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ARTICLE INFO ABSTRACT

Keywords: Background and aims: Evaluation of gastric wall stiffness and intragastric pressure is essential for detailed as-
Stomach sessments of gastric accommodation. However, non-invasive assessments are needed for large scale clinical
Stiffness

studies and none of the existing methods takes abdominal wall effect into the calculation. This study aimed to
assess gastric wall stiffness and gastric content stiffness as a proxy for intragastric pressure using novel me-
chanical modeling and non-invasive indentation tests on a silicon stomach model.

Methods: A silicon stomach model (scaling 1:1 with the human stomach) was indented using a pressure algometer
at intragastric pressures from 0 to 0.8 kPa. Wall thicknesses and luminal cross-sectional areas along the stomach
were measured with ultrasound images. The gastric wall stiffness was compared between measurements from
tensile tests on strips cut from the silicon stomach and estimations from a shell indentation model. The pres-
surized gastric content stiffness was predicted from a bonded two-layer axisymmetric half-space indentation
model.

Results: The gastric wall stiffness estimated from the shell indentation model showed no difference to mea-
surements from the mechanical tests on the cutting strips (p = 0.14). The predicted gastric content stiffness was
strongly associated with the intragastric pressure (r > 0.83, p < 0.001).

Conclusions: The mechanical model developed in this study can simultaneously predict the gastric wall stiffness
and the pressurized gastric content stiffness. In future studies, the method can be applied to reveal intragastric
pressure conditions non-invasively via the pressurized gastric content stiffness during gastric accommodation
and emptying such as with magnetic resonance imaging.

Non-invasive
Indentation
Modelling

1. Introduction

Gastric accommodation is an important mechanism of normal gastric
physiology (Kindt and Tack, 2006). Accomodation is described by
reduced gastric tone, increased compliance, and increased gastric vol-
ume, allowing for a dynamic gastric reservoir for food, enabling the
volume to increase without a rise in gastric pressure (Azpiroz and

Malagelada, 1987; Distrutti et al., 1999; Gregersen and Christensen,
2000; Kindt and Tack, 2006; Febo-Rodriguez et al., 2021). Gastric tone
and compliance are responses to gastric wall stiffness, which can be
calculated from the intragastric pressure and the gastric configuration
changes during a meal (Azpiroz and Malagelada, 1987; Kindt and Tack,
2006; De Zwart et al., 2007). The barostat/tensostat is the only tech-
nology that can simultaneously estimate the intragastric pressure and
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the gastric volume (Azpiroz and Malagelada, 1987; Kindt and Tack,
2006; De Zwart et al., 2007). However, the invasive feature of the
technology limits its adoption in clinical practice and thus gastric ac-
commodation is not assessed routinely.

Intra-abdominal pressure (IAP) can be measured non-invasively
using several indentation technologies, including tensiometer and ul-
trasound tonometry (Van Ramshorst et al., 2011; Tang et al., 2021;
Tayebi et al., 2021). With the indentation test on the abdominal surface,
the abdominal wall tension, i.e., the indentation stiffness of the
abdominal luminal content, which shows significant correlations to the
abdominal pressure (Van Ramshorst et al., 2011; Tang et al., 2021;
Tayebi et al., 2021), can be estimated. The higher the intra-abdominal
pressure, the stiffer the abdominal luminal content. From a mechani-
cal point of view, the theoretical models behind the abdominal luminal
content stiffness calculation are based on the model of an axisymmetric
indentation on an elastic half-space with homogeneous material prop-
erties. In the indentation model with homogeneous material properties,
the whole abdomen, including the abdominal wall and the abdominal
luminal content, was assumed to be isotropic and homogeneous, where
the effect of the abdominal wall on the abdominal content stiffness
estimation were not considered.

Several recent studies have used pressurized shell indentation
models to predict relationships between the indentation stiffness and the
transmural pressure in spherical and ellipsoidal cells (Vella et al., 2012;
Staunton et al., 2016; Sun and Paulose, 2021). The cell wall stiffness can
be estimated from indentation responses at the zero-pressure state using
the shell indentation models. In contrast, the transmural pressure of the
cell can only be predicted from the model when the cell is strongly
pressurized (Vella et al., 2012; Sun and Paulose, 2021). However, the
intragastric basal pressure is about 1.07 kPa after filling with a meal
volume of 800 ml in healthy volunteers (Kwiatek et al., 2009), which is
too low to be calculated from the pressurized shell indentation model.

For heterogeneous materials, such as an elastic layer of uniform
thickness (gastric wall) overlaying another homogeneous material
(pressurized gastric content), the indentation responses have been
investigated from cells to large-scaled engineer systems using the
bonded two-layer half-space indentation model (Dhaliwal and Rau,
1970; Staunton et al., 2016; Doss et al., 2019). Studies from different
length scales showed the stiffnesses of the top layer, and the top layer
wall thickness affect the indentation stiffness measurements signifi-
cantly (Dhaliwal and Rau, 1970; Staunton et al., 2016; Doss et al., 2019).
However, using the existing model to solve the indentation problems on
heterogeneous materials, only the stiffness ratio between the top layer
and the underlying material can be predicted.

