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Abstract: The use of in silico models to improve our understanding of the fluid dynamics within
the gastrointestinal tract has increased over the last few decades. Computational fluid dynamics
(CFD) is an in silico technique that can be used to characterize and model the fluid mechanics
driving the digestion of food and absorption of nutrients. This systematic review outlines the current
methodologies used to develop CFD models of the stomach and small intestine, and summarizes
the flow and mixing patterns predicted from these models. A literature search was conducted on
Scopus, and 15 stomach CFD studies and 15 small intestine CFD studies were included in this review
after the literature selection and exclusion process. Two primary flow patterns; retropulsive flow
and recirculation regions, were identified within the stomach CFD models. The flow patterns within
the small intestine were depended on the type of motility pattern present. The shortcomings of the
current models are discussed, and considerations for future gastric and intestinal flow modeling
are provided.
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1. Introduction

The gastrointestinal (GI) tract is a long continuous muscular tube responsible for
ingestion, digestion, absorption and defecation. The stomach breaks down ingested foods
into ‘chyme’ (partially digested food) with the aid of contractions, digestive enzymes
and acid. The pyloric sphincter controls the rate at which chyme is passed into the small
intestine. Nearly all of the nutrient absorption occurs within the small intestine where
chyme is mixed with digestive secretions (bile and pancreatic juices) which aid in nutrient
breakdown. Contractions of the intestinal wall further aid digestion and transport the
nutrients to the vicinity of the intestinal walls where absorption takes place.

Our understanding of the complex processes occurring within the stomach and small
intestine remains incomplete, and despite our progress in understanding the anatomy and
physiology of these organs, there are many unanswered questions about the flow and
mixing patterns occurring within these organs. Over the last few decades there has been
a significant increase in the incidence of diet-related diseases [1]; as a result, extensive
research has been conducted to improve our understanding of the complex processes
involved in food digestion [2—4]. These studies have also sought to understand how the
structure and composition of different foods affect the kinetics and nutrient absorption
processes (i.e., some foods may be digested and absorbed more quickly than others due
to their physical properties). Additionally, the chemical composition of foods, including
the presence of different macronutrients and micronutrients can also impact how they
are digested and absorbed by the body. The oral administration of pharmaceuticals is a
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common approach for treating many diseases, and understanding how different foods and
nutrients can impact the bioavailability of these drugs is an important area of study.

GI diseases are a huge burden on the healthcare system, with annual healthcare ex-
penditures for gastric problems comparable to that of cardiac diseases [5,6]. Approximately
a quarter of the general population suffer from indigestion [7], and this can be linked to GI
motility disorders [8]. GI motility disorders are often chronic or recurring in nature and can
dramatically affect quality of life. Chronic intestinal pseudo-obstruction is an example of a
chronic digestive disorder that is characterized by signs of intestinal obstruction without
evidence of an actual mechanical obstruction in the intestinal wall [9]. Irritable bowel
syndrome (IBS) is a common disorder of the small and large intestines that is characterized
by abdominal pain and altered bowel habits [10]. The pathophysiology of IBS is not entirely
understood and there are no effective treatments or diagnostic tests for this condition [10].

In vivo studies of intestinal motility are conducted using approaches such as advanced
mapping techniques [11], magnetic resonance imaging (MRI) [12], scintigraphy [13] and
endoscopy [14]. There are limited in vivo studies that measure the flow dynamics within
the intestines. These range from luminal flow rate measurements [15,16], manometry
pressure measurements [17] and flow patterns via combined videofluoroscopy, manometry,
and multiple intraluminal impedance [18].

While advanced mapping techniques and real-time imaging tools have enabled in
vivo analysis of different GI functions, the capability of these techniques to analyze and
quantify the fluid dynamic behavior of the GI contents is still limited. There is also
limited ability to control or manipulate experimental conditions within in vivo studies. In
vitro digestion models are typically categorized into static and dynamic models. Static
models have been traditionally used to study the biochemical aspect of digestion, but these
systems typically are rigid, cannot model absorption and they do not accurately mimic the
physiological conditions of gastric digestion [19]. In contrast, dynamic models have been
developed to incorporate more realistic conditions, such as the anatomy and peristalsis
of the stomach [20,21] and these systems can track the structural and physicochemical
changes of foods during digestion. Numerous review papers have examined various
in vitro models and emphasized their ethical advantages and reproducibility [2,22,23].
However, simulating realistic gastric emptying and mixing on the laboratory benchtop
remains a significant challenge due to current limitations in experimental techniques [24].

With increased computational power, in silico models have become more sophisticated
and they can provide information on the effect of gastric motility on the flow patterns,
mixing, and disintegration of food particles inside the stomach. Computational Fluid
Dynamics (CFD) has been identified as a promising in silico technique to model the fluid
dynamics driving gastric digestion and intestinal transport. CFD is a branch of fluid
mechanics that uses numerical methods to simulate and analyze the behavior of fluids and
gases in complex geometries and conditions. CFD has been widely applied in engineering
fields, such as aerospace, automotive, and civil engineering [25,26]. In recent years, CFD
has gained attention in the biomedical engineering field for studying the fluid dynamics in
the human body, including the cardiovascular system and the GI tract. However, there have
been limited CFD studies on the GI tract due to its complex geometry and challenges in
obtaining accurate data for boundary conditions and material properties of the GI contents
for constraining and validating the numerical outputs.

