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An advanced near real dynamic in vitro human
stomach system to study gastric digestion and
emptying of beef stew and cooked rice
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A near real dynamic in vitro human stomach (new DIVHS) system has recently been advanced in this

study, based on the previous rope-driven in vitro human stomach model (RD-IV-HSM). The new DIVHS

mainly consists of a J-shaped silicone human stomach model fabricated using 3D-printing technology

which has a similar stomach morphology, dimension and wrinkled inner structure to those present

in vivo, and an electromechanical instrument composed of a series of motors, rollers and eccentric

wheels to produce peristaltic contractions. The simulated stomach system was able to generate consist-

ent gastric emptying ratios of both the solid and liquid fractions in beef stew mixed with orange juice with

that reported in vivo (p > 0.05). By fitting the gastric retention data with a modified power-exponential

model, the solid fractions showed an average emptying half-time (t1/2) of 74.1 min and a lag phase (tlag) of

36.3 min in the new DIVHS, similar to that obtained in vivo where the average values of t1/2 and tlag were

75.8 min and 40.2 min, respectively. The performance of the new DIVHS was further validated by showing

good qualitative matches of the gastric pH, particle size distribution and emptying profiles of cooked rice

with the literature in vivo data. These results indicate that it is a reasonable approach to perform in vitro

gastric digestion experiments using the new DIVHS, which is practically meaningful.

1. Introduction

Gastric digestion is an extremely complicated dynamic process
simultaneously involving mechanical disintegration and bio-
chemical reactions as well as emptying of gastric digesta from
the stomach into the duodenum for further digestion.1,2

Gastric emptying plays an important role in regulation of
gastric digestion and intestinal exposure of nutrients and
hence controls satiation and satiety in vivo.3 Although the
gastric digestion and emptying have been examined for more
than 300 years, the detailed mechanisms and their appli-
cations and variations with specific foods are not completely
understood.1 Ideally, gastric digestion should be studied
in vivo on humans but this is not always technically, ethically

and financially possible.4–6 Thus, it is not surprising that
in vitro digestion systems mimicking the gastrointestinal tract
have been widely employed as alternatives to the in vivo trials
as they are relatively straightforward, easily operated, rapid,
labor and cost-saving, and more importantly do not have
ethical restrictions of in vivo studies.2,4,5,7 A broad range of
in vitro digestion systems from single static bioreactors to
multi-compartmental and dynamic systems have been
reported in the literature, with most of them focusing on the
simulation of gastric digestion.2 Static in vitro systems gener-
ally composed of a succession of stirred vessels (operated as
reactors) are particularly popular because they are easy to use
and cheap and can be used for mechanistic studies and
hypothesis building with specific applications particularly
when there are a relatively large number of samples to be
measured in parallel for screening purposes.8 However, they
oversimplify the digestive physiology resulting in the failure to
mimic the complex dynamic digestion process occurring
in vivo in which digestive secretion, gastric digestion and emp-
tying occur simultaneously.1,4 Some more sophisticated and
representative dynamic human digestion systems include the
TNO’s gastrointestinal model (TIM),9 the human gastric simu-
lator (HGS),10 the dynamic gastric model (DGM)11 and the
human gastric digestion simulator (GDS).12 Their structural
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features, advantages, limitations and main applications have
been reviewed elsewhere.1,4,6,7 Overall, these in vitro digestion
systems mainly focus on the simulation of biochemical
environments (i.e. pH, enzymes, salts and transit time) and
physical movements occurred in vivo, whereas most of them
ignored the effects of morphological and geometrical details
of the real human stomach or intestine on digestive behaviors,
making them fail to be “real” in vitro models.

Previously, a near real dynamic in vitro rat stomach
(DIVRS-I) system and its updated version (DIVRS-II) were suc-
cessively developed, validated and applied for food digestion
studies in our group,13–19 which are specifically designed
based on the principles of biochemical, morphological and
motility bionics.20 DIVRS-I and DIVRS-II not only simulate
the gastric motility and chemical conditions present in the
real rat stomach but also possess the relevant stomach geo-
metry, morphology, and inner wrinkled structures. The
stomach geometrical and morphological details (such as
wrinkles inside the stomach) have been shown to play a
crucial role in gastric digestion and emptying rates.14,16,18,21

Based on the DIVRS-I and DIVRS-II, a rope-driven in vitro
human stomach (RD-IV-HSM) having similar gastric mor-
phology (i.e. shape and inner wrinkles) to the real human
stomach was designed and created by Chen et al.22 from the
same group. The RD-IV-HSM was shown to have successfully
reproduced the distribution of the semi-solid meal (buck-
wheat) in the stomach and the emptying order of the meal
(i.e. the solid fractions in the meal were emptied with an
initial lag phase whereas the liquid fractions flowed out of
the stomach immediately upon meal loading) as that
in vivo.23–25 However, it was not effective in disintegrating the
large food particles and reproducing the gastric “sieving
effect” due to the relatively weak peristaltic contractions gen-
erated by the rope-driven mechanism and in the absence of
the pylorus valve that controls the pylorus opening size.
Moreover, a considerable amount of solids failed to empty
out of the stomach particularly at the final stage of digestion
(i.e. over 90 min).