This study aimed to build and verify a combined pressurized shell
indentation model and the bonded two-layer half-space indentation
model (the top wall layer and the bottom luminal contents wrapped by
the wall) based on indentation tests on the stomach. The combined
model was verified using a silicon stomach model, where the gastric wall
properties and pressurized content stiffness as proxy for intragastric
pressure during distensions were measured and estimated. We hypoth-
esize that: 1) the gastric wall stiffness and pressurized gastric content
stiffness can be estimated simultaneously by using the combined shell
indentation model and the bonded two-layer indentation model from
the stomach indentation tests; 2) the intragastric pressure is associated
with the pressurized gastric content stiffness, and 3) the gastric wall
stiffness and thickness affect the responses of the indentation test.

2. Material and methods

The below mechanical test on the gastric strips cut from the stomach
model and indentation tests on the stomach model were done in two
days in two locations (Aalborg University for mechanical tests and
Aalborg University Hospital for indentation tests). For comparing the
gastric wall stiffness obtained from the mechanical tests measurements
to the indentation model calculation, the material properties of the
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stomach model should be stable and identical during the whole test
period. Thus, a silicon stomach model was selected for this study in favor
of an animal or human stomach.

2.1. Silicon stomach model

A one-layer silicon stomach model (1:1 ratio with the human stom-
ach with a smooth outer surface and longitudinal rugae in the inner
surface of the distal part of the stomach model) was used in this study
(Ningbo Liuyedao Medical Treatment Technology Co., Ltd.). The silicon
stomach model includes part of the lower esophagus and the upper
duodenum (Fig. 1A).

2.2. Mechanical tests of the silicon stomach material

Three specimens (approximately 40 mm long, 10 mm wide, 5 mm
thick) cut from the esophageal and duodenal ends of the stomach model
were used for tensile tests. The tensile tests were performed on an
INSTRON 2 kN testing system (6800 single column series 5944) at room
temperature.

The specimen’s wall thickness, width, and length between the two
tensile grips were measured as the geometry parameters at the no-load
state before the tensile test. Then the sample was stretched with a con-
stant deformation rate (0.5 mm/s) until an elongation of 150%-200% of
the initial length of the specimen was achieved. The tensile force and the
elongation of the specimen were recorded for later tensile stiffness
estimation.

2.3. Indentation test on the pressurized silicon stomach model

Before the indentation test, the middle line between the greater
curvature and the lesser curvature of the stomach was marked. Four
lines perpendicular to the middle line were drawn to distinguish the
stomach model’s proximal, middle-1, middle-2, and distal locations. The
intersection points of the perpendicular and middle lines were the push
force (indentation load) location, and the perpendicular lines were the
scan paths of the ultrasonic probe in each stomach section (Fig. 1A).

2.3.1. Inflation of the stomach model

The silicon stomach model was submerged entirely in an organ bath
filled with water at room temperature. After pressure equilibration, the
duodenal end was closed via a connected cannula, and the esophageal
end was connected via a tube to a water container. The container was
used for applying static intragastric pressure ranging from O to 0.8 kPa.
At each pressure step, equilibration was reached within a 5 min window
(Fig. 1B).

2.3.2. Ultrasonographic measurements

The stomach was scanned using a B-mode 6 MHz ultrasonic probe
(MylabTwice; Esaote, Italy). The probe was moved along the four
perpendicular lines to scan the silicon stomach model, two cross-
sectional images along each perpendicular line were captured and
stored in BMP format for further off-line analysis (Fig. 1C). The probe
was protected during the scanning using a latex-free sterile disposable
probe cover; ultrasound conductive gel was utilized between the probe
and the cover to allow a satisfactory sound wave propagation.

2.3.3. Indentation test

An electronic pressure algometer (Somedic Algometer Type II,
SBMEDIC Electronics, Sweden) was used for the indentation test. The
electronic display provides a pressure reading in kilopascals (kPa) and
also displays the rate of applied pressure in a small LED window. The
circular cylindric indenter having an area of 1 cm? was selected for the
algometer in this study. The algometer was fixed on a retort stand with a
ring clamp and a manipulator (ADInstruments, Oxford, UK). The algo-
meter could be moved vertically up to 80 mm in 1 mm intervals by
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Fig. 1. Silicon stomach model and the test set up. A: The silicon stomach model 1:1 ratio with the human stomach. Four lines perpendicular to the middle line were
used to distinguish the proximal (P), middle-1 (M1), middle-2 (M2), and distal (D) locations of the stomach model. The intersection points of the perpendicular and
middle lines were the indentation loading points, and the perpendicular lines were the scan paths (the red arrow) of the ultrasonic probe in each stomach section. B:
The indentation test and the stomach model inflation system, including the stomach model, a pressure algometer to conduct indentation force and two manipulators.
One manipulator was used to control the indentation displacement by moving the algometer perpendicularly, and the other was used to control the intragastric
pressure by adjusting the water level in the water container. C: A representative ultrasound image taken at pressure zero at the proximal location. The luminal cross-
sectional area was identified semi-automatically for calculations of the inner radius. The wall thickness was obtained by averaging the five wall thickness mea-

surements (the purple color line).

controlling the manipulator. The indenter was pushed perpendicularly
at each marked loading point with depth from 0 to 30 mm in 2-5 mm
intervals at each pressure level. The pushed depth was defined as the
indentation displacement. The indentation displacements and the actual
punctual pressure were read and recorded (Fig. 1B).