There are no systematic reviews of CFD models of the GI tract. This systematic review
comprehensively evaluates published CFD models used to study the dynamics of fluid
flow, mixing patterns, and particle transport in the stomach and small intestine. This
review identifies the key research questions that have been addressed using CFD, describes
the different modeling approaches used, and evaluates the limitations of these models.
Additionally, this review identifies the potential applications of CFD in the study of food
digestion, drug absorption, and GI diseases. By synthesizing the current knowledge in the
field, this review aims to provide insights into the future directions of CFD modeling in the
stomach and small intestine.
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2. Materials and Methods

The analysis of this systematic review followed the Preferred Reporting Items for
Systematic Reviews and Meta-Analysis (PRISMA) statement guidelines [27].

2.1. Literature Search Strategy

A systematic literature search was conducted to identify all publications which have
conducted CFD modeling of the stomach and small intestine. Several databases such as
Google Scholar, Scopus and PubMed were initially considered, but due to the redundancy of
the search results, the available filtering options, and the required coverage (2000—present),
the literature search was limited to only Scopus. The search was conducted within the
‘article title, abstract, keywords” option on Scopus. Two separate searches were conducted
for the stomach and small intestine, and the search terms included three key criteria:
(i) organ of interest, that is, stomach or small intestine, (ii) studies flow within the organ and
(iii) uses numerical or computational techniques to study the flow. Common synonyms for
the first and third terms were included to capture all the literature. The final search terms for
the stomach CFD studies were of the form of [(“stomach” OR “gastric”) AND “flow” AND

“numerical*” OR “computational*” OR “model*”)] and for the small intestine [(“intestin*”
OR “bowel”) AND “flow” AND (“numerical*” OR “computational*” OR “model*”)].

2.2. Literature Selection, Exclusion, and Data Extraction

Two of the investigators (NP and SH) conducted an extensive search of the available
literature up to February 2023. The search results were filtered to only include peer-
reviewed journal articles and those published in English. Two separate lists of articles were
generated for the stomach and small intestine, and the article titles, abstracts and keywords
were screened to identify relevant articles that conducted computational modeling of flow
within the organ of interest. The list of relevant articles was screened to exclude studies
that: (i) used semi-analytical approaches (such as [28,29]), (ii) used CFD models of the
stomach from other animals, besides humans, (iii) used 2D or non-anatomical geometries
(such as the conical one used by [30]) for the stomach, and (iv) used fixed walls with no
boundary deformations.

Finally, two more stomach CFD articles [31,32] and one small intestine CFD article [33]
were added from a bibliographic search cross-referenced with the other included articles.
These articles did not appear in the search due to the article title, abstract and/or keywords
missing the search terms outlined previously.

The investigators were not blinded by the authors, institutions, and titles of the
included studies, and two investigators (NP and SH) extracted information such as the
numerical technique, geometry, boundary deformation patterns, and key findings from the
included articles.

3. Results

Figure 1 provides an outline of the study selection processes. A total of 5139 and 10,191
articles were initially retrieved, and these lists of articles were limited to 4414 and 8991
peer-reviewed journal articles published in English for the stomach and small intestine,
respectively. Screening these lists of articles for relevant CFD studies of the stomach and
small intestine identified 25 and 36 articles, respectively. Upon filtering these articles using
the exclusion criteria, 15 stomach and 15 small intestine CFD studies were included for the
final in-depth review.

Prior to 2010, there were no 3D CFD models of the stomach, while the first 3D small
intestine model was published in 2016. There was an average of 4-5 articles published in
this area (for both stomach and small intestine) in the last 2-3 years.



Appl. Sci. 2023,13, 6092

40f17

]

Identification

Screening

Identification of studies via databases and registers

] [ Identification of studies via other methods ]

Records identified from:
Scopus (n = 4414,
m = 8991)

Records identified from:
Citation searching (n = 2,
m=1)

|

Records screened
(n = 4414, m = 8991)

Records excluded
(n = 4389, m = 8955)

}

Reports sought for retrieval
(n=25,m =36)

Reports sought for retrieval Reports not retrieved

(n=0,m=0)

5| Reports not retrieved
(n=0,m=0)

}

(n=2,m=1)
|

Reports assessed for eligibility
(n =25, m=36)

Reports assessed for eligibility
(n=2,m=1)

Reports excluded:
(n=0,m=0)

Reports excluded:
Semi-analytical approaches
(n=7,m=22)

2D or non-anatomical
geometries (n = 3)
Fixed walls (n = 2)

[ietusea ]

Studies included in review
(n=15,m=15)

Figure 1. PRISMA study flow diagram. The number of articles related to the stomach and small
intestine are identified by n and m, respectively.