In this study, a new version of the near real dynamic in vitro
human stomach (new DIVHS) with a separate development of
the roller-added designs was advanced based on the previous
studies on DIVRS-I, DIVRS-II, and RD-IV-HSM. The new DIVHS
was designed in a way to simultaneously reproduce the human
stomach morphology, anatomy, movement and biochemical
environment present in the stomach as close as possible to
those in vivo. The soft-elastic silicone human stomach model
fabricated using 3D-printing technology had similar dimen-
sions, morphology and anatomical structures to the in vivo
observations. Then, equipping it with an electromechanical
instrument composed of a series of eccentric wheels and
rollers, the new DIVHS was able to provide a more accurate
simulation of the peristaltic movements of the stomach wall
compared to the RD-IV-HSM and any previously developed in-
house series. An auxiliary emptying device designed to reduce
the gastric retention as shown in the RD-IV-HSM was applied
to control the gastric emptying rate by changing the tilting

angles of the whole system. The performance of the new
DIVHS was further evaluated by comparing the gastric empty-
ing features of beef stew mixed with orange juice, gastric pH
and particle size distribution of cooked rice with those
reported in vivo and/or in vitro.

2. Materials and methods
2.1. Materials

Beef stew cubes (25 mm × 25 mm, Hengdu Food, Chongqing,
China) and orange juice (100% NFC, Nongfu Spring,
Hangzhou, China) was purchased from an online shopping
mall (http://www.jd.com). White rice (Golden Arowana Rice,
Nanchang, Jiangxi, China) was purchased from a local super-
market. Pepsin porcine gastric mucosa (SRE0001) and
α-amylase (A6380, Type II-A) from Bacillus subtilis were pur-
chased from Sigma (Sigma-Aldrich, USA). All other chemical
reagents were of analytical grade and used as received.

Simulated Salivary Fluid (SSF) and Simulated Gastric Fluid
(SGF) were prepared following the method reported in ref. 8
with minor modifications. Electrolyte stock solutions of
various salts including KCl (0.5 mol L−1), KH2PO4 (0.5 mol
L−1), NaHCO3 (1 mol L−1), NaCl (2 mol L−1), MgCl2(H2O)6
(0.15 mol L−1) and (NH4)2CO3 (0.5 mol L−1) were prepared. The
SSF (100 mL, pH = 7.0 ± 0.1 adjusted with 3 M NaOH) was pre-
pared by dissolving α-amylase in 80 mL of the SSF stock solu-
tions, followed by adding 0.5 mL of 0.3 M CaCl2 and 19.5 mL
of deionized water to achieve a final α-amylase enzyme activity
of 150 U mL−1. Similarly, porcine pepsin made up in the SGF
stock solutions (455 mL) was added followed by 0.25 mL of
0.3 M CaCl2 and 44.75 mL of deionized water to achieve 4000
U mL−1 pepsin in the SGF (500 mL, pH = 1.6 ± 0.1 adjusted
with 3 M HCl). Note that the enzyme activities of α-amylase
and pepsin in the SSF and SGF were twice that described in
the literature8 where they were presented in units per mL of a
digestion mixture containing food and a digestive fluid in a
ratio of 50 : 50 (v/v).

2.2. Development of the new DIVHS

The new DIVHS consists of a soft-elastic human stomach and
duodenum model, an electromechanical driving instrument, a
secreting and emptying system and a temperature-controlled
box (Fig. 1A and B). The entire device except the secreting and
emptying system rests on a large fixed steel plate placed in a
heat preservation box.

The J-shaped soft-elastic human stomach made of silicone
rubber (Dragon Skin® 10 FAST, Smooth-on, USA) has good
physical properties such as being water insoluble and acid and
alkali resistant, possessing good elasticity, being non-sticking
and having good tensile strength.13 It was fabricated with the
aid of 3D-printing technology instead of the previous hand-
craft fabrication method which was time and labor-consuming
and showed difficulty in providing a uniform morphology and
dimensions of the stomach model.22 The fabrication pro-
cedures of the current 3D-printed human stomach model were
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similar to those of the rat stomach model as described in our
previous work.19 Briefly, a three-dimensional model of the
human stomach was established using the modeling software
of 3D Max according to the physiological and anatomical para-
meters reported in vivo.26 Two virtual prototypes were then
created with a 3D printer (Objet500 Connex3, Minnesota, USA)
using VeroWhitePlus™ (RGD835, supplied by Stratasys) to
form the inner mold of the stomach (Fig. 1C) with the aid of
an actual human stomach. The silicone rubber was injected
into the 3D-printed mold at rates controlled by the 3D Max
software to create the outer and inner surfaces of the human
stomach model. After cooling down to room temperature, two
halves of the stomach could be obtained and were then
adhered to each other using the same silicone rubber to form
the complete stomach model. Two silicone tubes with an
inner diameter of 2.5 mm were inserted at the gastric fundus
and the upper half part of the duodenum model to simulate
the roles of gastric and intestinal secretory glands, respectively
(Fig. 1A and B). The ultimate 3D-printed human stomach
model has similar morphological structures and geometrical
dimensions to the actual human stomach22,26 as shown in
Fig. 1D. However, it is noted that the stomach model has the
maximum internal volume of approximately 400 mL, smaller
than the capacity of an actual adult human stomach that can
expand upto 1500 mL after food ingestion. The stomach
capacity deviation comes from the limited expansion property

of the silicone material used and the relatively large average
thickness of the stomach wall (∼5 mm). The thicker stomach
wall is essential to maintain the stomach morphology and
tensile strength as well as to prolong the service life of the
stomach model. On the other hand, it is not uncommon to
use a downscaled stomach model for simulated digestion
studies in the literature.21 In this study, the total volume of the
meal loading was 300 g at the most, which was sufficient to
store in the stomach model. A duodenum model made of the
same silicone rubber was also created with a total length of
about 25 cm and an inner diameter of 20 mm, which are
similar to those present in vivo.26

