walls before the contraction and ‘δ’ is a constant fraction
corresponding to the amplitude of the contraction waves. The function h(s),
with a value of 0 in the mid-corpus and 1 in the antrum, modifies the ampli-
tude from one region to another.
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Figure 3. The triangulated surface mesh is immersed in an outer Cartesian
mesh with an open fundus at the top (labelled A) and an open duodenum at
the bottom (labelled B).
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found in our previous work [34]. The stomach geometry was seg-
mented from magnetic resonance imaging (MRI) data of a 34-
year-old male available in the Virtual Population Library [37].
As is evident from the tubular shape of the antrum, this
geometry corresponds to a small volume of ingested food,
although we do not expect the simulation outcomes to change
significantly if an enlarged stomach with larger volume of
ingested meal is used instead. The stomach wall contractions
are modelled as sinusoidal deformations of the walls toward
the centreline of the lumen, increasing in amplitude as they
move toward the antrum (figure 2). Right before the contractions
arrive at the pylorus, they terminate in a high-amplitude collapse
of the walls—an event termed terminal antral contraction (TAC).
The pylorus constricts before the end of this terminal collapse,
causing the trapped contents to be ejected back with force. This
mechanism enhances mixing and accelerates the breakdown of
solid food particles. All variations in the amplitude of the con-
tractions, from corpus to antrum as well as due to the TAC, are
incorporated into the model through a function whose value
changes along the centreline.

Several experimental studies have measured the kinematics
of gastric contractions but antral mobility is found to be quite
sensitive to food properties [38,39]. We focus here on the case
of a low-calorie liquid meal where, based on several imaging
studies [40–44], a frequency of 2.6−3 waves min−1 (i.e. Tp = 20−
23 s) and a mean amplitude in the range of 34–40% of the
lumen is found to be typical. The mean speed of contraction
waves, however, shows a larger variation, ranging from 1.6 to
2.8 mm s−1. In this study, we used a frequency of 3 waves min−1

(Tp = 20 s), an amplitude of 40% (δ = 0.4) and a wave speed of
2.3 mm s−1 (=Vp).
2.2. Flow model
The above-described stomach geometry and kinematics are
immersed in a three-dimensional Cartesian grid of 25M grid
points and the incompressible Navier–Stokes equations are
solved for the gastric contents,

r � u ¼ 0 ð2:1Þ
and

r
@u
@t

þ u � ru
� �

¼ �rpþ mr2uþ rg, ð2:2Þ

where u is the flow velocity, p is the pressure, and ρ and μ are the
fluid density and viscosity, respectively. For the normal stomach,
the gastric contents were assumed to have the properties of water
(ρ = 1000 kg m−3 and μ = 1 mPa s), but we have also examined the
effect of viscosity on the flow features and fundus pressure. The
time-step and grid convergence studies and the details of the
numerical methods employed can be found in our previous
work [34]. We also describe in that work that the flow field
becomes periodic after three contraction cycles. Since the contrac-
tions originate every 20 s and move towards the antrum, the
shape of the stomach at a given time is the same as it was 20 s
ago. Consequently, after a period of initial transience, the flow
inside the lumen also repeats with the same time period, i.e.
uðx, tÞ ¼ uðx, tþ tÞ where τ = 20 s. Using the same approach, all
results presented in this work correspond to the duration after
the flow has become periodic.
2.2.1. Boundary conditions and gastric tone model
A no-slip boundary condition (u ¼ uwall) along with a zero gradi-
ent pressure boundary condition (rp � n̂ ¼ 0) is applied on the
stomach walls. The stomach model has two openings where
additional boundary conditions are needed—at the fundus and
at the duodenum (labelled ‘A’ and ‘B’ in figure 3, respectively).
All recent computational models of the stomach incorporate
antral wall motility [45]; however, gastric tone, which is the pri-
mary driver for emptying, has not been incorporated in most
models. In the current study, we incorporate the effect of gastric
tone and thereby include the two key biomechanical mechanisms
for the gastric phase of digestion—antral motility and gastric tone.
As shown later, this not only enhances the anatomical fidelity of the
model, it also allows us to examine two different phenotypes of
gastroparesis. Furthermore, the same feature of the model can
also be used to study the effects of fundus relaxing drugs or
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Figure 5. Pyloric intervention procedures are modelled as an enlarged pyloric
orifice whose sphincter function is disrupted and stays open throughout
the cycle. Three cases of post-operative enlargement, E, are considered
E ¼ 0, 1, and 2 mm.
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the consequences of proximal gastric vagotomy, both of which
reduce gastric tone.

