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Modeling the Effect of Bariatric
Surgery on Gastric Digestion in
the Stomach: Insights from
Multiphase Flow Modeling

The geometry and motility of the stomach play a critical role in the digestion of ingested
liquid meals. Sleeve gastrectomy, a common type of bariatric surgery used to reduce the
size of the stomach, significantly alters the stomach’s anatomy and motility, which impacts
gastric emptying and digestion. In this study, we use an imaging data-based computational
model, StomachSim, to investigate the consequences of sleeve gastrectomy. The pre-
operative stomach anatomy was derived from imaging data and the post-sleeve gastrectomy
shapes were generated for different resection volumes. We investigate the effect of sleeve
sizes and motility patterns on gastric mixing and emptying. Simulations were conducted
using an immersed-boundary flow solver, modeling a liquid meal to analyze changes in
gastric content mixing and emptying rates. The results reveal that different degrees of
volume reduction and impaired gastric motility have complex effects on stomach’s mixing
and emptying functions, which are important factors in gastric health of the patient. These
findings provide insights into the biomechanical effects of sleeve gastrectomy on gastric
digestion and emptying functions, highlighting the potential of computational models to
inform surgical planning and post-operative management.

Keywords: Computational Fluid Dynamics, Multiphase Flow, Surgery, Laparoscopic
Sleeve Gastrectomy

1 Introduction

Since 1980, the global prevalence of overweight and obesity has
doubled, and by 2022, 1 in 8 people worldwide were living with
obesity. In the same year, over 2.5 billion adults were overweight,
including 890 million who were classified as obese [1]. Sleeve gas-
trectomy (SG) is a weight loss surgery designed to help extremely
obese patients reduce their weight [2]. The Laparoscopic Sleeve
Gastrectomy (LSG) procedure has gained popularity and become a
favored choice among bariatric surgeons [3]. Laparoscopic sleeve
gastrectomy, which involves removing a significant portion of the
stomach via a small abdominal incision, not only reduces gastric
volume but also alters key stomach functions, including compli-
ance, adaptive reflexes, and regulation of emptying speed [4]. It
also has a significant effect on stomach peristalsis. Gastric motility
and electrical activity are significantly impaired due to the resection
of most of the fundus and the gastric pacemaker located along the
greater curvature [5]. Baumann ez al. conducted an experiment on
gastric motility after sleeve gastrectomy and found that the sleeve
exhibited no recognizable peristalsis in three of the five patients,
and only uncoordinated or passive motion in the remaining two,
while antral motility was preserved [6]. These factors all have a
significant impact on gastric digestion and emptying.

Experiments have been conducted to study the effects of sleeve
gastrectomy on the stomach function. Garay et al. evaluated the
impact of antrum size on gastric emptying and weight loss out-
comes after laparoscopic sleeve gastrectomy [7]. Braghetto ef al.
evaluated the impact of sleeve gastrectomy on gastric emptying in
obese patients compared to normal subjects, revealing significantly
accelerated emptying of liquids and solids after surgery [8]. Some
studies present a delayed emptying rate [9], while most investiga-
tions demonstrate a rapid emptying [4,8,10-12]. However, these
studies only evaluated the emptying rate by measuring the half
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emptying time 77, without providing detailed information on the
emptying process [4,12].

Computational methods offer significant advantages in biome-
chanical investigations by reducing the need for animal experi-
ments, enhancing cost and time efficiency, and providing detailed
insights into biological structures and surgical procedures that are
difficult to achieve through traditional experimental methods [13].
There are relatively few studies that have attempted to investi-
gate sleeve gastrectomy using computational models. Toniolo et
al. developed computational models to analyze biomechanical
changes in the stomach before and after laparoscopic sleeve gastrec-
tomy, focusing on the effects of volumetric reduction, gastric wall
stiffness, and elongation strain distribution under different pres-
sures [14,15]. Computational studies for this surgery primarily
focus on the volume-pressure relationship and the properties of the
stomach wall, with limited attention to the interactions involving
gastric contents and emptying functions.

In this study, we perform multiphase flow simulations on a
full stomach model derived from Magnetic Resonance Imaging
(MRI) data and post-surgery models with reduced gastric volume
and motility to explore the effects of laparoscopic sleeve gastrec-
tomy on stomach digestion and emptying functions, focusing on
the emptying rate and the mixing of gastric contents. The goal is
to demonstrate the potential for such models to provide insights
into the gastric mixing and emptying processes, offering valuable
clinical information related to this bariatric surgery.