The electromechanical driving instrument mainly consists
of a series of eccentric wheels and rollers, stomach and pyloric
extrusion plates, motors, belts and pulley systems. The driving
device is installed to produce peristaltic contractions on the
stomach and duodenum. The stomach and duodenum models
are installed between the eccentric wheels and rollers, and the
gap between them can be changed periodically when the new
DIVHS runs (Fig. 1B). The contraction ring shrinks as the
eccentric wheels and rollers roll down the stomach, thus
increasing the amplitude of the waves and creating a stronger
rolling-extrusion and churning force. When the eccentric
wheels and rollers approach the distal part of the stomach
(gastric antrum), the gap between the wheels and rollers
narrows down to a minimum, creating a maximum mechani-

Fig. 1 (A) Schematic diagram of the near real advanced dynamic in vitro human stomach system (new DIVHS) equipped with secreting and empty-
ing devices; (B) image of the new DIVHS. 1: fixed plate; 2: heat preservation lamp; 3: esophagus model; 4: thermal sensor; 5: 3D-printed soft-elastic
human stomach model; 6: transparent acrylic plate (red dashed box); 7: roller/eccentric wheel; 8: pylorus extrusion plate; 9: gastric juice secretion
tube; 10: duodenum model; 11: silicone tube for pancreatic and bile juice secretion; 12: digesta collection flask; 13: peristalsis pump; 14: simulated
gastric fluid (SGF); and 15: simulated pancreatic fluid (SPF). (C) Wrinkled internal mold of the 3D-printed human stomach model; and (D) the 3D-
printed silicone human stomach model.
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cal force on food. This movement is designed to mimic the
“antral contraction” present in vivo.27,28 The overall rolling–
extrusion on the stomach wall is depicted in Fig. 2A. It is seen
that the gap is smaller in the proximal stomach (gastric body)
compared to that at the gastric antrum (Fig. 1B), resulting in a
higher contraction force in the antrum part of the stomach
model. This is in agreement with the situation present in an
actual stomach that the maximum peristaltic contractions
occur at the antrum of the distal stomach, with increasing con-
traction depth and indentations when the peristaltic contrac-
tive waves propagate towards the pylorus.2,27,28 The maximum
rolling–extrusion at the gastric antrum as shown here resem-
bling the antral contractions in vivo imposes a considerable
mechanical destructive force on food particles and thus plays a
significant role in the gastric disintegration of solids by emul-
sifying the food with gastric juices, grinding and rubbing
between food particulates and/or the stomach wall.1,27,29 The
antral force generated by the rolling–extrusion mechanism in
the new DIVHS was measured using a manometric method as
described elsewhere.10,22 Specifically, a thick-walled rubber
balloon (diameter: 22 mm) attached to a handheld digital
manometer (PDMM01, PYLE, the USA) was placed inside the
antrum section of the stomach model, 10 mm away from the
pylorus. When the new DIVHS was in operation, the moving

wall compressed the balloon to generate a pressure that was
recorded. Then, the same balloon was compressed using a
texture analyzer (EZ-S EZTest, SHIMADZU, Japan) equipped
with a cylindrical flat probe (diameter: 40 mm) at a test speed
of 0.5 mm s−1. When the pressure value shown in the man-
ometer became equal to the average maximal pressure
recorded, the compression force shown in the texture analyzer
at the same time was recognized as the contractive force of the
gastric antrum. The maximum antral fore recorded was 3.37 ±
0.59 N corresponding to 8920 N m2 when the force value was
normalized by the cross-sectional area of the balloon for each
contraction. The mechanical stress generated by the new
DIVHS was in a reasonable range of that presented in a human
stomach ranging from 5134 to 67 292 N m2.2,30

It has been reported that the antropyloric contractions
occur and the pylorus partially opens in an actual stomach,
causing a “sieving effect” in which liquids and small particles
(<1 to 2 mm) can flow from the stomach through the pyloric
opening into the duodenum, while the indigestible particles
greater in size than the pyloric opening are retropelled and
retained in the stomach for further physical breakdown and
chemical digestion.27,28 The gastric “sieving effect” function is
achieved in the new DIVHS by periodically changing the gap
between the pylorus extrusion plate and the fixed support