In a postprandial stomach, the fundus applies a nearly con-
stant pressure (i.e. the gastric tone) on the stomach contents
that provides the impetus for gastric emptying, but it also
allows for volume accommodation of the stomach contents,
including the volume changes associated with antral contrac-
tions. We mimic this phenomenology as a fundic ‘piston’ with
finite inertia at the fundus opening (labelled ‘A’) that is driven
inwards by a constant external pressure po. The motion of such
a piston is governed by the following equation:

mpA
dvp

dt
¼ poA�

ð
A
pdA

dvp

dt
¼ po � �pA

mp
, ð2:3Þ

where mp is the mass per unit area of the piston, vp is the piston
velocity, A is the area of the piston, and �pA is the average pressure
on the fluid side of the piston. Since the fluid adjacent to the
piston moves at the velocity of the piston, the above equation pro-
vides the following prescription for the rate-of-change in time of
the normal flow velocity (un) at the piston,

dun
dt

¼ po � �pA
mp

, ð2:4Þ

which can be discretized using an explicit scheme to provide a
value of velocity at the boundary. For pressure, we specify a zero
gradient at the fundus opening, i.e. ∂p/∂n = 0.

We note that in the model of fundic tone above, po, which rep-
resents the pressure exerted by the fundus, affects the flux at the
fundic inlet, and consequently at the duodenal outlet. The
fundic pressure po can therefore be prescribed to not just achieve
the desired emptying rate into the duodenum, but also to model
the effect of decreased gastric tone. The parameter mp represents
the inertia in the boundary condition and this parameter controls
the numerical stability of the system—too low a value results in a
stiff system that leads to numerical instability. In the current study,
mp = 1000 was chosen for all cases after testing the stability of the
model for the case with the strongest motility and lowest viscosity.
With this chosen value, the results of the model were relatively
insensitive to the choice of this parameter—a 400% change in
the value of mp led to a less than 5% change in the emptying
rate for a fixed value of po.

At the duodenal end (labelled ‘B’), a Neumann velocity
boundary condition @u=@n ¼ 0 is applied, which conserves the
mass flux through the stomach. The absolute value of pressure
at the duodenum is specified as p = 0. This implies that all
pressure values in the simulations are to be considered as
pressure differences with respect to the duodenum.
2.3. Modelling gastroparesis
The reduction in emptying rate in gastroparesis can arise due to
several different mechanisms [12]. At the organ level, it can mani-
fest via (i) decreased gastric tone—the proximal stomach does not
apply enough pressure on the contents; (ii) antral hypomotility—
the peristaltic contractions of the walls are not strong enough;
(iii) reduced pyloric relaxation—the pylorus offers excessive resist-
ance to the gastric contents. Although the underlying basis of these
changes is poorly understood, gastric dysrhythmia and impaired
electromechanical coupling may perhaps drive many of them,
particularly wall contractions.