2 Methods

2.1 Stomach Model. The pre-operative gastrectomy stomach
geometry is a model based on the model used in our previous work
[16], which corresponds to an adult male. The stomach model was
segmented from the Virtual Population Library (VPL) [17] for
an adult male ("Duke"). However, the VPL geometry features a
tubular antrum which is characteristic of an empty or a low food
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volume stomach. We modified the VPL model to make it resemble
a postprandial stomach based on publicly available MRI data such
as the study by Lu ef al. [18] and the website of Motilent (London,
England). The structure of the human stomach with a full bolus
inside is shown in Fig. 1. The stomach has three regions: the
fundus, corpus, and antrum. The fundus and corpus are located
in the proximal stomach and primarily function as storage areas
for food. The antrum, located in the distal stomach, is the main
site for mixing, grinding, and digestion of gastric contents. Gastric
motility is driven by antral contraction waves (ACWs) initiated by
a pacemaker located on the greater curvature of the corpus. These
waves progressively increase in strength toward the antrum, playing
a crucial role in gastric motility. ACWs occur every period (20 sec-
onds). During each period, the pylorus—a 2 mm orifice—remains
open for the first 7 seconds and closed thereafter, allowing gastric
contents to empty.

We consider a full bolus of a high-viscosity and slightly denser
liquid meal like honey. Two-phase flows are simulated inside the
stomach. Phase 1 represents the gastric solvent, assumed to have
the properties of water, with a density of p = 1000 kg/m3 and a
viscosity of u = 0.001Pa -s. Phase 2 represents the liquid meal
ingested into the stomach, with a density of p = 1020 kg/m3 and
a viscosity of ¢ = 0.1Pa - s, which is 100 times that of Phase 1.
Initially, the stomach is filled with gastric liquid, and a 5mL drop
of bolus is placed in the proximal stomach to represent the liquid
meal swallowed through the esophagus. The initial condition of
the pre-operative stomach model is shown in Figure 1. In the other
cases, the initial conditions are the same, with the drop initially
located at the same position.

Phase 1:
Gastric Fundus
solvents \
Corpus Proximal
stomach
Phase 2: / .
liquid meal
Pylorus _\/- 3
l Distal
‘ Antrum stomach

Antral Contraction Wave
Duodenum

Fig. 1 Schematic configuration of human stomach and ini-
tial condition of the pre-operative stomach model.

2.2 Modeling Surgery. Laparoscopic sleeve gastrectomy
(LSG) is a permanent surgical procedure conducted in a hospital
under general anesthesia. The schematic configuration of the
surgery procedure is shown in Fig. 2. During the operation,
the surgeon makes approximately five small incisions in the
abdomen. A thin, long scope with a tiny camera at the end is
utilized to guide the surgery. Through these incisions, instruments
are inserted to remove a significant portion of the stomach,
specifically the outward-curving section known as the fundus.
After its removal, the remaining part of the stomach is shaped
into a tube resembling a banana or a shirt sleeve—hence the name
"sleeve gastrectomy"” [19]. With a much smaller stomach, patients
will feel full more quickly during meals and will eat less.

Computational post-operative models were constructed using
Blender (v4.1) [20] and are shown in Figure 3. During laparo-
scopic sleeve gastrectomy (LSG), a significant portion of the fun-
dus and a small section of the antrum are resected [4]. The extent
of stomach resection in actual surgeries varies from less than 50%
to more than 90% [15]. To generalize the simulations, we created
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(a) Pre-operative stomach. (b) Post-operative stomach.

Fig.2 Schematic configuration of laparoscopic sleeve gas-
trectomy procedure

two post-operative stomach models with varying resected volumes:
the moderate sleeve stomach (Figure 3(b)) retains 70% of the pre-
operative stomach volume, while the extreme sleeve stomach (Fig-
ure 3(c)) retains 45% of the pre-operative stomach volume.

(a) Pre-operative

N\
\\ \
A \
\ \
N \
\ \
\ \
L 4 \
| 1
F 4 1
/ 1
/ 1
4 /
- -
(b) Post-operative, moderate (c) Post-operative, extreme sleeve

sleeve (70% of pre-op. volume) (45% of pre-op. volume)

Fig. 3 Pre- and post-operative stomach models. Post-
operative models illustrate the effects of varying resection
volumes on stomach geometry.