Fig. 2 (A) Schematic diagram showing the peristaltic movements of the human stomach imposed by the eccentric wheels and rollers. (B) Images
showing the released and squeezed states of the stomach and pylorus. (C) Schematic diagram showing how the pylorus device works to control the
occlusion and opening of the pylorus model. 1: fixed support plate of the pylorus device; 2: cross section of the silicone pylorus model with an
initial (t = 0) inner diameter of 20 mm (dashed circle) and an external diameter of 30 mm (solid circle); and 3: cross section of the pylorus extrusion
plate. The inner diameter of the pylorus model is in the range of 0 to 20 mm in relation to time controlled by the movement of the pylorus extrusion
plate with a regular cycle of 20 s. The arrows indicate the movement directions of the pylorus extrusion plate with a constant speed of 2 mm s−1.
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plate resulting in the opening size of the pylorus ranging from
0 to 20 mm, as illustrated in Fig. 2C. It is worth mentioning
that the new DIVHS is equipped with an auxiliary gastric emp-
tying device as shown in Fig. 3, which is designed to control
the emptying rate by changing the tilting angle of the entire
system in the range of −45° to +45° (“−” and “+” represent
anticlockwise and clockwise rotation, respectively). The change
in the tilting angle modifies the distribution of food materials
in the stomach model as a function of gravity. The clockwise
rotation of the new DIVHS can delay the emptying rate by
impairing the gravity effect because of the increased stack of
the gastric content throughout the stomach. In contrast, the
gastric content is more ready to flow out resulting in an accel-
erated emptying rate under counterclockwise rotation. The
effect of the auxiliary emptying device on the gastric emptying
rate is illustrated in Fig. 3. Such a device is expected to
improve the gastric emptying of the gastric contents difficult
to flow out at the final digestion stage in the RD-IV-HSM. In
addition, a transparent acrylic plate connected with the fixed
plate (Fig. 1B) is installed mainly to maintain the stability of
the stomach model when the new DIVHS is in operation. The
stomach and duodenum rolling–extrusion frequency ranges
from 0 to 60 contractions per minute (cpm), which is con-
trolled by changing the speed of the motors.

The secreting system consists of two peristaltic pumps
(YZ2515X, Baoding Longer, China), which are used to deliver
the simulated gastric and intestinal fluids (37 °C) into the
stomach and duodenum models at controlled rates, respect-
ively. A diaphragm pump (FEM 08KT.18/RC, KNF, Germany)
can be optionally used to control the gastric emptying of
liquid-like samples. For the solid meals, the gastric emptying
relies on the gastro-duodenal pressure produced by the peri-
staltic movements and the emptying rate can be controlled by
the auxiliary emptying device as described in Fig. 3. A tempera-
ture controlled box made of acrylic plates is applied to main-
tain the inner temperature around 37 °C heated with an elec-
tric lamp. The temperature is monitored by a thermocouple
connected with an intelligent temperature controller. The
simulated digestive fluids are pre-heated to 37 °C in a water

bath (Fig. 1A) before entering into the stomach and duodenum
models.

2.3. Gastric emptying of beef stew in the new DIVHS

The gastric digestion of the beef stew mixed with orange juice
in the new DIVHS was carried out to reproduce the in vivo
gastric emptying curves that described the factions of the meal
in the human stomach, as described in ref. 25. A good repro-
ducibility to the in vivo gastric emptying data may indicate a
good performance of the new DIVHS. They studied the gastric
emptying features of three meals varying in their weights
(1692, 900 and 300 g), compositions and total kcal. As stated,
the maximum internal volume of the silicone human stomach
model is 350 mL, downscaled in comparison with the stomach
of an adult human after the intake of a filling meal. Thus, the
300 g meal containing 150 g beef stew and 150 mL orange
juice was chosen in this study.

Specifically, the beef stew cubes (500 g) were cooked for
30 min in a pressure cooker (QF180D, Galanz, Shunde, China)
containing 1000 mL of deionized water. Following the experi-
mental procedures from the work in ref. 25, a subsample of
the cooked beef stew (150 g) was mixed well with 150 mL
orange juice followed by adding 60 mL SSF. The ratio of food
to the SSF was determined following a similar experiment con-
ducted in the work in ref. 21. The food mixture was immedi-
ately artificially masticated in a food processor (CombiMax
K600, Braun, Germany) for 100 s resulting in food particles of
∼1–2 mm. The “chewed” bolus was fed into the human
stomach model through the model esophagus with the aid of
a conical funnel in 5 minutes (corresponding to a feeding rate
of ∼72 mL min−1) for the simulation of the food consumption
by humans.25 10 mL of the SGF (based on the downscale of
the stomach model to an adult human stomach) was injected
into the stomach model prior to food loading to mimic the
fasting state.10,31 After the food loading, the electromechanical
instrument was started immediately to produce 3 contractions
per min (cpm) on the human stomach model as that reported
in vivo.3,27,31 The SGF was started to secrete into the stomach
model through the peristaltic pump at various rates in relation

Fig. 3 Schematic diagram showing the control of the gastric emptying rate by the auxiliary emptying device. The solid dots represent solid particles
in a meal, with large particles mostly precipitating at the bottom (antrum) of the J-shaped human stomach model whereas small particles remaining
suspended in the upper layer of the stomach as a function of gravity. Clockwise rotation of the auxiliary emptying device contributes to delayed
gastric emptying whereas anticlockwise rotation causes accelerated emptying.
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to time (with an average secreting rate of 2.9 mL min−1), which
were determined to match the gastric secretion data reported
in vivo (Fig. 4).24 No emptying pump was applied for gastric
emptying in this study as it was inapplicable for viscous and
solid meals. Instead, the regulation of the gastric emptying
rate of the beef stew was realized by adjusting the tilting
angles of the auxiliary emptying device and the opening size of
the pylorus model. In order to reproduce/match the in vivo
gastric emptying curve,25 the tilting angle of the auxiliary emp-
tying device remained at 0° during 0 to 30 min, −15° in the
next 60 min (30 to 90 min) and −30° during 90 to 120 min.
The pylorus extrusion plate was set to create 3 compressions/
extrusions per min on the pylorus model at a constant moving
speed of 2 mm s−1, resulting in the opening size of the pylorus
model ranging from 0 to 20 mm in relation to time (Fig. 3C).
The digesta emptied from the stomach into the duodenum
was collected in an ice-bath flask every 30 min and stored at
4 °C. The solid and liquid fractions expressed by the gastric
retention ratio in each collected digesta were measured by
weighing the supernatant and pellet after centrifugation
(14 000g for 20 min at 4 °C).21 The liquid fraction was cor-
rected for the amount of the secretory liquid in the super-
natant for optimal comparison with the in vivo emptying of
the liquid meal marker.25 The in vitro digestion of the meal
was performed in triplicate at 37 ± 1 °C.