2.4. Data analyses

2.4.1. Tensile stiffness measurement

The tensile stiffness of the silicon stomach material was presented by
the tensile Young’s modulus, calculated from stress and strain curves
obtained from the mechanical tests of the stomach material. The stress
and strain were calculated as:

Stress: 6=F/A (€D)]
Where F is the recorded force, and Ay = thickness x width is the cross-
sectional area of the specimen at the no-load state.

Stretch ratio : A=L/Ly 2
Where L, is the specimen’s length during the stretch and Ly is the length

at the no-load state.
Strain ¢ is calculated as:

e=h—1 3

The apparent modulus of the elasticity was used to present the tensile
stiffness E7 in this study with an assumption of a linear stress-strain
relationship when ¢ < 1.0, as:

Er=c/¢e 4

2.4.2. Ultrasound image processing

Ultrasound images in BMP format were exported with image reso-
lutions from 0.25 to 0.34 mm per pixel. The images were processed using
a custom-made MATLAB program (R2020B, The MathWorks, Inc.). The
inner outlines of the cross-section of the stomach model were visually
identified, and the luminal cross-sectional area (CSA) was calculated.
The gastric wall thickness was measured five times in locations where
the stomach model touched the bottom of the organ bath (Fig. 1C).

The inner radius of the cross-section at the intragastric pressure p is:
R(p) = /CSAumina(p)/7 , the CSAumina(p) is the luminal CSA of the
stomach model.

The stomach model wall thickness at the intragastric pressure p, h(p)
was obtained by averaging the five measured wall thicknesses in each
cross-sectional image.

2.4.3. Indentation stiffness

The indentation force was calculated by multiplying the actual push
pressure by the indenter area (1 cm? in this study). At each pressure, the
indentation force-displacement relationship was assumed linear, and the
indentation stiffness at each indentation loading point ks(p) was the
slope of the linear curve fitted to the indentation force-displacement
curves as:

FI(p) = ks(p)*5(p) + b(p) )

Where FI(p) is the indentation force, 5(p) is the indentation displace-
ment, b(p) is a constant, and p is the intragastric pressure.

2.4.4. The gastric stiffness estimated from the homogeneous gastric model
In the homogeneous gastric model, we assumed the stomach model,
including the gastric wall and the gastric content as a homogeneous and
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isotropic material. By conducting the indentation test, the elastic stiff-
ness of the stomach model can be estimated by fitting the indentation
force-displacement curve to the model of the contact between a rigid
cylinder with a flat end and an elastic half-space (Sneddon, 1965) as
(Fig. 2A):

(P)s(p)

E
FI(p) =2a 00 (6)

Where a is the contact radius between the indenter and the silicon
stomach model, in this study, the indenter size was 1.0 cm?, soa =

V/(1.0/x) = 0.564cm. v is Possion’s ratio, in this study, v = 0.49 for
silicon rubber was selected for the stomach model (Wolf and Descamps,
2002; Mott et al., 2008), E(p) is the elastic stiffness of the stomach
model, and it increased in function with the intragastric pressure in-
crease. With the measured indentation force and displacement, the E(p)
can be obtained by linear curve fitting Eq. (6) to the indentation force
and displacement curves.

2.4.5. The gastric wall and content stiffness estimated from the
heterogeneous gastric model

In the above-mentioned homogeneous gastric model analysis, the
mechanical properties of the gastric wall and gastric content were
assumed to be identical, and the gastric wall thickness’s effect on gastric
stiffness was not considered. In the heterogeneous gastric model, we
assumed the gastric model consists of the linear elastic gastric wall and
the pressurized gastric contents wrapped by the gastric wall. The gastric
wall stiffness was considered to be a constant during the distension,
while the gastric content stiffness changed with the distension pressure
of the stomach. The gastric wall stiffness was estimated from the shell
indentation models at zero pressure state. The stomach content stiffness
under the pressurized states was calculated using the indentation model
on a bonded two-layer elastic half-space (Fig. 2B).

2.4.5.1. Stiffness estimation of the gastric wall based on indentation shell
model. We assumed that the gastric wall stiffness was identic for all
gastric sections. Hence, the indentation test at the proximal stomach
section was used to calculate the wall stiffness in this study. The prox-
imal stomach was assumed as a spheroidal shell. The calculated inner
radius of the cross-sections and the wall thickness of the proximal
stomach at zero pressures were used in the analysis.