3.1. Governing Equations, Boundary Conditions and Initial Conditions

In these CFD models, the fluid is regarded as a continuum or as a continuous phase
and a set of governing equations are derived based on the laws of conservation of mass,
momentum, and energy. The fluid density changes within the GI are negligible, i.e.,
incompressible flow is present, therefore the conservation of momentum is expressed as,

du; ou; 1 al n %

0%u;
E)le i
]

where u is the flow velocity, t is the time, p is the fluid density, y is the fluid viscosity, p is
the fluid pressure, f is any additional body forces (e.g., gravity) and i and j denote spatial
dimensions (x, y and z).

An additional equation for the conservation of mass is also required since the current
system only has three equations for four unknowns (x, y and z velocities and pressure). For
an incompressible fluid the conservation equation is,

E)ui .
Froi 0 )

Typically a no-slip boundary condition is imposed at walls i.e., the fluid velocity is
equal to the wall displacement velocity,

®)

Uj = Uy,

where the wall velocity (1) is determined from the prescribed boundary deformations. At
an inlet, such as the entrance to the small intestine, either an inlet flow rate or a velocity
profile is typically prescribed. At an outlet, such as the pylorus of the stomach, an outflow
condition is typically prescribed. In these CFD models, the fluid within the domain is
typically initialized with a zero velocity.
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3.2. Stomach

A total of 15 articles were identified for the stomach and these are summarized in
Table Al with their relevant characteristics. The study by Pal et al. [34], which developed
the first simplified 2D CFD model of the stomach incorporating contractions based on in
vivo MRI data, was excluded from the analysis due to the utilization of a 2D geometry.
However, the study is a significant contribution to gastric flow modeling since the motility
patterns from this study have been used in 10/15 of the subsequently developed CFD
models of the stomach.

CFD models of gastric motility assess different aspects of gastric motility, such as the
different contraction properties [35], fluid properties [36,37], and their effects on the flow
patterns and mixing. The effect of gastric motility and other factors such as posture [38]
on emptying [31,39,40], mixing and disintegration of food [41-43], and drugs [32,44] in the
human stomach were also studied.

Well-established numerical techniques such as the Finite Volume Method (FVM) were
utilized in the CFD models of the stomach, with its use in both single-phase [36,45] and
multi-phase [41,42] simulations. Particle-based CFD methods such as the Lattice-Boltzmann
method (LBM) have been used [35,38,39], as well as the Smoothed Particle Hydrodynamics
(SPH) method [40]. Due to their mesh-free formulation, SPH and LBM are well-suited for
models with moving and deforming boundaries. On the other hand, models using the
FVM are limited in simulating large amplitude contractions [42]. More recently, Seo and
Mittal [44] and Acharya et al. [46] have used the Immersed Boundary Method to resolve
fluid-structure interactions between a pill and stomach wall, respectively.

Several different anatomically realistic geometries were used to represent the stomach
in these CFD models i.e., 7/15 studies generated an idealized geometry that was specific
to that study, such as the one utilized by [36] (Figure 2a), some studies used a segmented
geometry from the Visible Human Project (VHP) [47] (Figure 2b), and a geometry from the
Virtual Population Library [48] (Figure 2c). Most studies simulated peristaltic contractions
by prescribing the motion of points on the boundary, and this motion is typically prescribed
mathematically with respect to the centerline. The parameters defining this motion i.e.,
speed (2.5 mm/s), period (20 s), and amplitude (90% radial contraction) have been primarily
obtained from one MRI study of a healthy subject from Pal et al. [34]. Berry et al. [35]
conducted high-resolution mapping of gastric slow waves within 10 subjects, and these
recordings were averaged and used to derive peristaltic contractions. Acharya et al. [46]
incorporated circular and longitudinal muscle layers to the stomach wall, and via the
activation of muscle fibers embedded in these layers, gastric peristalsis was generated.
Fluid flow within the stomach due to these muscle contractions was computed using
fluid-structure interactions.

All simulation results showed two main flow patterns induced by gastric motility, as
outlined in Figure 3. These two patterns were the ‘retropulsive jet” located in the distal
antrum and recirculating regions between pairs of antral contractions. Retropulsion is
when chyme is squirted back into the stomach due to the combined effect of peristaltic
contractions reaching the pylorus and the pylorus itself also being closed [49]. Thus, a
‘retropulsive jet’ refers to the resulting flow pattern due to the retropulsion motion of
digesta. These fluid motions are responsible for the mixing and emulsifying of food with
gastric juices and cause grinding and rubbing between food particles and/or the stomach
wall [49]. Several studies have varied the viscosity of digesta, which is typically represented
as a Newtonian fluid with viscosities ranging from O(1072) to O(10°) Pa s. An increase in
the viscosity resulted in a reduction in the spatial extent of the flow structures [36,40], and a
reduction in the amount of gastric emptying [39]. Negligible differences in the flow patterns
were observed for a non-Newtonian fluid (shear-thinning fluid) representing tomato juice
compared to a highly viscous Newtonian fluid (representing honey) [45].