The motility patterns are dynamically adjusted based on the ac-
tivity of the pacemaker. In the absence of the pacemaker, gastric
motility in the proximal stomach experiences varying degrees of
reduction. In the study by Baumann et al., motility in the sleeve
tube above the antrum was impaired significantly. Among the five
patients studied by Baumann er al., three exhibited no peristalsis
in the sleeve tube, while two showed partial contraction patterns,
which differed between the patients. However, antral motility was
preserved [6]. Additionally, the resection end points varied from
2cm to over 9cm distal to the pylorus between different surg-
eries [5].

Based on research on gastric motility after LSG, we designed
four distinct cases representing stomach models with different vol-
umes and motility patterns to simulate the pre-operative stomach



and various potential outcomes of sleeve gastrectomy, as illustrated
in Figure 4. The information of four cases and corresponding pa-
rameters used are summarized in Table 1. The first case represents
the pre-operative stomach with the full volume and normal motility.
The length of the centerline in the region where the antral contrac-
tion waves (ACWs) occur is [4 = 8cm. This model is referred to
as the pre-operative stomach model in subsequent discussions (Fig-
ure 4(a)). In the second case, we consider a moderate sleeve stom-
ach model without motility in the sleeve tube, where the resection
ends at point P1, located 6 cm from the pylorus (i.e. Iy = 6¢cm).
This model is referred to as the moderate sleeve stomach model
(Figure 4(b)). The third case involves a extreme sleeve stomach,
with the resection also ending at point P1 (/4 = 6¢m) and em-
ploying the same motility patterns as in the second case, allowing
for further analysis of the effects of reduced fundus volume. This
model is termed the extreme sleeve stomach model (Figure 4(c)).
In the fourth case, we examine a moderate sleeve stomach without
motility in the sleeve tube, but with the resection ending at point
P2, located 2 cm from the pylorus (i.e. I4 = 2cm). This model is
referred to as the moderate sleeve model with reduced motility or
reduced motility model (Figure 4(d)).

Full motility No motility
\\
ACWs ;._y PI
i la

(a) Pre-operative stomach model (b) Moderate sleeve stomach
with full motility. The centerline  model. Resection ends at P1
length of the region where ACWs  (6cm from the pylorus) with no
existis [ = 8cm. motility in the sleeve tube.

No motility No motility

R
,___M N ACWs \\
la la \

P2

(c) Extreme sleeve stomach
model. Resection also ends at P1
(6cm from the pylorus) with no
motility in the sleeve tube.

(d) Moderate sleeve model with
reduced motility. Resection ends
at P2 (2cm from pylorus) without
sleeve tube motility.

Fig. 4
study.

lllustration of the four cases investigated in third

According to the research on the pressure-volume relationship
after sleeve gastrectomy conducted by Toniolo et al. [14], post-
operative models retaining approximately 40% of the original stom-
ach volume, the intragastric pressure increases to 1.67 times that
of the pre-operative model. Similarly, for models retaining ap-
proximately 70% of the original volume, the intragastric pressure
increases to 1.3 times the pre-operative pressure. Based on these
observations, the fundic pressures of the pre-operative and post-
operative stomach models used in this study are summarized in
Table 1.

2.3 Flow Model. The in-house sharp-interface immersed-
boundary flow solver, ViCAR3D [21], was employed to describe
the fluid flows inside the stomach and the interaction with the stom-
ach wall. The stomach model is immersed into a three-dimensional
Cartesian volume of domain size 15 X 10 X 13¢m3 in x, y and z
directions respectively.

This solver utilizes the finite-difference method to solve the in-
compressible Navier-Stokes equations. Second-order central dif-
ference schemes are employed to discretize the computational do-
main, which consists of a total of 300x200x260 three-dimensional
Cartesian grid points with a grid spacing of 0.5 mm. The immersed
surfaces are represented by three-dimensional surface meshes com-
posed of more than 15,000 triangular elements. Inflow is pre-
scribed through a cross-section at the fundus, serving as the fundic
boundary, while outflow occurs through a cross-section at the end
of the duodenum, serving as the duodenal boundary. To ensure
numerical stability and convergence, the simulation is performed
with a time step size of 0.002s. Further details of the numerical
setup can be found in earlier works [16].