When an indentation acts on a point along the equator of the sphe-
roidal shell, the indentation stiffness at zero-pressure ks(0) can be
denoted as (Sun and Paulose, 2021):

ks(0) = 8+/ko*xY*KGy @)

r
Indenter «———
F . —

‘4—»; S E;, vy

=

Gastric wall & b

Gastric content

Gastric content
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%@;) is the bending stiffness at p = 0, h(0) is the gastric
wall thickness at p = 0, v; = 0.49 is the Poisson’s ratio for the gastric
wall, E; is the gastric wall stiffness, Yo = E;*h(0), KGo := lﬁRm is the
Gaussian curvature at p = 0, Ryg, and Ry are the principal radii of
curvature of the spheroidal shell along x- and y- orientations at p = 0,
respectively. As the proximal stomach was assumed as a spheroidal
shell, thus Ryo = Ry = R(0), that were measured from the ultrasound
images at p = 0. Hence, the gastric wall stiffness E; of the proximal
stomach can be obtained from Eq. (7) using the measured indentation
stiffness at p = 0 as:

Where ko =

E = \/ks(0)2*12*(1 —12)/ (64KGoxh(0)*) 8

2.4.5.2. Pressurized gastric content stiffness. As shown in Fig. 2B, the top
layer is the gastric wall with the wall stiffness E7, Poisson’s ratio vq, and
the bottom substrate layer is the gastric content during the pressuriza-
tion with stiffness Eg, Poisson’s ratio v, and is presumed to be infinitely
thick. The gastric wall stiffness E; was estimated from Eq. (8) with the
known indentation stiffness, the wall thickness, and the luminal radius
of curvature at a zero-pressure state. To analyze the indentation model
on the heterogeneous materials, Dhaliwal and Rau presented a gener-
alized analytical solution to the indentation problem of two bonded
layers with different elastic properties (Dhaliwal and Rau, 1970)
(Fig. 2B) in the form of a Fredholm Integral Equation of the Second Kind
(Atkinson and Shampine, 2008; Staunton et al., 2016; Doss et al., 2019)
(see Egs. (A.1)-(A.9) in the appendix). The equations can be solved, and
the indentation force can be expressed theoretically in terms of the
indenter shape, the stiffness and Poisson’s ratios of the gastric wall and
the pressurized gastric content (Ej, E, vy, v2), the thickness of the gastric
wall h(p), and the indentation displacement 5(p). This study used the
circular cylindric indenter with an indenter area of 1.0 cm? The Pois-
son’s ratio of the gastric wall is v; = 0.49, and the fluid-like chyme in the
gastric lumen was assumed nearly incompressible with Poisson’s ratio
vz = 0.49. The gastric wall stiffness E; obtained from Eq. (8) were
assumed constant during the pressurization. The only unknown
parameter Ej, i.e., the gastric content stiffness under pressurization
state, can thus be obtained by curve fitting the theoretical indentation
force function to the measured indentation force-displacement curve
(see Egs. (A.10)-(A.12) in the appendix).

2.5. Statistical analysis

Data are presented as mean + SD. Independent-samples t-test was
used to compare the luminal radius and wall thickness between zero
pressure and pressure 0.8 kPa. The gastric wall elastic stiffness measured

Fig. 2. Schematic diagram of the axisymmetric in-
; dentations by a flat-ended rigid cylinder on A: a ho-
— T mogeneous elastic half-space, and B: a gastric wall
lF layer bonded to an elastic substrate, i.e., gastric
- j content. F: indentation force, r: radial direction of the
i axisymmetric system, &: indentation displacement, a:
“_’1 GGSMI indenter radius, E, v: the elastic stiffness and the
Poisson’s ratio of the homogeneous stomach model,
h: the gastric wall thickness, E;, vq: the elastic stiff-
ness and the Poisson’s ratio of the gastric wall, Ey, vy:
the elastic stiffness and the Poisson’s ratio of the
gastric content in pressurized states.
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from the tensile test and calculated from the shell model were compared
using the t-test. One-way analysis of variance (ANOVA) with repeated
measures was used to compare the indentation stiffness, gastric stiffness
obtained from the homogeneous model, and the pressurized gastric
content stiffness obtained from the bonded two-layered heterogeneous
model in different locations of the gastric model at each pressure step.
Correlations between the calculated pressurized gastric content stiffness
and the intragastric pressure were performed with the Pearson corre-
lation. p < 0.05 was considered statistically significant. All analyses
were done with the IBM SPSS Statistics (IBM Corp, Version 27).

3. Results
3.1. Tensile stiffness of the stomach material

The thickness and width of the strips cut from the stomach model
were 4.9 £+ 0.4 mm and 10.0 + 0.4 mm, respectively. The tensile stress-
strain curves for the three samples are shown in Fig. 3. The averaged
tensile stiffness from the tensile tests of the three samples is 38.7 + 6.7
kPa.

3.2. Ultrasound measurements

The measured cross-sectional area, the gastric wall thickness, and the
calculated luminal radius for the proximal, middle-1, middle-2, and
distal locations of the gastric model in pressures from O to 0.8 kPa are
shown in Table 1. It shows the luminal radii tended to increase, and the
wall thickness tended to decrease in all four locations at pressure 0.8 kPa
compared to the configurations at pressure 0 kPa. However, the statis-
tical significance was only found for the luminal radius in the middle 1
(p = 0.002) and the wall thickness in the proximal (p = 0.04) locations.