2.4. In vitro digestion of cooked rice in the new DIVHS

In consideration of the limited data (gastric emptying curve
alone) on the beef stew mixture reported in ref. 25, there is a
necessity to obtain more gastric digestion and emptying data
on other types of food for comparison between in vitro (new
DIVHS) and in vivo data. This is important for further evalu-
ation of the performance of the new DIVHS. Unlike the beef
stew characterized as a typical Western food enriched with
protein, white rice is a staple starchy food for Asians, which
has been extensively investigated on its gastric digestion and

emptying behaviors such as the gastric pH, particle size distri-
bution and emptying rate both in vivo32–34 and in vitro.10,17,35

This contributes to the possibility of comparing them as
obtained in the new DIVHS with the reported in vivo and
in vitro data.

In this study, the cooked white rice was prepared in a
hydro-electric stew-pan (GSD-W122B, Tonze, China) with a rice
to water ratio of 1 : 2.5 (w/w) and cooking for 40 min. The
cooked rice was kept warm for 10 min and then naturally
cooled down to 37 °C. The in vitro digestion of the cooked rice
in the new DIVHS was carried out following the method
reported in ref. 10 and 17 with minor modifications due to the
downscaled stomach capacity of the human stomach model
compared to an actual adult human stomach. A subsample of
150 g cooked rice was mixed with 30 mL SSF, followed by mag-
netic stirring for 30 s at 100 rpm.10 Similarly, the food mixture
was fed into the stomach model in 5 minutes. 10 mL of the
SGF was loaded into the stomach model before the food
loading to mimic the fasting state. The secretion of the SGF
was started immediately upon food loading and the secretion
rates in relation to time were determined to match the
described gastric secretion curve in vivo24 as shown in Fig. 3.
The operating parameters such as the peristaltic contraction
frequency, the pylorus extrusion frequency and amplitude, and
the tilting angle were the same as described in section 2.3. The
food samples were digested in the new DIVHS for 120 min.
Every 30 min, the gastric digesta emptied from the stomach
into the duodenum was collected in an ice-bath flask for
measurements of the gastric retention ratio of the solid and
liquid fractions in the rice meal, following the same method
as described above. The gastric digesta pH recorded every
10 min was determined immediately upon the digesta collec-
tion using a pH meter. At the end of digestion (120 min), a
subsample (0.5 g) of the gastric digesta was collected for deter-
mination of particle size distribution according to a published
image analysis method as described elsewhere.17,36 Briefly,
0.5 g of the gastric digesta was dispersed in a glass culture dish
(diameter: 10 cm) containing 50 ml deionized water to prevent
overlap, followed by taking photographs from underneath using
a digital camera (550D, Canon, Tokyo, Japan). The camera was
set in a program mode and fixed at a constant height and posi-
tion in a flat light box to ensure the same kind of lighting and
photo-taking conditions for each sample. After taking the
photographs, the Image J software (Image J, NIH, Maryland,
USA) was applied to analyze the particle size distribution
(expressed by the percentage of rice particles in different size
ranges) before these photographs were masked using Matlab
v8.0 (Mathworks Inc., Natick, Massachusetts, USA) to ensure
that all the particles were adequately and accurately captured.
For evaluation of mechanical disintegration of the rice particles
in the new DIVHS, the initial particle size distribution before
the gastric digestion (t = 0) was determined as a control.

2.5. Gastric retention ratio data fitting

For optimal quantitative comparison of the gastric emptying
features between in vitro and in vivo systems, the data of the

Fig. 4 Flow rate (mL min−1) of the simulated gastric fluid (SGF) in the
new DIVHS determined to match the in vivo gastric secretion flow
responding to solid–liquid meals.24
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gastric retention ratio obtained from the new DIVHS and the
described in vivo emptying curve25 were fitted with a modified
Elashoff’s power-exponential model (eqn (1)), which has been
widely used to describe solid and liquid gastric
emptying:15,32,37

yðtÞ ¼ 1� ð1� e�ktÞβ ð1Þ
where y(t ) is the fractional meal retention at time t in minutes;
k is the gastric emptying rate per minute (1 per min), and β is
the extrapolated y-intercept from the terminal portion of the
curve. The parameters of k and β for each trial were estimated
using the non-linear least squares method by means of MS
Excel.

The half-time (t1/2) of gastric emptying was calculated from
eqn (1) when y(t ) = 0.5:

t1=2 ¼ � 1
k
� ln 1� 0:5

1
β

� �
: ð2Þ

The lag phase time (tlag) defined as the time taken to
achieve the maximum rate of gastric emptying after ingestion
of a test meal was calculated by assuming that the 2nd deriva-
tive of the function (1) is equal to zero:2,37

tlag ¼ ln β

k
ð3Þ

The degree of the model fitting was evaluated by calculating
the correlation coefficients (r) between the calculated gastric
retention data from the model and the experimental data.