For the healthy stomach, the fundic pressure po is set equal to
0.04 and 0.5mmHg for the low-viscosity meal (1 mPa s) and
high-viscosity meal (50mPa s), respectively, so as to achieve an
experimentally observed emptying rate of 4.3 ml min−1 for low-
calorie liquid meals [46,47]. For modelling gastroparesis due to
poor gastric tone, po is set to a value of zero. For antral hypo-
motility cases, the amplitude of stomach wall contractions (δ;
see figure 2) was lowered to half their normal value as observed
in patients [48]. The changes corresponding to these cases are
also described in figure 4. The reduced pyloric relaxation case
was not considered for this study, since its effect on gastric
emptying is trivial in the context of the current model.
2.4. Pyloroplasty
As described earlier, in pyloroplasty or in pyloromyotomy, the
pyloric orifice is enlarged and the closure of the pyloric sphincter
is disrupted [12,17,18]. While in pre-operative cases the pylorus
is allowed to close completely and to open to a maximum diam-
eter of 2 mm, in the post-operative cases we limit the closure
of the pyloric orifice to a value larger than zero, thereby keeping
the pylorus permanently patent. The orifice measurements
after the surgery are not readily available in the literature because
it is challenging to measure its size in the post-prandial state.
However, studies suggest that these procedures result in an
enlargement of 1.2–2mm in the orifice diameter [49,50]. In this
study, we consider three post-operative diameter enlargements,
E, of 0, 1 and 2mm to study the effect of enlargement on the effi-
cacy of the surgery (figure 5). In keeping with in vivo studies [51],
the antral wall contractions in the post-operative cases are kept
the same as the pre-operative conditions.
3. Results
The in silico model is used to simulate a healthy case (control)
and several gastroparesis cases before and after the surgery
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Table 1. Comparison of transpyloric pressure gradient for different food
viscosities with in vivo data.

study Δp/L (mm Hg cm−1)

present (μ = 1 mPa s) 0.02

present (μ = 50 mPa s) 0.25

Indireshkumar et al. [52] 0.3 ± 0.2

royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

21:20230567

5

(referred to as pre-operative and post-operative cases, respect-
ively). In the first section (§3.1), we present a comparison of our
model predictions against available in vivo data while also
showing the effect of food viscosity on the flow field. For the
remaining sections, the viscosity is kept fixed (μ = 1 mPa s).
In the two subsequent sections (§§3.2 and 3.3), the flow and
the emptying rate are compared for the healthy case and gas-
troparesis cases arising from hypomotility and from
decreased gastric tone. After that (§3.4), we study the effect
of the varying degrees of severity of these mechanisms and
the differences in the results if each mechanism occurs separ-
ately or concomitantly. In the last section (§3.5), the
consequences of different pyloric enlargements are compared.
3.1. Transpyloric pressure gradient: comparison with
in vivo data

Measuring flow velocities in vivo is challenging and pressure
remains the primarily documented variable in in vivo studies.
However, finding data to compare with computational
models continues to be a challenge today because of the limited
availability of the required measurements and the high varia-
bility in those measurements with respect to the different
meals used in the studies and subject-to-subject differences.

Pressure measurements by endoscopic manometry are
the gold standard among researchers. However, comparing
pressure values with computational models requires a
common reference between the studies involved and the
authors could find one study that reported pressure gradients
instead of absolute pressure measurements. Indireshkumar
et al. [52] reported that the transpyloric pressure gradient aver-
aged over seven subjects was 0.3 ± 0.2 mmHg cm−1 for a meal
of unknown viscosity entering the duodenum at a rate of
2.1 kcal min−1. This gradient was measured as ( pAnt− pDuo)/
Lp, where pAnt is the pressure measured by the manometer
port in the antrum and pDuo is that in that duodenum, and Lp
is the distance between the two ports. Following the same
procedure (figure 6), we extracted the pressure gradient for
different viscosities in our model averaged over the duration
for which the pylorus is open and found that the values for
high-viscosity meals predicted by the current model are
in line with the range provided by the in vivo study (table 1).
Furthermore, we found that the transpyloric pressure
gradient increases linearly with food viscosity for the same
emptying rate, as shown in figure 7. The assumption of the
emptying rate staying the same is not unfounded—Marciani
et al. [47] showed that a rise in viscosity by a factor of 500 only
decreased the emptying rate by a factor of 1.2 for the same
caloric density meal. Hence, the linear dependence highlights
that the stomach adjusts the gastric tone according to the
viscosity of the contents. The flow field also becomes much
weaker and localized with high-viscosity meals as high-
lighted in figure 8. The retrograde and pyloric jet lengths
are shorter for higher food viscosity, and, consequently, the
mixing of contents is slower for viscous meals.