The flow is governed by incompressible Navier—Stokes equa-
tions:

Vou=0, (1)

u

=-Vp+uViu+
ot pPTH 144

p +V - (uu) )

where u is the fluid velocity vector, p is the pressure, and p and
u are density and dynamic viscosity respectively; g represents the
gravity acceleration with a value of g = -9.81m/ s2. The volume
of fluid (VOF) method has been used for the multiphase flows
simulations. We have two fluids in the model, one corresponds
to the bolus and another that fills the stomach. A single set of
momentum conservation equations is used to describe the fluid as
a whole:

a
—ltl +V. (uu)] =-Vp +,umV2u+pmg

3 3

Pm

where p;;, is the mixture density and u,, represents the mixture
dynamics viscosity. The properties of the mixture of the two fluids
are given by p;m = a1p1+(1—a1)pz and pm = @ p +(1—ag)ps.
«a is the volume fraction, where « is the volume fraction of phase
1 and a@; is the volume fraction of phase 2. In the two-phase
flow simulation, the volume fraction needs to satisfy a1 + @, = 1.
The volume fraction is solved by the advection-diffusion equation,
where D; is the diffusion coefficient of phase i:

Ooa;
6—; +u-Va; = D,-Vzal-

C))

2.4 Quantities of Interest. We are interested in gastric emp-
tying rate and mixing inside the stomach. The gastric emptying
rate quantifies how quickly stomach contents are transferred to the
duodenum. To calculate this rate, we consider a cross-sectional
area at the pylorus and compute the fluid flux passing through it
using the following formula:

Qemptying = J cu-ndA, )]

where ¢ is the concentration of the emptied liquid, u is the fluid
velocity through the pylorus, n is the unit normal vector of the
cross-section pointing outside the stomach, and dA is the differen-
tial area element of the cross-section.

Effective digestion in the stomach relies heavily on the thorough
mixing of food with gastric juice, a process that can be quan-
titatively analyzed using several metrics. One widely recognized
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Table 1

Parameters of the four stomach models used in the simulations

Cases

Resection End Point

Retained Volume (%) Fundic Pressure (mmHg)

Pre-operative stomach model —
Moderate sleeve stomach model

Extreme sleeve stomach model

Moderate sleeve model with reduced motility

P1 (6 cm from the pylorus)
P1 (6 cm from the pylorus)
P2 (2 cm from the pylorus)

100% 0.075
69.6% 0.097
44.8% 0.125
69.6% 0.097

metric is the Intensity of Segregation (/0S), which assesses mixing
efficiency in binary mixtures, as detailed in Eq. 6:

tos, = 4| LG~ 02 dA
[[ dA

where C denotes the concentration of either phase 1 or phase 2.
IoS§ can be directly calculated from the concentration fields of the
substances involved. This metric evaluates the uniformity of a
phase’s distribution within the domain.

Q)

3 Results and Discussions

We first present the results of the transportation of the food
bolus, then we compare the gastric emptying rates among vari-
ous cases, and analyze the underlying mechanisms. Additionally,
we explore the mixing of gastric contents in cases with identical
sleeve sizes but different motility patterns, and discuss the rela-
tionship between mixing rates and emptying rates. The discussion
of emptying rate is divided into two parts: first, we compare cases
with different sleeve sizes; second, we compare cases with different
motility patterns.

3.1 Transportation of the Food Bolus. Transportation is an
important function of the stomach. After swallowing, food needs
to be transported into the antrum for digestion. Thus, it plays a cru-
cial role in regulating pH levels and digestion inside the stomach,
profoundly affecting gastric functions [22]. The volume fraction
contours of the food bolus in different scenarios are shown in Fig. 5,
illustrating how the volume fraction of the liquid meal evolves over
time.

The volume fraction contours for the four cases are presented
in Fig. 5. The images illustrate the dynamic process of food bo-
lus transport from the fundus to the antrum under the influence
of gravity. After approximately 4 seconds, the bolus first reaches
the antrum, marking the onset of digestion. This sequence of im-
ages clearly shows the gradual filling pattern in different regions
of the stomach, where the bolus initially accumulates in the fun-
dus and then flows downward under gravity. This time-dependent
distribution provides insight into the gastric emptying function and
the movement characteristics of the bolus across various gastric
regions. Additionally, the color gradient in the images represents
changes in bolus concentration, highlighting interactions with gas-
tric fluids that enhance mechanical digestion. The geometry of the
stomach plays a critical role in bolus flow, with its curved structure
and path from the fundus to the antrum facilitating gravity-driven
transport. Once deposited in the antrum, the bolus has an increased
contact area with the stronger muscular contractions in this region,
which accelerates mechanical breakdown and prepares the bolus
for further digestion.