2.6. Statistical analysis

All the in vitro digestion trials were carried out in triplicate and
the results were expressed as means ± standard deviations.
Statistical analysis was conducted using a one-way analysis of
variance (ANOVA) in the GLM procedure of the SAS system to
compare the gastric emptying data and the modified power-
exponential model parameters, i.e. k, t1/2 and tlag obtained
from the new DIVHS and in vivo.25 The mechanical disinte-
gration effect on the cooked rice particles in the device was
evaluated by comparing the particle size distributions (d50
and percentage of particles in different size ranges) using the
one-way ANOVA. Statistical significance was set at a probability
level of 0.05.

3. Results and discussion
3.1. Gastric emptying of the beef stew in the new DIVHS

As stated earlier, gastric emptying is a complex phenomenon,
not only directly related to the gastro-duodenal pressure gradi-
ent and mechanical force imposed on the stomach, but also
the structure and physicochemical properties of the food
matrix such as the composition, particle size, texture, viscosity
and food volume.2,29 The performance of the new DIVHS was
evaluated by comparing the gastric emptying behaviors of the
mixture of beef stew and orange juice in the new DIVHS with
that reported in vivo. Fig. 5 shows the gastric emptying curves

of the solid and liquid fractions in the meal composed of the
beef stew and orange juice mixture obtained in the new DIVHS
and that reported in vivo.25 The solid fractions were emptied
remarkably slower in a linear manner compared to the liquid
fractions emptied in an approximately exponential manner
throughout the 120 min digestion in the new DIVHS. The emp-
tying manner was similar to that from the reported in vivo
gastric emptying curve.25,38 At the end of digestion, the solid
fractions remaining in the stomach accounted for 22.2% in
the new DIVHS and 25.7% in vivo, whereas ∼5.0% and 5.8%
for the liquids in vivo and in the new DIVHS. The average
absolute values of relative errors (the difference in the gastric
retention ratios between in vitro and in vivo systems divided by
the in vivo value, %) between the gastric retention data of the
in vitro and in vivo systems are 7.4% and 11.8% for the frac-
tions of the solid and liquid, respectively. Besides, there are no
significant differences in the two groups regarding the gastric
retention data between the DIVHS and the in vivo system for
both solid (p = 0.975) and liquid (p = 0.982) fractions. These
relatively minor differences perhaps indicate that the new
DIVHS was able to accurately reproduce the gastric emptying
curves as reported in vivo mainly due to the combined actions
of: (1) the presence of the near real gastric morphology and
inner wrinkled structures; (2) the incorporation of the gastric
“sieving” function of the pylorus; and (3) the accurate simu-
lation of the peristaltic contractions. The presence of similar
gastric morphologies and inner structures to the actual human
stomach may result in consistent distribution of the luminal
contents.22 It was observed that the solid and liquid fractions
in the meal (the mixture of beef stew and orange juice) were
layered by gravity in the human stomach model and the solids

Fig. 5 Comparison of gastric retention ratios of the solid and liquid
fractions in the mixture of beef stew and orange juice between the new
DIVHS and the in vivo system. The in vivo data shown here are derived
from the published work in ref. 25 describing the gastric emptying curve
in human volunteers after ingestion of 150 g of beef stew and 150 g of
orange juice. The dashed circle represents the gastric retention ratio of
the total meal (including the food material and simulated digestive
fluids) in the new DIVHS. Note that the gastric retention data of the total
meal are not compared here due to lack of the corresponding in vivo
data.
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particularly the larger particles were precipitated/stacked at the
bottom of the stomach (gastric antrum), whereas the liquids
(water, orange juice and etc.) and some smaller particles were
mostly suspended in the upper layer of the whole stomach
filling up the pylorus canal and ready for emptying. As a
result, the liquid fractions and small particles were emptied
faster because of their lower density with lower emptying resis-
tance through the pylorus into the duodenum compared to
the large particles. It is accepted that the gastric emptying of
large solids was initiated until they were reduced into smaller
size that could pass through the pylorus due to the combined
actions of biochemical reactions and mechanical grinding due
to the peristaltic “antral” contractions.27,37–39 Besides, the
large solids generally had higher gastric rheology (i.e. vis-
cosity)17 leading to larger flow resistance when passed through
the pylorus. Thus, the solid fractions were emptied at a lower
rate than the liquid fractions in the meal (Fig. 5). As expected,
the gastric emptying curve of the total meal ranked between
the curves of the solid and fractions with a final gastric reten-
tion ratio of 12.4% in the new DIVHS similar to the in vitro
value of ∼12% reported in the work in ref. 21 where similar
experiments were performed using a gastric model (TIMagc).
However, a comparison of the gastric retention data of the
total meal between the in vitro and in vivo systems could not
be performed as such in vivo data are not reported in ref. 25.

As stated, the modified Elashoff’s power-exponential model
was used to further quantitatively describe and compare the
gastric emptying features between the new DIVHS and the
in vivo system. Fig. 6A and B present the in vivo and in vitro
gastric emptying retention data fitted with the model, respect-
ively. The in vivo data were derived from ref. 25. The model
parameters including k, β, t1/2 and tlag are summarized in
Table 1. The correlation coefficients (r) between the in vivo/
in vitro experimental data and the model fitting data are close
to 1 indicating a good fit of the model. For both the solid frac-
tions, the average values of the gastric emptying rate (k), half-
time (t1/2) and lag phase time (tlag) obtained from the new
DIVHS are very close to those from the in vivo system, with the
values of the relative average deviation within 5%. Consistent
results are observed for the liquid fractions except that the tlag
shows a relatively large deviation from the in vivo value
(Table 1) due to the overestimation of the lag period calculated
with the model.2 These results further indicate that the new
DIVHS had a strong capacity to reproduce that observed in vivo
particularly the gastric emptying features.