3.3. Indentation stiffness of the stomach model

The indentation force and displacement relationship at the proximal,
middle-1, middle-2, and distal locations are shown in Fig. 4. The
indentation stiffness obtained by linear curve fitting the indentation
force and displacement curves is shown in Table 2. In comparison to
other locations, the indentation stiffness at the middle-1 was the highest
in all pressure levels (p < 0.002), and there was no difference in the
indentation stiffness among the other three locations (all p > 0.07).

3.4. Gastric wall and content stiffness estimated from the homogeneous
gastric model

With the indentation force and indentation displacement relation-

ships presented in Fig. 4, the gastric wall and content stiffness was
calculated from Eq. (6). The calculated gastric wall and content stiffness

Tensile stress and strain

50
——Sample 1
40 ——Sample 2
Sample 3
g
= 30
&
220
=
»n
10
0 4
0 0.2 0.4 0.6 0.8 1 1.2 14
Strain

Fig. 3. Tensile stress-strain curves obtained from the mechanical tensile tests
on three samples.
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Table 1
Morphometric data of the stomach model.
Intragastric pressure 0 0.2 0.4 0.6 0.8
(kPa)
proximal CSA (mmz) 2486 2983 2925 2946 3114
+ 326 + 255 + 136 + 111 + 299
Radius 28.1 + 30.8 + 30.5 + 30.6 + 314+
(mm) 1.8 1.3 0.7 0.6 1.5
Thickness 5.8 + 59 + 58+ 52+ 45+
(mm) 0.3 0.2 0.1 0.1 0.5
middle- CSA (mmz) 2025 2516 2511 2820 2823
1 + 32 + 236 + 186 + 109 + 92
Radius 25.4 + 28.3 + 28.3 + 29.9 + 30.0 +
(mm) 0.2 1.3 1.0 0.5 0.4
Thickness 6.9 + 7.1+ 6.4 + 6.6 = 6.0 £
(mm) 0.5 0.8 0.1 0.4 0.1
middle- CSA (mm?) 1382 1632 1420 1687 1889
2 + 234 + 287 + 120 + 210 + 224
Radius 20.9 + 22.7 + 21.2 + 23.1 + 24.5 +
(mm) 1.8 2.0 0.9 1.4 1.5
Thickness 6.1 + 7.0+ 6.5 + 6.3 + 5.4+
(mm) 0.9 0.4 0.1 0.8 0.5
distal CSA (mm?) 1061 1031 974 + 1030 1189
+ 147 + 101 294 + 226 + 131
Radius 18.3 £ 18.1 + 17.4 £ 18.0 = 19.4 +
(mm) 1.2 0.9 2.5 2.0 1.1
Thickness 6.6 + 6.6 + 6.9 + 6.0 + 6.1 £
(mm) 1.2 0.7 0.5 0.3 1.2

Notes: Data are presented as mean + SD, CSA: cross-sectional area.

and its relationship to the intragastric pressure in the proximal, middle-
1, middle-2, and distal locations are shown in Fig. 5. It shows the gastric
wall and content stiffness increased with the distension pressure for all
four locations, and the stiffness at the middle-1 location was the highest
for all distension pressures (p < 0.001).

3.5. Gastric stiffness estimated from the heterogeneous gastric model

3.5.1. Gastric wall stiffness

The gastric wall stiffness estimated from Eq. (8) in the proximal
stomach at zero-pressure was 30.1 & 5.6 kPa. The estimated gastric wall
stiffness had no difference from the tensile stiffness measured by the
mechanical tensile test on the strips cut from the stomach model (p =
0.14).

3.5.2. Pressurized gastric content stiffness

With a known indentation displacement, the indentation force can be
calculated from Eq.(A.10). The representative experimental recorded
and theoretical calculated indentation force-displacement curves are
shown in Fig. 6A. It shows that the theoretical calculations align with the
experimental recordings. The maximum root mean square of the fitting
error between the theoretical calculations and the experimental re-
cordings was 0.097. The estimated gastric content stiffness at the
proximal, middle-1, middle-2, and distal locations in functions of the
intragastric pressure are shown in Fig. 6B. The gastric content stiffness
was strongly associated with the intragastric pressure for all four loca-
tions (r > 0.83 and p < 0.001). For each distension pressure, the
calculated gastric content stiffness in the proximal and middle-1 loca-
tions was higher than that at the middle-2 and distal locations (p <
0.001), but there is no difference in the stiffness between the proximal
and the middle-1 locations (p = 0.58). In comparison to the gastric wall
and content stiffness calculated from the homogeneous gastric model,
the pressurized gastric content stiffness was significantly lower for all
four locations in all distension pressures (p < 0.001).