3.2 Effects of Gastric Sleeve Size. The gastric emptying rates
for the pre-operative stomach, moderate sleeve stomach, and ex-
treme sleeve stomach models are presented in Fig. 6. In these
simulations, the motility pattern is kept similar while the sleeve
size varies. From Fig. 6, it is evident that the emptying rates
generally increase following laparoscopic sleeve gastrectomy. No-
tably, the bolus flux begins to empty during the second period, as
it requires time to be transported to the antrum.
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The average emptying rates are calculated and presented in Ta-
ble 2. For bolus flux, the average emptying rate is calculated over
the interval from 20 to 27 seconds, whereas for water and total
gastric liquid fluxes, the average emptying rates are calculated over
the intervals from O to 7 seconds and 20 to 27 seconds.

In the moderate sleeve stomach model, the total gastric liquid
emptying rate is 33% faster than that of the pre-operative stomach,
while in the extreme sleeve stomach model, it is 87% faster. This
indicates that a reduction in postoperative sleeve size leads to a
higher emptying rate. As shown in Fig. 6(a) and Fig. 6(b), water
constitutes the vast majority of the emptied liquid, exceeding 90%
of the total volume emptied. Regarding the bolus, the emptying
rate in the moderate sleeve stomach is 106% faster than that of
the pre-operative stomach, and in the extreme sleeve stomach, it is
210% faster, indicating that liquid food empties more rapidly after
surgery.

Table 2 Average Gastric Emptying Rates (mL/s) for Stom-
ach Models with Different Sleeve Sizes

Averaged
emptying rate Pre-operative Moderate sleeve Extreme sleeve
(ml/s)

Bolus flux 0.0073 0.0155 0.0226
Water flux 0.1786 0.2343 0.3295
Total flux 0.1822 0.2421 0.3408

Gastric emptying rate can be affected by multiple factors, with
intragastric pressure and volume variation playing a significant
role. Fig. 7 shows the intragastric pressure and volume in pre-
operative, moderate sleeve and extreme sleeve stomach models.

Fig. 7(a) shows the temporal intragastric pressure evolution for
the pre-operative stomach, moderate sleeve stomach, and extreme
sleeve stomach models. In our simulations, the pressure at the
duodenal outlet is set to zero, serving as the baseline. A pressure
value greater than zero indicates that the local pressure is higher
than at the outlet, while a value less than zero indicates a lower
pressure than at the outlet. It is observed that during the opening
period of pylorus, the intragastric pressure in the extreme sleeve
stomach is evidently higher than in the pre-operative stomach, and
the pressure in the moderate sleeve stomach is also slightly higher.
The average intragastric pressure during the periods when the py-
lorus is open is calculated and presented in Table 3. This suggests
that the reduced gastric volume resulting from LSG leads to in-
creased intragastric pressure during pylorus opening, which in turn
contributes to a faster gastric emptying rate.

Table 3 Average Intragastric Pressure (mmHg) for Stomach
Models with Different Sleeve Sizes

Pre-operative Moderate sleeve Extreme sleeve

Averaged
intragastric
pressure
(mmHg)

0.1745 0.3192 0.4432

Fig. 7(b) shows the rates of volume variation for the pre-
operative stomach, moderate sleeve stomach, and extreme sleeve
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stomach, moderate sleeve stomach, and ex-
treme sleeve stomach models.

(b) Water emptying rate of the pre-operative
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treme sleeve stomach models.

stomach, moderate sleeve stomach, and ex-
treme sleeve stomach models.

Fig. 6 Temporal evolution of emptying rates for bolus, water, and total gastric liquid for different scenarios. Case 1: pre-

operative stomach model; case 2: moderate sleeve stomach model; case 3: extreme sleeve stomach model.

stomach models. Positive values indicate an increase in volume,
while negative values indicate a decrease. During the pylorus open-
ing period, the stomach contracts and ACWs propagate along the
antrum towards the pylorus, with the terminal antral contraction
(TAC) causing a decrease in volume. When the pylorus is closed,
the muscles in the antrum relax, and the volume increases to the
original value. Both ACWs and TAC significantly affect the stom-
ach volume variation, and thus the gastric emptying rate. During
the pylorus opening period, the gastric volume variation rate is
negative, with greater magnitudes observed in the moderate sleeve
and extreme sleeve stomach models compared to the pre-operative
stomach model, indicating a faster rate of volume decrease. When
comparing the moderate sleeve with the extreme sleeve stomach,
the volume decrease is even more pronounced in the extreme sleeve
model. This increased rate of volume change, combined with ele-
vated intragastric pressure, accounts for the acceleration of gastric
emptying following laparoscopic sleeve gastrectomy.