The solid fractions showed significantly larger values of k,
t1/2 and tlag than the liquid fractions in the meal irrespective of
in vitro and in vivo conditions, suggesting that the solid frac-
tions were emptied at a lower rate and a longer lag period at
the initial digestion.2,15,32,37 Ref. 37 reported the biphasic
nature/pattern of gastric emptying for solids showing an initial
delay in the emptying or lag phase followed by an equilibrium
emptying phase characterized by a constant rate. It is com-
monly accepted that the lag phase primarily reflects the time
needed by the gastric antrum to reduce ingested solid food
into particles small enough to pass through the pylorus for

emptying.2,37 The length of the lag phase is largely determined
by the physicochemical properties of the food matrix such as
the composition, texture, particle size and amount of solids.
For example, the chicken liver (62 ± 16 min) presented a twice
lag phase time compared to the egg meal (31 ± 8 min) in vivo
due to the lower mechanical disintegration efficiency of the
chicken liver in the human stomach.37 The beef stew as shown
in this study showed a similar lag phase time (40.2 min in vivo
and 36.3 min in vitro) to the egg meal, but this does not
necessarily mean that these two types of food matrices have
similar physicochemical properties since many other factors
such as the food processing/cooking method and measuring
techniques for gastric emptying are crucial for the lag phase
period. Compared to the solids, the liquid fractions generally
empty from the stomach in an exponential manner with a neg-
ligible lag phase according to 1st-order kinetics; that is, the
speed is directly proportional to the volume present in the
stomach.2,38 This is also confirmed by the current study that
the liquid fractions in the meal were emptied immediately
upon the food loading in the new DIVHS followed by a minor
decrease in the gastric retention ratio indicating a lower empty-

Fig. 6 Modified Elashoff’s power exponential model fitting plots of the
gastric emptying data (the gastric retention ratio of the solid and liquid
fractions in the mixture of beef stew and orange juice) from both in vitro
(the new DIVHS) (A) and in vivo (B) systems. The in vivo data shown here
are derived from the published work in ref. 25.
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ing rate at the final stage of digestion due to the decline in the
volume of the gastric meal.

3.2. Gastric emptying of the cooked rice in the new DIVHS

As mentioned earlier, the performance of the new DIVHS was
further evaluated by studying the digestive and emptying beha-
viors of the cooked rice, a staple food enriched with carbo-
hydrates rather than proteins as presented in the beef stew.
Fig. 7 presents the changes in the gastric retention ratios of
the solid and liquid fractions (separated by centrifugation) in
the rice meal and the total meal with respect to the digestion
time. Similarly, the modified Elashoff’s power exponential
model parameters were also calculated for better interpreting
the gastric emptying data (Fig. 7). The values of r close to 1
indicate a good fit of the model. The gastric emptying of the
solid fractions in the cooked rice meal presented similar emp-
tying features to that in the beef stew (Fig. 5) with an initial lag
phase followed by a near linear decline in the gastric retention
ratio. The liquid fractions were emptied at a faster rate in a
linear manner throughout the entire digestion showing a
shorter length of the lag phase compared to the solid frac-
tions. The typical gastric emptying curves of the cooked rice as

shown in the new DIVHS are also consistent with those
reported in other in vitro10,12 and in vivo32,34 studies.
Compared to the meal of beef stew, the rice meal had signifi-
cantly higher t1/2 and tlag for both solid and liquid fractions,
confirming the role of the physicochemical properties of the
food matrix in the determination of the gastric emptying rate.
In addition,33 an in vivo experiment was performed on human
volunteers to estimate the gastric emptying rate of cooked
white rice (100 g) steamed with hot water (200 mL) by a 13C-
labeled acetate breath test. They reported that the gastric emp-
tying half-time (t1/2) and lag phase time (tlag) were 70.8 ±
10.8 min and 37.8 ± 10.2 min for the total rice meal, respect-
ively. This discrepancy in the t1/2 and tlag between the new
DIVHS (Fig. 7) and the in vivo system can be related to the
differences in the type of rice, ratios of rice to water, cooking
methods, analyzing methods, etc.

3.3. Particle size distribution of the cooked rice before and
after digestion in the new DIVHS

Fig. 8 shows the particle size distribution, as expressed by the
percentage of rice particles in different size ranges (%) ana-

Fig. 7 Gastric retention ratios of the solid and liquid fractions as well as
the total meal of the cooked rice in the new DIVHS. The parameters of
k, β, t1/2 and tlag are obtained by fitting the in vitro gastric retention data
with the modified Elashoff’s model.

Fig. 8 Particle size distributions (expressed by the percentage of par-
ticles in different size ranges) of the cooked rice before and after
120 min gastric digestion in the new DIVHS.