Pyloric flow resistance is another related parameter that is
found in a few in vivo studies. It is defined as themean pressure
difference across the pylorus divided by the mean flow rate. In
this study, the pyloric flow resistancewas 0.1 mm Hg ml−1 s for
1mPa s meal viscosity, and 2.4 mm Hg ml−1 s for 50mPa s
meal viscosity. One study on pigs reported a pyloric resistance
of 4.6 mm Hg ml−1 s using a saline meal. Experiments done on
dogs employing solid meals blended to a liquid of viscosity
1630mPa s report a pyloric flow resistance of 6.8 and 8.3 mm
Hg ml−1 s in different studies [53,54]. It is difficult to compare
the present study with these measurements because these
experiments were done on animals and employed different
meals, but the current numbers seem to be of a reasonable
order of magnitude.

3.2. Flow inside the stomach
Figure 9 shows the flow inside the stomach for healthy, antral
hypomotility and decreased gastric tone cases. The time
sequence shows the propagation of a contraction wave
toward the pylorus. The pylorus opens up and allows contents
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to empty but closes before the contraction reaches the orifice.
This is followed by a strong collapse of the walls, also
known as terminal antral contraction (TAC), as the
contraction reaches the end of the stomach. After TAC, the
antrum relaxes and the whole process repeats every 20 s as
the subsequent contraction approaches the pylorus in a similar
fashion. It is evident that the antrum has a lot more flow
activity as compared with the fundus and the corpus, which
are relatively quiescent. Regions highlighted by velocity mag-
nitude show three key flow features—a retrograde jet in the
wake of the contractions, an annulus of recirculation region
near the walls trailing the contraction, and the pyloric jet.

The flow inside the stomach is driven by the wall contrac-
tions as well as by the pressure applied by the proximal
stomach on the contents. Owing to the lower amplitude of
wall contractions in the hypomotility case, the retrograde jet
and the recirculation region are significantly weaker as com-
pared with the healthy case (see figure 9, rows 1 and 2),
alongside some reduction in the pyloric jet emptying. The
decreased gastric tone case retains antral motility, thereby
exhibiting flow activity similar to the healthy case in the
antrum (rows 1 and 4), but the reduced pressure leads to a
much weaker pyloric jet, even weaker than the antral hypo-
motility case. After pyloric enlargement, i.e. post-operative
cases, a more prominent pyloric jet empties contents through-
out the cycle for both phenotypes (rows 3 and 5 in column 2).
Post-operative cases also show reflux from the duodenum
into the stomach during the relaxation phase after the TAC
(rows 3 and 5 in column 4) because of the increasing
volume of the antrum and the permanent patency of the
pylorus. The decreased tone case shows a more significant
amount of reflux as compared with the hypomotility case,
because the latter undergoes a smaller volume change in
the antrum due to weaker contractions. These comparisons
are quantified in the next section where we focus on the
contents emptied through the pylorus.
3.3. Gastric emptying
Figure 10 shows the flux of contents across the pylorus over
one cycle of contractions. Before the enlargement of the
pylorus, the trans-pyloric flux for both gastroparesis cases
falls short of the healthy case, indicating reduced emptying.
After the procedure (with an enlargement of E = 2 mm), the
forward flux is increased over the duration of the cycle but
there now appears significant reverse flow, i.e. reflux. The
reflux is caused by the relaxation of the antrum with the
pylorus maintained in a permanently open position as a
result of the pyloric intervention. The intra-gastric pressure
resists this reverse flow and the amount of reflux is deter-
mined by the balance between the opening size of the
pylorus, the magnitude of antral relaxation and the pressure
applied by the proximal stomach. Consequently, the pre-
served gastric tone in the hypomotility case leads to less
reflux as compared with the decreased tone case. In other
words, the decreased tone case cannot apply the necessary
pressure to resist the reverse flow and leads to large amounts
of reflux.
3.4. Reduced gastric tone versus antral hypomotility
So far, we have separately considered cases of extreme hypo-
motility or decreased gastric tone. We now use the model to
examine how the emptying rate and the efficacy of pyloric
enlargement vary for mild occurrence or for a concomitant
occurrence of these mechanisms in a gastroparesis patient.
Figure 11 shows the pre-operative emptying rate, post-
operative emptying rate and the amount of post-operative
bile reflux, on the motility-tone chart. The x-axes of these
plots go from extreme antral hypomotility (δ = 0.2) to healthy
(δ = 0.4), and the y-axes go from extremely low gastric
tone (po = 0) to healthy (po = 0.4) for a meal with a viscosity
of 1mPa s.