Gastric mixing has been studied through several approaches, such as the evolution of
particle tracers [38], evaluation of the stretching of material elements via the computation
of the deformation gradient tensor [45], time integration of the rate of strain tensor [35,37],
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and relative vertical location changes of SPH particles [40]. Factors such as posture [38],
the viscosity of digesta [40,45], velocity and acceleration of antral contractions [35] and
frequency of peristaltic contractions [37] were all found to have an impact on the gastric
mixing evaluated within these studies.

Esophagus

Stomach

Duodenum

(@ (b)

Figure 2. Comparison of three main stomach geometries used for CFD simulations: (a) Idealized 3D
stomach geometry constructed by Ferrua and Singh [36], (b) gastroduodenal geometry segmented
from the Visible Human Project by Ishida et al. [39] and (c) stomach geometry segmented from the
Virtual Population Library by Seo and Mittal [44]; (a) has been reproduced with permission from
Ferrua and Singh, Journal of Food Science; published by Wiley, 2010; (b,c) were published under a
Creative Commons Attribution 4.0 license [39,44].
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Figure 3. Fluid flow patterns predicted by the CFD model developed by Ferrua and Singh [36], using
(a) low-viscosity, and (b) high-viscosity Newtonian fluid. Reproduced with permission from Ferrua
and Singh, Journal of Food Science; published by Wiley, 2010.

The content found in the stomach is a multiphase fluid consisting of gastric juices,
food, and other ingested materials. The gastric juices are a complex mixture of enzymes,
acids, and other components that contribute to the overall heterogeneous and dynamic
nature of the gastric fluid [49]. Few studies have considered the mixing and interplay
between the gastric fluid phases. Li and Jin [42] developed a CFD model of the stomach
with the inclusion of gastric acid (H* ion) secretion at the stomach wall, and this was the
first study to model the folds in the mucosal surface of the stomach wall (called rugae or
gastric folds) as a porous medium. Simulations conducted for three liquid foods (water,
orange juice and whole milk) resulted in varying pH distributions due to density variations
i.e., the H* ions were transported from the top of the stomach to the bottom when the food
is heavier than gastric juice.

Li et al. [41] also used the previously discussed model to quantify the mixing between
five different food boluses and water. This study treated the individual boluses as fluids
(with varying densities, diffusion coefficients, and viscosities) and solved an individual
scalar transport equation per food bolus. This study assumed that large food particles were
deposited in the distal stomach, and this was modeled as a porous matrix. This food matrix
was found to have a larger flow resistance to food boluses than to water; therefore, rapid
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emptying of water was observed. This study also identified an important phenomenon
related to gastric emptying known as the ‘magenstrasse’ [50], which is the fast pathway of
emptying for liquids (such as water) along the lesser curvature of the stomach.

In a subsequent study, Li and Jin [43] further improved their previous model to
evaluate the disintegration of small meat particles (treated as a fluid) due to the following
factors; hydrogen ions (secreted from the gastric wall), enzymes and temperature effects on
enzyme activity. The small meat particles were assumed to be “a collection of unlinked food
particles that will separate quickly when mixed with gastric fluid”, and thus were treated
as a passive scalar. This model also incorporated the breakdown of large solid particles
(modeled as the porous food matrix) into small meat particles through the action of H* ions
and enzymes. Heating of meat proteins resulted in faster breakdown and emptying, while
the opposite was observed with reduced contraction amplitude and reduced H* secretion
rate. The process of gastric digestion occurs over the span of 30 min to several hours,
depending on the meal content [51], but only two studies have simulated digestion over
O(1000)s [31,43]. Kuhar et al. [31] also modeled the chemical breakdown of a liquid meal
that contains only proteins (Figure 4). Protein hydrolysis was incorporated into this model
using first-order catalytic reaction kinetics, and the three species in the model (pepsin,
protein and hydrolyzed protein) were modeled as passive scalars. This model included
the mixing dynamics of pepsin, and consequently larger/faster contractions lead to faster
hydrolysis. The delayed emptying rate observed in the stomach can be attributed to the
time required for the transportation of pepsin from the secretion zones to the antrum. The
interface between food and pepsin provided a direct measure of the mixing, and this study
found that stronger motility led to better mixing and more widespread reaction interfaces.

t=200s t=2800s t=2000s t=4000s

Duodenum %) p J
N ik orsp - (D1 - e

P)’Ii)ms Antrum g } /—\/—. l r\ ~

Figure 4. Enzymatic hydrolysis, via pepsin (red), of a protein-rich meal (blue) predicted by

Kuhar et al. [31]. Reproduced with permission from Kuhar et al., Physics of Fluids; published
by AIP Publishing, 2022.