Table 1 Modified Elashoff’s power exponential model parameters of the gastric emptying data obtained in vivo and in vitroa,b

Meal form k β t1/2 tlag r

In vivo Solid fraction 0.0154 1.85 75.8 40.2 0.983
Liquid fraction 0.0222 1.04 32.4 1.8 0.999
Total meal NA NA NA NA NA

In vitro Solid fraction 0.0149 ± 0.0019 1.72 ± 0.42 74.1 ± 2.6 36.3 ± 8.1 1.000
Liquid fraction 0.0288 ± 0.0113 1.13 ± 0.15 35.7 ± 9.9 11.4 ± 4.6 0.999
Total meal 0.0224 ± 0.0062 1.45 ± 0.29 50.0 ± 3.5 22.8 ± 4.4 1.000

a The in vivo data of the gastric retention of the solid and liquid fractions in the mixture of beef stew and orange juice are derived from the work
in ref. 25. “NA” indicates that the in vivo gastric retention data of the total meal are not available since they are not reported in the literature.
bModel parameters of the in vitro gastric retention data expressed as means ± standard deviations are obtained from triplicate gastric digestion
tests in the new DIVHS. However, the model parameters of the in vivo data are expressed as mean values alone because only average values of the
gastric retention data were reported in ref. 25.
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lyzed using the image analysis method, of the cooked rice
before and after 120 min gastric digestion in the new DIVHS.
The rice samples prior to loading into the human stomach
model presented a percentage of over 67% of the particles
greater than 2 mm. However, the proportion was significantly
reduced to less than 17% (p < 0.05) after 120 min gastric diges-
tion. Meanwhile, the mean median particle size (d50) repre-
senting the aperture of a theoretical sieve through which 50%
of the weight of the particles could pass36,39 was significantly
decreased from the initial 3.7 mm to the final 2.1 mm (p <
0.05). These results indicate that the new DIVHS showed good
breakdown efficiency on the cooked rice kernels due to the
combined actions of the powerful mechanical forces acting
on the particles and enzymatic and acidic reactions.
Similar results of the rice particle fragmentation due to the
gastric digestion have also been reported by other
researchers.10,17,35,36 The particle disintegration was believed
to have a profound influence on the gastric emptying rate and
the release of nutrients in the stomach and intestine.1,2,10 The
good efficiency of food disintegration is crucial to make the
new DIVHS serving as an alternative in vitro tool to study the
effect of gastric disintegration on the accessibility of nutrients
embedded in a food matrix during gastric digestion.

Additionally, it is noted that 17% of the rice particles
greater than 2 mm were observed in the emptied gastric
digesta, suggesting that the “sieving effect” of the pylorus
model was not perfectly mimicked in the new DIVHS as only
the particles smaller than 2 mm are allowed to pass through
the partially opening pylorus as reported in vivo.28,38 More
improvements should be made on the pylorus model to make
it more realistic in the “sieving effect” in the future.

3.4. pH of the gastric digesta

Creating a similar profile of pH evolution in the in vitro model
as in the actual human stomach is critical for an effective

simulation of the digestion process. The pH profile in the new
DIVHS following ingestion of the rice meal is presented in
Fig. 9. It is seen that the gastric pH remarkably increased from
the initial 1.6 to 5.9 upon the meal loading ascribed to the
food dilution effect and the occurrence of acid hydrolysis.
With the continuous gastric secretion and the gradual
reduction of the rice available for hydrolysis, the pH gradually
decreased and reached ∼2.3 at the end of digestion (t =
120 min) with an obvious lag phase in the first hour due to the
food buffering effect.32 This is consistent with the findings of
the in vivo studies,3,24,40 in which the gastric pH was found to
rise sharply to 5–6 after the consumption of a meal and it may
take 2–4 h after meal consumption before the pH returns to its
fasting level of 2 in the human stomach. This indicates that
the new DIVHS was able to accurately simulate the dynamic
gastric environment present in vivo.

4. Conclusions

In the current work, an advanced near real dynamic in vitro
human stomach (new DIVHS) system has been studied on its
digestion and gastric emptying performances. The new DIVHS
not only reproduces similar peristaltic contractions generated
by the rolling–extrusion mechanism and gastric “sieving
effect” through the pylorus squeezing device, but also simu-
lates the anatomical features such as the gastric morphology,
dimensions and wrinkled inner surface present in the actual
stomach. Through optimizing the current equipment operat-
ing parameters, it is possible for the new DIVHS to achieve
consistent gastric emptying characteristics (i.e. gastric empty-
ing rate, half-time and lag phase time) of both the solid and
liquid fractions in the beef stew mixed with orange juice with
that reported in the in vivo study. The average relative error of
the gastric retention data between in vitro (new DIVHS) and
in vivo studies was generally within 10% and the differences
between the two groups in the gastric retention ratios of both
solid and liquid fractions were statistically insignificant (p >
0.05). By fitting the gastric retention data with the modified
power-exponential model, the solid fractions presented an
average half-time (t1/2) of 74.1 min and a lag phase (tlag) of
36.3 min in the new DIVHS, similar to that obtained in vivo
where the average values of t1/2 and tlag were 75.8 min and
40.2 min, respectively. Similarly, the simulated stomach
system showed good qualitative matches of the gastric empty-
ing and gastric pH profiles of the cooked rice with those
in vivo. The percentage of the large rice particles (>2 mm) was
significantly reduced by 50% after 120 min gastric digestion,
indicating good performance in particle disintegration in the
new DIVHS. Future work should focus on improving the new
DIVHS (i.e. increasing the internal volume of the stomach
model, and creating a more realistic pylorus model for more
accurate simulation of the “sieving effect”) and further com-
parison with in vivo data obtained from human or animal
trials. The current work demonstrates that despite some draw-
backs still existing, it is a reasonable approach to carry out

Fig. 9 pH profile in the new DIVHS following ingestion of the cooked
rice meal.
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in vitro analyses using the new DIVHS, which is practically
meaningful.
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