The increase in the volume variation rate after LSG can be at-
tributed to changes in the propagation of antral contraction waves.
In a normal stomach, ACWs originate from the proximal stomach
(with the starting point at [, = 8cm from the pylorus) and grad-

ually increase in amplitude as they propagate toward the pylorus,
reaching their maximal value in the antrum. After LSG, due to im-
pairment of the pacemaker in the corpus, the ACWs begin to grow
from the distal stomach (with the starting point at /4 = 6 cm from
the pylorus for the moderate sleeve stomach and /4 = 2cm from
the pylorus for the extreme sleeve stomach) and reach their max-
imal amplitude more quickly. Consequently, the stomach volume
variation occurs more rapidly because the ACWs attain their maxi-
mum amplitudes sooner. This explains why the greater the volume
resected during LSG, the faster the volume variation rate. The
volume reduced after laparoscopic sleeve gastrectomy impairs the
storage function of the stomach and alters the intragastric pressure
during digestion of the same food volume, profoundly influencing
the gastric emptying rate.

3.3 Effects of Gastric Motility. The gastric emptying rates
for stomach models with different motility patterns are presented in
Fig. 8. The reduced motility model exhibits a 21% faster emptying
rate of total gastric liquid compared to the moderate sleeve stomach
model, while the emptying rate of bolus is 49% slower.

The temporal intragastric pressure evolutions for the reduced
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Fig. 8 Temporal evolution of emptying rates for bolus, water, and total gastric liquid for different scenarios. Case 2: mod-
erate sleeve stomach model; case 4: moderate sleeve stomach with reduced motility model.

Table 4 Average Gastric Emptying Rates (mL/s) for Stom-
ach Models with Different Motility Patterns

Avefaged Moderate sleeve with
emptying rate Moderate sleeve reduced motilit
(mL/s) Y
Bolus flux 0.0155 0.0079
Water flux 0.2343 0.2894
Total flux 0.2421 0.2933

motility and moderate sleeve stomach models are shown in
Fig. 9(a). During the pylorus opening periods, the average pres-
sure is higher in the reduced motility stomach, corresponding to
its moderate emptying rates. The pressure evolution profiles in
these two cases differ in shape, leading to varying emptying rate
evolutions among the scenarios. The emptying rate profiles are
positively correlated with the corresponding intragastric pressure
evolution profiles. Specifically, in the moderate sleeve stomach
model, the pressure is smaller in the early phase and larger in the
later phase, resulting in a peak of emptying rate towards the end
of the opening period, just before the pylorus closes. The reduced
motility stomach exhibits the opposite situation, with higher pres-
sure in the early time and lower pressure later on. This indicates

6 /

that intragastric pressure has a profound influence on the gastric
emptying rate.

Figure 9(b) illustrates the volume variation rates for the two
cases. During the pylorus opening period, the total volume de-
crease is greater in the reduced motility stomach model and smaller
in the moderate sleeve stomach model. In the reduced motility
case, the point at which the ACWs start to grow is even closer
to the pylorus (with the starting point at /4 = 2cm compared to
l4 = 6cm in the moderate sleeve stomach model). Consequently,
the ACWs in the reduced motility stomach model reach their max-
imal amplitude more quickly, leading to a higher volume variation
rate. This corresponds to the gastric emptying rates, which are
faster in the reduced motility stomach model and slower in the
moderate sleeve stomach model.

Several studies utilizing experimental and clinical data have also
found that gastric emptying significantly accelerates after LSG.
Specifically, Sista et al. [4] observed a significant acceleration
in postoperative gastric emptying, with the half-emptying times
(Tl/ 2) for liquids and solids reduced from 26.7 minutes and 68.7
minutes preoperatively to 15.2 minutes and 33.5 minutes postop-
eratively, respectively. Similarly, Kara e al. [11] reported that the
preoperative and postoperative liquid-phase gastric emptying half-
times were 41.86 minutes and 6.82 minutes, respectively. These
findings align with our results.