Gastric emptying has been incorporated into 9/10 of the CFD models developed
after 2018. However, in most of these studies the pylorus was assumed to be always
open [40,41], and only a few studies have included the realistic function of the pyloric
sphincter. Ishida et al. [39] included the function of the pyloric sphincter and the geometry
used for the model consisted of both the stomach and duodenum from the VHP. The duo-
denum was static throughout the simulation and was initially completely filled with liquid,
while only 80% of the stomach was filled (the rest contained air). This study concluded
that impaired coordination between contractions of the antrum and pyloric closure lead to
delayed gastric emptying, rapid emptying and/or bile reflux. In a subsequent study [52],
using the same model, the effects of peristaltic amplitude and frequency on gastric empty-
ing and mixing were studied. It was found that an increase in the contraction amplitude
(1.2 times higher than normal) led to an increase in the emptying rate (2.7 times faster) and
mixing strength becoming 5.4 times larger, with a similar effect observed for the frequency
of contractions. Two other studies also included a small section of the duodenum in their
CFD model of the stomach [31,32], which was used to calculate emptying rates of an active
pharmaceutical ingredient and hydrolyzed protein, respectively.

3.3. Small Intestine

Table A2 summarizes the 15 articles identified for the CFD models of the small intes-
tine. Unlike the stomach, which has relatively slow and infrequent contractions (around
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three contractions per minute or cpm), the small intestine exhibits more frequent con-
tractions, ranging from 10-12 cpm [53,54]. The small intestine has a more convoluted
geometry; although topologically it is still a tube, its surface area is significantly larger than
the stomach.

Mesh-based methods such as the FVM [55-57] and Finite Element Method (FEM) [58-61]
been used to model intestinal flow. Particle-based methods such as the LBM have also been
utilized in [62,63]. SPH has also been utilized to model intestinal flow with Sinnott et al. [64],
coupling it with the discrete element method to model the solid phase, and Alexiadis et al. [33]
coupling SPH with a lattice spring model for the intestinal wall.

A small segment (3.6-25 cm in length) of the small intestine is typically modeled
except for Karthikeyan et al. [60] who modeled a 120 cm jejunum and 180 cm ileum. These
CFD models were based on a variety of animal species, including rats [62], rabbits [58,59],
chickens [61], guinea pigs [55], pigs [56], and humans [33,63—-65]. Most models used an
axisymmetric 2D geometry to represent the intestinal segment, with others also using
a 2D rectangular channel [55,62], and a 3D cylinder [33,63,64]. The validity of using an
axisymmetric condition about the center of the intestine lumen should be reconsidered
since this assumes that both sides of the intestinal wall are undergoing the same contraction.
On the contrary, it has been experimentally observed that the contraction amplitude differs
between the side of the intestinal wall which attaches to the mesentery vs. the opposite
side [66]. All studies used a simplified geometry, while Trusov et al. [65] used an idealized
3D geometry with aspects of realistic anatomy, which consisted of a ‘C” shaped cylinder
to represent the duodenum. Palmada et al. [67] was the first study to incorporate an
anatomically realistic geometry of the duodenum derived from the VHP (Figure 5).

Three distinct motility patterns are observed within the small intestine that facilitate
food digestion and absorption. Peristalsis is responsible for the propulsion of digesta along
the intestine, and these contractions were studied by 10/15 studies. The majority of these
studies only simulate a single peristaltic contraction moving in an antegrade direction,
while Oyama et al. [63] modeled the effect of multiple contractions and [61,67] also investi-
gated the fluid mechanics of colliding peristaltic waves. Segmentation contractions involve
localized contractions and relaxations with no overall propulsion along the intestine, and
their role in mixing of digesta with surrounding fluids (enzymes and chemicals secreted
into the intestinal lumen) has been studied by [56,57,59,62]. Pendular contractions consist
of a ‘to-and-fro” motion of the intestinal wall as identified experimentally by Lammers [68],
and the fluid mechanical consequences of these contraction patterns have been analyzed in
a few studies [58,59,62].

Fullard et al. [59] considered the effect of combining pendular and segmentation
motions. These motility patterns are prescribed into the CFD model as boundary defor-
mations, which range from sinusoidal waves [63-65], Gaussian distribution function [60],
fluid-structure interactions [33], and more realistic deformation patterns obtained from
experimental recordings of ex-vivo intestinal samples [56,58,61,62]. A model of slow wave
propagation was utilized by Palmada et al. [67] to obtain anatomically realistic boundary
deformations to be applied in the model of duodenum motility (Figure 5a).

Laminar flow was present across all CFD models of the small intestine with specific
flow patterns being dependent on the motility prescribed in the model. Similar to the
stomach, in contracting regions, flow is opposite to the direction of peristaltic wave propa-
gation, and vortices/vortical flow is present in regions upstream and/or downstream of
the contraction [55,56,60,63,64]. These studies all highlight the importance of vortical flow
in enhancing digestion and absorption of nutrients within the intestines. Vortices were also
observed with segmentation contractions (Figure 6), with no net movement of fluid along
the length of the intestine and the authors concluded that these contractions may serve to
transport nutrients from the lumen to the intestinal wall [56,57,59,62]. The resulting flow
patterns from pendular/longitudinal contractions were dependent on the specific type of
intestinal wall motion i.e., orad (intestinal wave moving in the oral direction), stretching or
compression [58]. In their paper, de Loubens et al. [62] observed non-steady vortices within
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contractile regions while more ordered axial flow was present in [58]. These differences
are likely due to the specific ex-vivo recordings of longitudinal motion used to define the
contraction patterns. Colliding peristaltic waves resulted in swirling flow regions [67] and
high-velocity fluid jets exiting the colliding region [61].