4. Discussion

This in-vitro/silicon model study calculated the gastric wall stiffness
and pressurized gastric content stiffness simultaneously by combining
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Fig. 4. The measured indentation force-displacement curves for the proximal (A), middle-1 (B), middle-2(C) and distal (D) locations at the intragastric pressures 0,
0.2, 0.4, 0.6, and 0.8 kPa. For all four locations, the curves from pressure 0.8 kPa presented on top of the other curves, indicating the increased indentation stiffness at
the pressure 0.8 kPa compared to the curves from the lower pressures. The solid lines with solid circulars are the measured data, and the dotted lines are the linear
function fitted curves; the slopes of the linear function is the indentation stiffness presented in Table 2.

the advanced shell indentation model and the bonded two-layer (the top
wall layer and the bottom luminal contents wrapped by the wall) half-
space indentation model. The stiffness estimation was based on con-
current non-invasive indentation test on the silicon stomach model with
ultrasound measurements of the dimensions of the stomach model. The
calculated gastric wall stiffness fits well with the tensile stiffness
measured by the tensile test, and the calculated pressurized gastric
content stiffness was strongly associated with the intragastric pressure.
To the best of our knowledge, this is the first study that used the com-
bined shell indentation model and the bonded two-layer indentation
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Table 2
Indentation stiffness of the stomach model.
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Fig. 5. The elastic stiffness of the homogeneous stomach model in relation to the intragastric pressure. The stiffness in the middle-1 location was significantly higher

than the stiffness in other locations for all distension pressures.
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Fig. 6. The calculations from the bonded two-layer gastric model. A: Representative indentation force-displacement experimental data (scatters) and the theoretical
calculations by using the analytical indentation model of the bonded two-layer linear elastic materials (lines) from the proximal stomach in pressure 0, 0.4 and 0.8
kPa. B: The gastric content stiffness change as a function of the intragastric pressure in all four locations in the stomach model. The gastric content stiffness was
obtained by the theoretical indentation analysis on the bonded two-layer model and the known gastric wall elastic stiffness calculated from the shell theory at the

zero intragastric pressure.

model to quantitatively estimate the wall and pressurized content stiff-
ness in an in-vitro/silicon stomach model. The method can be applied in
future clinical studies to investigate the intragastric pressure conditions
non-invasively via the pressurized gastric content stiffness with con-
current non-invasive abdominal indentation tests and medical imaging
technologies, such as magnetic resonance imaging (MRI).

4.1. Methodological aspects

Compared to current existing non-invasive intra-visceral pressure
measurement techniques, i.e., IAP measurements (Van Ramshorst et al.,
2011; Tang et al., 2021; Tayebi et al., 2021), the current modelling
analysis is superior in estimating the luminal content stiffness changes
with the intraluminal pressure by taking the wall effect into the calcu-
lation. Previous non-invasive IAP measurements were based on the
indentation stiffness measurement of the abdominal wall, and the
abdominal cavity was considered a cylindrical structure filled with
isotropic homogeneous content. Our analysis showed that gastric wall
stiffness and thickness significantly affect the stiffness estimation of the
gastric content. The gastric wall and content stiffness estimated from the
homogeneous model (Fig. 5) were significantly higher than that from
the bonded two-layer model (Fig. 6). The stiffness change was discon-
tinuous from proximal to middle-1 and middle-2 locations, represented
by a sudden higher stiffness in the middle-1 location compared to the
proximal and middle-2 parts of the stomach model. Our modelling
analysis showed that the gastric wall elastic stiffness was about five-fold
higher than the gastric content stiffness even at the distension pressure
of 0.8 kPa (approximate the intragastric pressure on filling volume 400
ml (Kwiatek et al., 2009)). Hence, the stiffness obtained from the ho-
mogeneous model might not be directly related to the intragastric
pressure as the gastric wall properties were simplified as an identical
matter to the gastric content. The thicker wall in the middle-1 location
could be a major factor that attributes to the higher indentation stiffness
and thus the higher gastric wall and content elastic stiffness at the
middle-1 location in the homogeneous gastric model. In contrast, the
gastric content stiffness estimated from the bonded two-layer model
showed a similar stiffness distribution between the proximal and
middle-1 locations and between the middle-2 and distal locations.
Hence, the wall effect, including wall thickness and stiffness, must be
considered during the intragastric pressure estimation. The smaller

indentation stiffness and the elastic stiffness of the gastric content in the
middle-2 and distal parts of the stomach could be caused by the folds in
the inner surface of the stomach model. The silicon stomach mimics the
human stomach anatomy with longitudinal rugae in the inner surface of
the distal part of the stomach model. The longitudinal folds could be a
reason for the thicker wall, lower indentation stiffness, and lower gastric
content stiffness in the distal part of the stomach. Future studies using
enhanced ultrasound imaging or MRI with improved image resolutions
should be performed to precisely distinguish the inner surface folds and
the wall thickness measurement.

4.2. Clinical aspects

Gastric accommodation describes the reduction in gastric tone and
increase in compliance that follows ingestion of a meal. It can be
documented with several techniques including the barostat/tensostat as
the gold standard (Kay and Jgrgensen, 1994; Kindt and Tack, 2006), as
well as other existing imaging methods such as ultrasound or MRI (Kim
and Camilleri, 2002; Janssen et al., 2011; Banerjee et al., 2020). Among
these technologies, the barostat/tensostat is the only one that can
simultaneously measure the intragastric pressure and compliance during
the accommodation. Detailed biomechanical/physiological evaluations
of gastric accommodation require simultaneous assessment of gastric
volume and the intragastric pressure change during food intake. Previ-
ous barostat studies have shown that people with impaired gastric ac-
commodation  had  higher intragastric = pressure  during
volume-controlled balloon distensions in the proximal stomach, indi-
cating an increased gastric wall stiffness (Piessevaux et al., 2001).
However, barostat/tensostat studies are invasive, perceived as uncom-
fortable and stressful, and normally not part of routine clinical practice
application.