Furthermore, Kara er al. [11] found that rapid gastric emptying
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Intragastric pressure and volume variation rate evolution for different scenarios. Case 2: moderate sleeve stomach

model; case 4: moderate sleeve stomach with reduced motility model. The pressure at the duodenal outlet is set to zero.

supports weight loss based on their experimental data. Research
indicates that the underlying mechanisms by which rapid gastric
emptying promotes weight loss are related to hormonal responses
and reduced nutrient absorption. Accelerated emptying increases
the release of hormones such as glucagon-like peptide-1 (GLP-1),
which enhance satiety and reduce appetite, thereby helping patients
consume less food. This hormonal change contributes to sustained
weight reduction after surgery. Additionally, faster gastric empty-
ing decreases the residence time of food in the stomach, reducing
the efficiency of digestion and calorie absorption, which further
contributes to weight loss [4,7,11].

Figure 10(a) illustrates the mixing conditions during the first
period (0 ~ 20s) before the onset of bolus emptying. The mixing
is quantified by /oS of phase 1 (the liquid meal) in the reduced
motility model and moderate sleeve stomach model.

Initially, the /oS values for the two scenarios are identical, re-
flecting identical initial conditions. As time progresses, the liquid
meal begins to move towards the antrum and simultaneously dis-
perses in the gastric solvent, leading to a rapid decline in /oS.
Since /oS measures the degree of separation, a lower /oS value
indicates improved mixing. Fig. 10(a) clearly shows that the re-
duced motility model exhibits the slower mixing. This suggests that
reduced gastric motility negatively impacts the mixing efficiency,
and consequently, food digestion within the stomach.

Furthermore, we recall the bolus and total gastric liquid emp-
tying rate of these two models here, shown in Fig. 10(b) and
Fig. 10(c). It is evident that this reduction in mixing efficiency
influences the emptying rate of the bolus. Although the total gas-
tric liquid emptying rate is higher in the reduced motility stomach
model, the bolus emptying rate is only half of that of the moderate
sleeve stomach model due to slower digestion before emptying.

4 Conclusions

In this study, we utilized multiphase flow simulations to in-
vestigate the effects of laparoscopic sleeve gastrectomy (LSG) on
gastric digestion and emptying functions. By constructing detailed
pre- and post-operative stomach models, we analyzed how changes
in stomach size and gastric motility due to LSG impact the trans-
portation, emptying, and mixing of gastric contents.

Our simulations demonstrated that the reduction in sleeve size
following LSG leads to a significant increase in the gastric empty-
ing rate. The total gastric liquid emptying rate increased by 33%
in the moderate sleeve stomach model and by 87% in the extreme
sleeve stomach model compared to the pre-operative stomach. The
emptying rate of the food bolus was 106% faster in the moderate
sleeve stomach and 210% faster in the extreme sleeve stomach,

indicating a substantial acceleration of liquid food emptying after
surgery.

Several in-vivo studies have similarly reported significant ac-
celeration in gastric emptying following LSG, with reductions in
half-emptying times (77 ,) for liquids and solids. For example,
Sista ef al. [4] observed that postoperative 71/, decreased from
26.7 minutes to 15.2 minutes for liquids, and from 68.7 minutes to
33.5 minutes for solids. Similarly, Kara ez al. [11] reported reduc-
tions in liquid-phase gastric emptying 7/, from 41.86 minutes pre-
operatively to 6.82 minutes postoperatively. These findings align
with our simulation results. Rapid gastric emptying is thought to
promote weight loss by enhancing hormonal responses—such as
increased release of glucagon-like peptide-1 (GLP-1), which en-
hances satiety and reduces appetite—and by decreasing nutrient
absorption due to reduced digestion time [4,7,11].

Intragastric pressure emerged as a key factor affecting the gas-
tric emptying rate. Our results showed that reduced sleeve size
and altered motility patterns lead to changes in intragastric pres-
sure profiles. Higher intragastric pressures were associated with
increased emptying rates. Specifically, during the pylorus open-
ing period, the extreme sleeve stomach exhibited evidently higher
intragastric pressure compared to the pre-operative stomach, corre-
lating with its faster emptying rate. The pressure evolution profiles
differed among the models, leading to varying emptying rate evo-
lutions over time.