OO0

1285 192

—70 -60 —30 —40 =30
Membrane Potential (mV)

(a)
t - | & -—/7
i)
@ /
T < _// ,,/ - .
0s 6.4 12.85 1925
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Figure 5. Anatomically realistic model of duodenum motility developed by Palmada et al. [67],
(a) Model of slow-wave propagation used to derive peristaltic contractions within the duodenum,
and (b) computed mixing of a glucose bolus (red sphere) with digesta visualized using an iso-
surface. Reproduced with permission from Palmada et al., Physics of Fluids; published by AIP
Publishing, 2023.
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Figure 6. Streamlines generated due to a single (top) and double (bottom) segmental contractions
within a segment of the small intestine simulated by Fullard et al. [59]. Adapted with permission
from Fullard et al., Journal of Food Engineering; published by Elsevier, 2015.

Several studies have investigated the effect of fluid viscosity on the flow behavior
within the intestine. Chyme within the small intestine is a complex suspension of undi-
gested particulate matter, solubilized nutrients, secreted enzyme, bile and mucin [69].
Most studies have used arbitrary viscosities of fluids such as water (=1 mPa s) and honey
(=1 Pa s), with only a few studies using experimentally recorded viscosities of the lig-
uid phase of digesta (after filtering out particulate matter), represented as a Newtonian
fluid [60,67]. Whole digesta has been experimentally observed to be more viscous and
non-Newtonian due to the particulate matter and exhibits pseudoplastic behavior where
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the apparent viscosity decreases with increased shear rate [70]. Two CFD models have
considered the effect of representing digesta as a non-Newtonian fluid [56,67]. The model-
ing framework of [71] used particle-based techniques, SPH and Discrete Element Method
(DEM), to predict collisional and hydrodynamic interactions between the fluid and solid
phases of digesta. This model allows for simulating the non-Newtonian behavior based
on system mechanics rather than a rheology model, and this also separates the simpler
Newtonian behavior of the fluid phase from the more complex behavior of the solid phase.

Mixing within the intestine occurs at several length scales, and most CFD models stud-
ied macroscale mixing using several approaches. The passive transport of a scalar/species
was computed, the variance in concentration [55] and mixing of a glucose bolus [57,67]
(Figure 5b) provided a metric of intestinal mixing. The displacement of massless par-
ticles [62,72], area of vortices [56], and stretch of fluid elements (deformation gradient
tensor) [58] were also used to assess the macroscale mixing occurring within the small intes-
tine. Sinnott et al. [71] visualized the dispersion of solid DEM particles colored according
to their starting axial position in Figure 7. An increase in the contraction amplitude [63,67],
reduction in the viscosity of digesta [56], and colliding peristaltic contractions [61] were all
found to increase the amount of intestinal mixing.

Time=15s
Fluid phase Solid phase
X
L : )
-0.01 0.00 0.01 0.02 0.03
Vz (mls)
Time=3.0s

Fluid phase \ Solid phase

-0.01 0.00 0.01 002 0.03
[ 1 1
Vz (m/s)
Time=45s "
Fluid phase Solid phase

-0.08 -0.06 -0.04 -0.02 0.00
5

Vz (mls)

Figure 7. CFD model of the small intestine developed by Sinnott et al. [71] using a coupled SPH-DEM
modeling framework. Velocity contours of the liquid phase (left) and motion of the solid phase
(right) at three different points in time. Negative values of Vz indicate reversed flow present under
contracting regions. Adapted with permission from Sinnott et al., Applied Mathematical Modelling;
published by Elsevier, 2017.

4. Discussion and Future Directions

This systematic review has identified 15 stomach and 15 small intestine articles that
have used CFD modeling to assess fluid flow patterns, mixing, and digestion processes
within the respective organs. Characteristics of these studies including the numerical
techniques, the type of geometry used, and the approaches used to simulate motility were
compared. Overall, there has been significant progress in the development of CFD models
of the stomach and small intestine. These models provide a unique insight into the complex
fluid dynamics and transport phenomena occurring in the GI tract, which cannot be easily
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studied in vivo or in vitro. However, despite the progress made, there are still numerous
challenges that need to be tackled.

The lack of subject-specific stomach geometries and deformation patterns has been a
major limitation in previous CFD models of stomach motility. Nearly all studies have used
the MRI data from Pal et al. [34] as a basis for their models, which may not accurately repre-
sent the anatomical and physiological variability between different individuals. However,
recent developments in MR imaging has led to the creation of subject-specific CFD models
of gastric motility [73], such as the one presented in Figure 8. These models allow for a
more accurate representation of individual variation and could lead to more personalized
diagnoses and treatments for GI disorders.