Barostat/tensostat studies suggested that it is the tension of the
stomach wall, rather than the elongation as the origin of the trans-
mission of proprioceptive signals from the proximal stomach, meaning
that the gastric satiation signals originate from the combination of the
intragastric pressure and wall’s geometric change (Cummings and
Overduin, 2007). The wall tension can be approximated using the
simplified law of Laplace as Tension = intragastric pressure/(2*mean
curvature), where the curvatures are variables used to characterize the
local shape of the gastric surface. In this study, the curvature of the
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proximal stomach was calculated using transversal ultrasound images of
the stomach. The intragastric pressure can be estimated from the linear
correlations between the elastic stiffness of the gastric content and the
intragastric pressure. Hence, the gastric tension during gastric disten-
sion can only be obtained from the invasive Barostat/tensostat test being
calculated from the current modelling analysis with the non-invasive
indentation tests.

4.3. Limitations of the study

We used a silicon one-layer homogeneous stomach model as an
initial start to investigate the non-invasive measurements of gastric wall
stiffness and intragastric pressure. In this study, the gastric wall stiffness
analysis was obtained from a spheroidal shell indentation model
calculation, where the proximal stomach was assumed as a spherical
shape. The stomach is a hollow organ with an irregular geometric shape,
and although the proximal stomach has been assumed as spherical in
several studies (Azpiroz and Malagelada, 1987), this could be a source of
errors in the calculation of the gastric wall stiffness between the
modelling analysis and the mechanical tensile test.

In the present study, we used a silicon stomach model to estimate the
gastric wall stiffness using the shell indentation model with the ultra-
sound images of the proximal stomach model at zero pressure. Although
the feasibility of assessing the proximal gastric accommodation on the
ultrasound images have been confirmed by several studies (Undeland
et al., 1998; Olafsdottir et al., 2000; Tefera et al., 2001; Fan et al., 2013),
it is very difficult to carry out indentation test on the proximal stomach
from the scanning locations due to their anatomical locations in the
body. On the other hand, the antrum and, more generally, the distal
section of the stomach is usually the easiest to visualize by ultrasound
(Steinsvik et al., 2021) while also being a suitable place for abdominal
indentation tests. With the simultaneous ultrasound scanning, the lo-
cations where the stomach wall contacts the abdominal wall can be
identified as the push force (indentation load) location for the abdom-
inal indentation test. By passing the recorded indentation force, inden-
tation displacement, and the measured stomach configuration into the
models presented in this study, the gastric stiffness as a proxy to the
intragastric pressure can thus be calculated. However, to estimate the
gastric wall stiffness from indentation tests on the distal locations, we
need to reshape the calculation model from the current spheroidal shell
geometry to an ellipsoid one to reduce the errors caused by geometrical
differences between proximal and distal parts of the stomach. This study
was limited to scanning the cross-sectional images along the transversal
axis of the stomach model due to 2D ultrasound images. Hence, the
ellipsoid model was not considered in this study, and it could be derived
by using 3D ultrasound scanning or MR scanning in future studies.

By assuming a linear gastric wall mechanical property, this study
selected a silicon stomach model to test and verify the combined pres-
surized shell indentation model and the bonded two-layer half-space
indentation model. Previous biomechanical studies on the animal (Zhao
et al., 2008) and human (Toniolo et al., 2022) stomach showed
nonlinear stress-strain curves of the stomach tissue. According to a
recent study done by Toniolo and co-workers, the nonlinear stress-strain
relationship of the stomach tissues can be simplified using bi-linear
functions, i.e, two different linear stress-strain relationships for toe-
and quasi-linear regions, respectively (Toniolo et al., 2022). Toniolo’s
study proved the stress-strain curves from all stomach regions could be
assumed as a linear function in the strain range 0-0.8. The multi-scale
stomach mechano-physiological modelling analysis from Akhmadeev
et al. showed that the maximum stretch ratio was 1.35 in the fundus area
under an intragastric pressure of 20 kPa (Akhmadeev and Miftahof,
2010). That is much higher than the physiological intragastric pressure
measured by Kwiatk et al. (1.07 kPa at a meal volume of 800 ml
(Kwiatek et al., 2009),). The maximum intragastric pressure used in this
study was 0.8 kPa, far below the pressure used in Akhmadeev’s model.
Hence the maximum strain of the stomach during the distension in this
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study should be lesser than 0.8. It is therefore reasonable to assume the
linear stress-strain relationship of the stomach in this study. However, to
accurately evaluate how the material nonlinearity of the human stom-
ach affect the model result, the future numerical models with different
material properties need to be compared.