The volume variation rates further supported these findings.
When the pylorus was open, the decrease in volume was more
pronounced in the post-surgery stomach models. The differences
in emptying rates among the various models were attributed to
the combined effects of altered intragastric pressure and volume
variation rates.

The study also revealed that the mixing rate was notably influ-
enced by gastric motility patterns. The moderate sleeve stomach
model exhibited better mixing performance, while the correspond-
ing model with reduced motility showed decreased mixing rates.
Impaired mixing can slow down the digestion process and influence
the emptying rate of nutrients.

While this study provides significant insights into the biome-
chanical effects of laparoscopic sleeve gastrectomy on gastric diges-
tion and emptying functions, certain limitations should be noted.
Firstly, our simulations considered only liquid meals, which may
not fully capture the complexities involved in the digestion of solid
or semi-solid foods. Secondly, we employed a simplified model
of postoperative gastric motility, assuming a complete loss of peri-
stalsis in the sleeve tube with preserved antral motility. In reality,
gastric motility patterns after LSG can vary among patients and
may not be entirely absent in the sleeve portion. Despite these
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Fig. 10 Gastric mixing rates and corresponding emptying rates of scenarios with different motility patterns. Case 2: mod-

erate sleeve stomach model; case 4: moderate sleeve stomach with reduced motility model.

limitations, this work offers novel data and valuable insights into
the digestive processes following LSG. Moreover, it represents a pi-
oneering effort in applying computational fluid dynamics to study
the effects of LSG, highlighting the potential of computational
models to enhance surgical planning and postoperative manage-
ment.

Despite these simplifications, our work offers valuable quan-
titative data and new perspectives on the gastric mechanics post-
LSG. By applying CFD methods to simulate gastric functions under
surgical alterations, this study marks a pioneering effort in using
computational approaches to enhance the understanding of LSG’s
impact on gastric digestion. This foundational work paves the way
for future studies to develop more complex models and explore a
wider range of meal textures and motility conditions.

Future research could focus on incorporating more detailed gas-
tric motility patterns, including patient-specific variations, to make
the model more accurate. Investigating the effects of solid meals
and varying meal viscosities could provide a more comprehensive
understanding of post-surgery digestion. Additionally, integrating
hormonal and neural feedback mechanisms into the models may
offer deeper insights into the regulatory processes affecting gas-
tric functions after LSG. Clinical studies correlating computational
findings with patient outcomes would further validate the models
and support the development of personalized surgical approaches
and postoperative management strategies.

Overall, this study provides significant and comprehensive in-
sights into the biomechanical effects of laparoscopic sleeve gas-
trectomy on gastric functions. Our findings demonstrate that both
the reduction in sleeve size and the impairment of gastric motility
significantly alter the stomach’s emptying and mixing processes,
which are closely linked to the weight loss outcomes and nutri-
tional status of patients undergoing LSG. By the application of
computational fluid dynamics to model these complex physiologi-
cal changes, we have not only advanced the understanding of gastric
mechanics post-surgery but also highlighted the potential of com-
putational models to inform surgical planning and improve patient
outcomes. This foundational work establishes the use of compu-
tational fluid dynamics in the study of bariatric surgery, paving
the way for future research to develop more detailed models and
further enhance surgical planning and patient care.
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Appendix A: Validation of the VOF Method -
Two-Dimensional Falling Drop Simulation

To validate our Volume of Fluid (VOF) code, we conducted a
two-dimensional simulation of a falling drop and compared the
results with those reported by Fakhari and Rahimian [23]. The
configuration of this validation case is illustrated in Fig.11. The
drop has a diameter of D = 1,cm. The computational domain
measures 5D in width and 10D in height. The density ratio be-
tween the drop and the ambient fluid is 5, and both fluids have the
same kinematic viscosity. A gravitational acceleration of lcm/s2
acts downward. The grid resolution is 456 X 917 in the x and y
directions, respectively. The simulation results are presented in
Fig.12. Figure 12(a) compares the vertical position of the drop’s
centroid at various time steps, while Fig. 12(b) shows the evo-
lution of the aspect ratio over time. These figures demonstrate
good agreement with the data from Fakhari and Rahimian [23],
indicating the accuracy and reliability of our VOF code.
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Fig. 11 Schematic configuration of the two-dimensional
falling drop simulation along with drop contours at different
time steps.
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