For the healthy case (control) case, the combined action of
the gastric tone and the ACW results in an emptying rate
of 4.3 ml min−1, as shown in figure 11a. On the opposite spec-
trum is the concomitant extreme occurrence of both
mechanisms (i.e. δ = 0.2 and po = 0), which, as expected,
leads to the lowest emptying rate, which is only about 44%
of the control. Severe reduction in gastric tone alone (δ = 0.4
and po = 0.0) results in a reduction of gastric emptying to
65% its nominal value. On the other hand, reduction in
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antral motility with preserved gastric tone results in a
reduction of emptying rate to 84% from the nominal value.
The pre-operative emptying rate for the mild concomitant
occurrence of both mechanisms (δ = 0.3 and po = 0.02) lies
between that of the extreme occurrence of each mechanism.
All these cases exhibit a reduction in emptying rate that is
typical of gastroparesis patients. In one study, the average
half-emptying time (i.e. the time it takes to empty half of
the contents) of diabetic gastroparesis patients was found to
be 132 ± 17 min while that of controls was 62 ± 11 min,
which corresponds to the patient’s emptying rate becoming
almost half of the healthy cases [48].

Post-operatively, as shown in figure 11b, the procedure
shows the maximum improvement in emptying rate for the
hypomotility case with preserved gastric tone (by 131%).
Such post-procedural improvements have been observed by
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surgeons—Hibbard et al. [20] noted that the mean
half-emptying time of patients decreased from 320 to 112
min, which corresponds to the emptying rate being doubled
after the surgery; and Mancini et al. [12] reported a drop in
the same from 242.7 to 106.5 min, which implies an even
larger improvement in the emptying rate. For the phenotypes
with severely reduced gastric tone, figure 11b shows that the
net emptying rate reduces almost to zero, irrespective of the
antral motility. The case with a modest reduction in gastric
tone (po = 0.02) recovers a nearly normal emptying rate
post-procedurally. This observation highlights that while
both phenotypes of gastroparesis modelled here exhibit a
similar pre-operative reduction in emptying rates, their
post-operative response is significantly different. Figure 11c
reveals the reason behind the low post-operative emptying
rate of low gastric tone cases after the procedure—they
have large amounts of bile reflux as compared with other
cases. Interestingly, since the reflux occurs during the relax-
ation phase of the contraction after the TAC, pre-operative
bile reflux decreases with a reduction in antral motility for a
fixed gastric tone, due to smaller changes in volume during
a weaker TAC.

This suggests that not all gastroparesis patients benefit
equally from pyloric enlargement procedures. If the reduction
in emptying rate is due to reduced hypomotility and the gastric
tone is retained, even partially, then the procedure can be
very effective. Indeed, the procedure may even increase the
emptying rate significantly beyond nominal values for some
patients, leading to dumping syndrome [4,55].

These observations align with the long-established under-
standing that the proximal stomach is primarily responsible
for the emptying of meals [2]. Researchers have also found
that increased intragastric pressure increases the emptying
rate [50], and, conversely, the use of fundus relaxing drugs
slows it down [56].
3.5. Effect of increasing post-operative orifice diameters
In all the results discussed above, the post-operative case
corresponded to an enlargement (E) of 2mm. We also saw
that while the procedure can improve the emptying rate it
can also lead to reflux from the duodenum into the stomach.
It is expected that these features would be sensitive to the
degree of enlargement achieved during the surgery. We have
therefore simulated two additional post-operative cases with
higher values of E, and figure 12 shows the flux through
the pylorus before and after the procedure for all three
post-operative orifice diameters.