Because of the relatively lower physiological intragastric pressure
(1.07 kPa in meal volume 800 ml (Kwiatek et al., 2009)) in comparison
to the turgor pressures in, such as yeast cells (100-200 kPa (Vella et al.,
2012)), the pressurized shell indentation models used for transmural
pressure estimation in cells (Vella et al., 2012; Sun and Paulose, 2021)
can not be used for indentation tests of the stomach. Hence the gastric
content stiffness rather than the intragastric pressure was calculated
from the modelling analysis in this study. This study showed the gastric
content stiffness is strongly associated with the intragastric pressure.
The gastric content stiffness can be used as a proxy to infer the intra-
gastric pressure and reveal the intragastric pressure conditions during
gastric accommodation and emptying. For assessing the absolute value
of the intragastric pressure from the abdominal indentation test, a
developed indentation stomach shell model or numerical simulations of
the indentation responses need to be considered in future stomach
indentation studies.

In our study, the pressure algometer and a manipulator system used
to control the indentation displacement were complex and not portable.
However, some portable tensiometer devices have been shown in the
literature (Tang et al., 2021; Tayebi et al., 2021), but unfortunately, they
have not yet been commercialized and cannot be found on the market
yet. This limitation could be overcome in the future by developing a
portable MR environment-friendly tensiometer combined with force,
displacement transducers to approach a comprehensive solution.

In our study, all the tests and analyses were performed on a silicon
stomach model. During the model analysis, the surrounding tissue ef-
fects, including the abdominal wall, intra-abdominal pressure outside
the stomach, displacement of the entire stomach during trans-abdominal
indentation, were not taken into account. Future validation tests in
human studies must be carried out to interpret the clinical translation of
the developed analyses.

4.4. Conclusions and perspectives

In conclusion, the proposed non-invasive indentation assessment
approach and mechanical modelling analysis are feasible and can
distinguish between gastric wall stiffness and pressurized gastric content
stiffness. The obtained gastric content stiffness correlated with intra-
gastric pressure significantly and can be used as a proxy of the intra-
gastric pressure. The measurement and analysis have the potential to be
further developed into a diagnostic system to investigate gastric func-
tion/dysfunction in clinical practice via the estimated gastric wall
stiffness and the gastric content stiffness with concurrent non-invasive
abdominal indentation tests and medical imaging technologies. How-
ever, as a new method, the indentation measurement and modelling
analysis must be further validated and standardized on a human model
for a more reliable and reproducible assessment, which is required for
translations to the clinical practice.
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Appendix
Analytical indentation model of the bonded two-layer linear elastic materials

Dhaliwal and Rau presented a generalized analytical solution to the indentation problem of two bonded layers in the form of a Fredholm Integral
Equation of the Second Kind as [A1]:

o0+ [ Kixoo) de= = 575 6-pi0) A1
F=- 4/(/)(t) dt (A.2)
@(1)=0 (A3)

Where a is the contact radius between the indenter and the silicon stomach model, in this study, the indenter size was 1.0 cm?, soa = 4/ (1/n)*10 =
5.64 mm. § is the indentation displacement, h is the gastric wall thickness, E; and v; are the stiffness and the Poisson’s ratio of the gastric wall, F is the
indentation force, and p(t) is the function that related to indenter shape. In this study, the flat-ended cylindrical indenter was used, thus

B(t)=0 (A.4)

Here ¢(t) is an intermediate function related to the stress profile of the indentation, and the kernel K is smooth and defined by:

a a
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Where E; and v, are the stiffness and the Poisson’s ratio of the pressurized gastric content. The function ¢ in Eq. (A.1) can be solved numerically in
MATLAB using the program Fie developed by Atkinson et al. [A2], then the indentation force can be calculated using Eq. (A.2). The indentation force F
at the pressurized state in Eq.(A.2) is a function of the indenter radius a = 5.64 mm, the stiffness and Poisson’s ratios of the gastric wall and the
pressurized gastric content (E; = 30.1 £+ 5.6 kPa, Ez, v; = vz = 0.49), the ultrasound measured gastric wall thickness h, and the indentation
displacement &. They can be expressed by J, as:

F:~]]7(a-,E17E2~,V11V2~,h~,6) (A.10)

For each distension pressure, a, E1, v; and v, are constants, the gastric wall thickness h was measured from the ultrasonic images. Hence, the
pressurized gastric content stiffness E; can be determined using a nonlinear least-squares (Levenberg-Marquardt) minimization of the difference
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between computed and measured indentation force pressures during the indentation displacement. The integral function in Eq.(A.2) was numerically
approximated, i.e., the following objective function was minimized:
S(A)= " [1,(a.E\ Ey,v1,v2,h,8) — F]” = min (A.11)

i=1

where m is the number of data points, J, is the computed indentation force from Eq. (A.2), and F; is the measured indentation force. The unknown
material parameter E; was obtained by fitting the model to the recorded indentation force-displacement curves of the stomach model. As a metric of
the goodness of fit, we computed the root mean square of the fitting error:

A
RMSE = & (A.12)
m
All calculations were optimized using MATLAB subroutines (R2020, Mathworks, USA).
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