(@ ©
Figure 8. Subject-specific CFD model of gastric motility developed by Hosseini et al. [73]: (a) MR

image of gastric peristalsis, (b) resulting flow patterns visualized with velocity vectors and (c) spatial
variation in gastric mixing (after 50 s) visualized using particle tracers. Three sets of 500 particles
were initially randomly distributed inside spheres (red, glue and blue) located respectively in the
distal antrum, proximal antrum and corpus.

To accurately simulate the digestive processes within the stomach, it is also essential
to model the breakdown of solid foods. Most current models only focus on the fluid phase,
or even treat the boluses as a fluid, which can lead to inaccurate results. Accurate modeling
of solid food digestion will require coupling different numerical techniques to simulate the
complex interactions between solid and fluid phases. Additional experiments are required
to gather data on the mechanical and chemical properties of different solid foods that have
undergone mastication. Such developments will likely lead to more realistic simulations of
the digestive process and enable researchers to better understand the effects of different
food properties and compositions on the digestive process.

The ability to compute gastric flow and mixing patterns over longer periods of time
(O(1000) s) is crucial for predicting gastric breakdown and digestion. Digestive processes
in the stomach takes several hours and it is essential to capture the temporal evolution of
the flow and mixing patterns to derive meaningful results. However, current limitations
in computational power make it challenging to perform such simulations over longer
periods of time. Kuhar et al. [31] highlights the computational expenses associated with
their model which required ~6000 h of CPU time to simulate a cycle of 20 s. They were
able to significantly reduce the computational cost by taking advantage of the periodicity
of the flow patterns i.e., the flow fields from the third cycle (after 40 s) were repeated, and
only the transport equations for the chemical species were solved. This enabled simulation
of digestion over 5000 s, therefore future studies with periodic deformation patterns should
consider a similar approach. This would not work for the simulation of solid food digestion
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due to the fluid-structure interactions required to compute the disintegration of particulate
matter. The progress made in utilizing GPU acceleration of particle-based methods [74] also
appears to be a viable route for developing future models of gastric motility and digestion.

Future CFD models of the small intestine should incorporate the complex physical
properties of chyme, which can be achieved through multiphase modeling approaches.
The rheology of chyme also undergoes changes as it traverses the length of the small
intestine, owing to both mechanical and chemical processes. More precise experimental
measurements of digesta rheology, especially in human subjects, are necessary to improve
the accuracy of in silico models in capturing the fluid properties of chyme. Small intestine
models incorporating nutrient absorption should model the enzymatic digestion occurring
within the bulk digesta and the kinetics of transport proteins in the intestinal epithelium.

Validation of CFD models is crucial for their successful application in predicting the
gastric flow and mixing patterns. While significant progress has been made in developing
and refining these models, validation remains a challenge, with only 6/30 studies present-
ing evidence of validation. Experimental validation is necessary to establish the accuracy
and reliability of the numerical results, especially in complex physiological systems like the
GI tract. However, obtaining experimental data for validation purposes can be difficult,
as it requires invasive techniques or non-invasive imaging techniques that are limited by
resolution and accessibility. Flow visualization experiments conducted within a phantom
model [75,76] could provide the necessary data for numerical validation.

5. Conclusions

The use of CFD modeling to study the fluid dynamics, mixing, and digestion processes
within the stomach and small intestine has made significant advances in recent years. This
review has aimed to provide a comprehensive evaluation of these models, i.e., summarizing
their methodologies, findings and shortcomings. Despite the progress in recent years, there
are numerous challenges that need to be addressed, such as the use of subject-specific
geometries, modeling of solid food digestion, and validation of the models. One possible
way to address some of these challenges is to take inspiration from other engineering fields
or other bioengineering research where CFD is heavily used. For instance, the modeling of
fluid flow in blood vessels has led to significant improvements in the understanding and
treatment of cardiovascular diseases. As computational power and techniques continue
to improve, we anticipate that these CFD models will become even more valuable in the
study of GI physiology and disease. Ultimately, the continued development and refinement
of CFD models will help to improve our understanding of digestion in both health and
disease, leading to better diagnosis and treatment options for patients.
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Appendix A