Figure 13 quantifies this sensitivity towards post-operative
orifice diameter. For the hypomotility case, the net emptying
rate improves more when going from 2 to 3mm as compared
with that from 3 to 4mm. For the reduced gastric tone pheno-
type, on the other hand, the net emptying rate reduces with an
increase in orifice enlargement. The amount of reflux also rises



2

0

2.5

po
si

tiv
e 

fl
ux

 (
m

l m
in

–1
)

ne
ga

tiv
e 

fl
ux

 (
m

l m
in

–1
)

ne
t e

m
pt

yi
ng

 r
at

e 
(m

l m
in

–1
)

5.0

7.5

10.0

3

AH, pre-op.

AH, post-op.

DT, pre-op.

DT, post-op.

4
orifice dia. (mm)

2 3 4
orifice dia. (mm)

2 3 4
orifice dia. (mm)

(b)(a) (c)

Figure 13. The figure shows the rate of positive flux, negative flux (i.e. reflux), and the net emptying rate for different post-operative orifice diameters. The net
emptying rate is calculated by integrating the pyloric flux over the entire duration, while the positive and the negative flux are calculated by integrating only over
the duration for which the flow is anterograde (from the stomach into the duodenum) and retrograde (from the duodenum into the stomach), respectively.

royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

21:20230567

9

with increasing pyloric enlargement, but the reflux for
decreased tone cases is much larger, which is the reason
behind their low post-operative emptying rates. Firstly, this
emphasizes the huge gap in the post-operative behaviour of
the two mechanisms. Secondly, it shows that even for cases
that do show improvement, in order to achieve a desired
correction in the emptying rate, a specific pyloric orifice diam-
eter should be targeted that is determined based on the extent
of reduction in the emptying rate of that patient.
4. Conclusion
We used a computational model of the stomach to model
gastroparesis—a disorder that reduces the rate of gastric emp-
tying in the absence of anymechanical obstruction.We account
for two phenotypes of gastroparesis—antral hypomotility and
decreased gastric tone. The former was modelled as reduced
contractions of the stomach walls, and the latter as a reduction
in pressure applied by the upper part of the stomach on the
contents. After comparing our model with existing in vivo
measurements, we simulated the two phenotypes occurring
separately as well as concomitantly. We found that both mani-
festations of gastroparesis independently lead to a reduction in
the emptying rate of the stomach. The hypomotility case shows
weaker retrograde jets while the decreased tone case has a
weaker pyloric jet.

The effect of pyloroplasty procedures on gastroparesis
cases is studied next. This procedure enlarges the pyloric
orifice—the exit of the stomach that connects it to the small
intestines—and disrupts its sphincter function with the goal
of facilitating emptying and ameliorating gastroparesis symp-
toms. Our model indicates that the hypomotility phenotype
benefits more from these procedures than cases with decreased
gastric tone. When both conditions occur simultaneously, the
procedure is helpful only if the stomach retains some of its
gastric tone. If the stomach is unable to generate the necessary
tonic pressure on its contents, then enlarging the orifice
diameter does not improve the emptying rate, but in fact,
reduces it further because of the increased level of reflux
from the duodenum into the stomach.

The findings demonstrate a scenario where two distinct
phenotypes of gastroparesis presentingwith similar reductions
in gastric emptying, respond very differently to pyloroplasty,
presenting a possible explanation for the uneven response of
patients to these pyloric intervention procedures [13]. There
is increasing interest in pre-operative tests that can indicate
whether a patient will respond to these surgeries [57], and it
is expected that in the future, physiological measurements
will be used to optimize the choice of therapy [50]. We demon-
strate the ability of computational models to contribute to our
understanding of gastric disorders and surgeries.

It is worth pointing out that the model fails to account for
the duodenal feedback that would regulate gastric emptying,
especially after a large increase in emptying rate after the pro-
cedure. We assume that the gastric tone does not change after
the procedure for the same meal. Furthermore, we have only
considered liquid meals in this work. Although we do not
expect the emptying rate conclusions to change significantly
in the presence of solid foods, the hypomotility cases
would suffer additionally from slower physical breakdown
of solid particles. We are currently working on extending
this model to incorporate solid meals. However, withstanding
these limitations, the model still generates novel insights into
gastroparesis and helps understand the changes in the flow
field due to pyloric intervention procedures.
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