Tables A1 and A2 present the key characteristics extracted from the selected literature
relevant to the stomach and small Intestine CFD models respectively.
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Table Al. Characteristics of stomach CFD literature included within this review. All studies were unsteady simulations with laminar flow.
Article "11\];111111:!11‘:1?: CFD Package  Time Step Gﬁ:ﬁiﬁiﬂe Geometry Boundary Deformations Emptying
Ferrua and Singh (2010) [36] FVM FI[}SISE}I,\SIT 0.005-0.1s 1-1.4 mm Idealized Cenﬁfﬁ;ﬁtﬁi; ;g?;ir?\zeﬁoctlﬁ?v‘gjlﬂf;gipl’e;{[ :t):?eﬁ 4] No
Imai et al. (2013) [38] MPS — — — VHP As per [36] No
Ferrua et al. (2014) [45] FVM FI‘:“S]SEQT 0.05s 1.5 mm Idealized As per [36] No
Berry et al. (2016) [35] LBM — — 1.5 mm VHP Slow-wave recordings No
Miyagawa et al. (2016) [37] LBM — — 1.5 mm VHP As per [36] No
Harrison et al. (2018) [40] SPH — — 3 mm Idealized As per [36] Yes
Ishida et al. (2019) [39] LBM — — 1.5 mm VHP As per [36] Yes
Li etal. (2021) [41] FVM OpenFOAM — 0.6 mm Idealized PreSC"ibSgnlsgr‘f;‘iaztﬁ‘gi%“pgg;:fepr‘;Ct to the Yes
Li and Jin (2021) [42] FVM OpenFOAM — 0.6 mm Idealized As per [41] Yes
Seo and Mittal (2022) [44] IBM — 0.002 s 0.5 mm VPL As per [36] No
Lee et al. (2022) [32] IBM — 0.002 s 0.5 mm VPL As per [36] Yes
Acharya et al. (2022) [46] IBM IBAMR 1.5x107°s 1.5 mm Idealized Prescribed muscle contractions and FSI Yes
Kuhar et al. (2022) [31] IBM — 0.05s 0.5 mm VPL As per [36] Yes
Ebara et al. (2023) [52] LBM — — — VHP As per [36] Yes
Li and Jin (2023) [43] FVM OpenFOAM — 0.6 mm Idealized As per [41] Yes

Abbreviations: FVM, Finite Volume Method; MPS, Moving Particle Semi-implicit; LBM, Lattice-Boltzmann Method SPH, Smoothed Particle Hydrodynamics IBM, Immersed Boundary
Method; VHP, Visible Human Project; VPL, Virtual Population Library; FSI, Fluid-Structure Interaction.
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Table A2. Characteristics of Small Intestine CFD literature included within this review. All studies were unsteady simulations with laminar flow.

. . Numerical . Grid/Particle . .
Article Animal Organ Technique CFD Package Time Step Resolution Geometry Contraction Type/s Boundary Deformations
Jeffrey et al. (2003) [55] Guinea pig ileum FVM — — 0.015 mm 2D Z;jsﬁgu lar Peristalsis Ex-vivo intestinal sample
Love et al. (2013) [56] Pig duodenum FVM FEMLAB — 0.7 mm Ax1symmetr1c Peristalsis zfmd Ex-vivo intestinal sample
cylinder segmentation
de Loubens et al. (2013) [62] Rat and guinea pig LBM — — — 2D rectangular Segmentation and Ex-vivo intestinal sample
duodenum channel pendular
de Loubens et al. (2014) [77] Rat duodenum LBM — — — 2D Z;gﬁﬂgl lar Pendular Ex-vivo intestinal sample
Fullard et al. (2014) [58] Rabbit ileum FEM ANSYS Polyflow — 0.08 mm AXICSy}i?l?:rtnC Pendular Ex-vivo intestinal sample
Fullard et al. (2015) [59] Rabbit ileum FEM ANSYS Polyflow 0.04s 0.08 mm Ax1symmetr1c Segmentation and Ex-vivo intestinal sample
cylinder pendular
Human Antrum, Pylorus . . . : :
Trusov et al. (2016) [65] FVM ANSYS Fluent — 0.027-5.5 mm C shaped 3D cylinder Peristalsis Sinusoidal waves
and Duodenum
Sinnott et al. (2017) [71] Human duodenum SPH-DEM — 4'? (;L ;57s>< 1.25 mm 3D cylinder Peristalsis Sinusoidal waves
Yang et al. (2017) [72] Zebrafish larvae FVM Ansys CFX — — 3D.an.atom1ca11y Peristalsis Mathematical funchqn based on in-vivo
realistic geometry recordings
Karthikeyan et al. Human jejunum and COMSOL Axisymmetric . . Gaussian distribution function with
(2021) [60] ileum FEM Multiphysics 0.005s 03 pm to 04 mm cylinder Peristalsis parameters derived from MRI
Oyama et al. (2021) [63] Human. Sectl.on,of small LBM — — — 3D cylinder Peristalsis Sinusoidal waves
intestine
Zha et al. (2021) [57] Human duodenum FVM ANSYS Fluent 0.005 s 0.19 mm szsy}iigzmc Segmentation Ex-vivo intestinal sample
Alexiadis et al. (2021) [33] Human intestine SPH-LSM LAMMPS 0.002's 6 mm 3D cylinder Peristalsis Artificial neural network governing the
deformation of LSM particles on the wall
Amedzrovi Agbesi and . COMSOL . . Axisymmetric . . Traveling Gaussian force density function
Chevalier (2022) [61] Chicken FEM Multiphysics cylinder Peristalsis with one-way fluid-structure interaction
Palmada et al. (2023) [67] Human duodenum FVM OpenFOAM 0.018's 0.4 mm 3D VHP Peristalsis Electrophysiological model of slow wave

propagation

Abbreviations: FVM, Finite Volume Method; FEM, Finite Element Method; LBM, Lattice-Boltzman Method; SPH, Smoothed Particle Hydrodynamics; DEM, Discrete Element Method;
LSM, Lattice Spring Model; VHP, Visible Human Project.
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