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ARTICLE INFO ABSTRACT

Keywords: Background and Objectives: Within the framework of computational biomechanics, finite element models of the
Computational biomechanics: Personalised gastric district could be seen as a potential clinical tool not only to study the effects apported by bariatric surgery,
medicine

but also to compare different surgical techniques such as the new emerging Endoscopic Sleeve Gastroplasty (ESG)
with respect to well-established ones (such as the Laparoscopic Sleeve Gastrectomy, LSG).

Methods: This work realized a fully computational comparison between the outcomes obtained from 10 patient-
specific stomach models, which were used to simulate ESG, and the complementary results obtained from models
representing the post-LSG of the same subjects. Specifically, once the ESG was simulated, a mechanical stimulus
was applied by increasing an intragastric pressure up to a maximum of 5 kPa, in order to replicate the process of
food intake, as well as for post-LSG models.

Results: : Results revealed non negligible differences between the techniques also within the same subject. In
particular, not only LSG could lead to a greater reduction in the stomach volume (about 77 % at baseline, which
is strictly linked to weight loss), but also influence the gastric distension (12 % less than pre-operative models).
On the contrary, if ESG would be performed, a more similar pre-operative mechanical stimulation of the gastric
walls may be seen (difference of about 1 %), thus preserving the mechanosensation, but the detriment of the
volume reduction (about 56 % at baseline, and even decreases with increasing pressure). Moreover, since results
suggested ESG may be more influenced by the pre-operative gastric cavity than LSG, a predictive model was
proposed to support the surgical planning and the estimation of the volume reduction after ESG.

Conclusions: : ESG and LSG have substantial differences in their protocols and post-surgical effects. This work
pointed out that variations between the two procedures may be observed also from a computational point of
view, especially when including patient-specific geometries. These insights support gastric modelling as a
valuable tool to evaluate, design and critically compare emerging bariatric surgical procedures, not only from
empirical aspects and clinical outcomes, but also from a mechanical point of view.

Bariatric surgery
Clinical engineering
Endoscopic sleeve gastroplasty

1. Introduction numerical tools paved the way for the application of computational
techniques to biomechanical problems and novel constitutive laws and

Computational biomechanics combines principles of engineering, codes were developed to describe the mechanical response of soft and
medical science and biology to study the mechanical behaviour of bio- hard tissues [1]. Thanks to Finite Element (FE) analysis, computational
logical systems, proposing an in-silico approach. From 1970, the rapid biomechanics has evolved significantly, spreading its application in a
growth of computational power and the development of advanced variety of clinical fields such as brain [2], heart and cardiovascular
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Fig. 1. Pre-surgical (a) and post-LSG (b) stomach models obtained from MRI segmentation. Example of the sutures pattern obtained by adding to pre-surgical models
the wire features (c). Post-ESG stomach models after the wires’ connector displacements (at 0.5 s of the simulation) (d) and section of the final shape of the post-ESG
models (e). Representation of the boundary conditions (f) and fluid cavity on FE discretized model (g).

medicine [3,4], gastrointestinal [5,6], urinary [7] and musculoskeletal
system [8,9], even at the cellular level [10]. One significant step forward
has been the introduction of patient-specificity in computational
models, by means of the use of medical imaging techniques, such as
computed tomography (CT) [11] and magnetic resonance imaging
(MRI), even supported by machine learning and artificial intelligence to
enhance the accuracy in the model geometry [12,13]. The customisation
provides an accurate representation of individual anatomy and possibly
tissue properties, in order to predict the outcomes of different treatments
and/or guide to the identification of optimal surgical strategies for the
single patient [14-19].

The stomach, coupled with bariatric computational modelling, is an
emerging field of biomechanics that has demonstrated its potential to
deeply analyse several gastric issues, such as gastrooesophageal reflux
disease and the implications/effects reported by bariatric surgery in
terms of stomach mechanical response and gastric wall solicitation
[20-23]. A strong and reliable biomechanical characterisation merged
with FE analysis could be a valuable and powerful clinical tool,
permitting not only a priori evaluation of new surgical procedures and
instruments but also comparing existing bariatric interventions, e.g., the
Endoscopic Sleeve Gastroplasty (ESG) and the Laparoscopic Sleeve
Gastrectomy (LSG), proposing innovative surgical design to avoid
post-surgical side effects.

Gastric restrictive bariatric endoscopy techniques (as ESG) have
gained standing in the arsenal of weight loss therapies because of their
minimally invasive nature, reversibility, and applicability in patients
otherwise ineligible for bariatric surgery, replacing the more dated
laparoscopic procedures (as LSG). Since 2013, ESG has been spreading
thanks to its safety, feasibility, repeatability, and potential for revers-
ibility [24]. The volume of the stomach is potentially reduced up to 70 %
through plication of the greater curvature of the stomach using an
endoscopic suturing device. The outpatient procedure is performed
under general anaesthesia, lasting typically 1 hour, after which
discharge is possible the same day [25]. The basic mechanisms of action
are gastric volume reduction and alteration of gastric peristalsis. It is an
innovative imitation of the LSG, which consists of the same intervention,
but it is performed laparoscopically and involves the removal of the
excessive part of the stomach. For these reasons, the comparison of these
two bariatric techniques is natural. Currently, LSG remains the
most-performed bariatric procedure worldwide with 128,382 in-
terventions (50.2 % of all bariatric procedures), according to Sixth IFSO
Global Registry Report 2021 [26]. Indeed, LSG provides a superior
weight loss, but may significantly affect Quality-of-Life score and result
in worsening of gastrointestinal symptoms including GERD [27]. On the
contrary, ESG has an increased safety at 6-months and 12-month
follow-ups with respect to LSG, and patients reported significantly bet-
ter results in the gastrointestinal symptoms subdomain and a positive
impact on both Quality-of-Life and comorbidities [27,28], confirming
this technique a promising less invasive bariatric endoscopic procedure,
which could lead to greater patient acceptance earlier in their disease or
at a younger age. However, little is known about possible risks of
adverse events after more than two years of follow-up, due to the quite
novel technique and the limited retrospective nature of the studies.

This being the case, a computational approach could help in shed
light on the biomechanics of the stomach in the follow-up of these two
bariatric procedures. In particular, a patient-specific approach for the
gastric modelling could highlight the modification induced by bariatric
surgery on stomach conformation, showing whether the surgery stan-
dardizes the geometry of the stomach or if the latter is linked to the
initial morphology of the organ and/or changes due to eating behav-
iours, comorbidities, etc. of the patient. A recent work showed that the
geometrical conformation of the stomach after LSG (32 Fr guiding tube)
is still affected by high inter-sample variability and the mechanical
behaviour of the stomach and strain distribution of the gastric wall
following a simulated inflation process varied according to the model
[14].

Thus, for the first time, in this paper the outcomes of two bariatric
surgery techniques, LSG and ESG were compared in terms of mechanical
strain reached after both surgeries, referring to the same pre-surgical
patient-specific stomach models. Starting from pre- and post-surgical
models of a cohort of 23 patients with morbid obesity and submitted
to LSG (reported in a previous work [14]), on 10 pre-surgical stomachs
the ESG surgery was computationally simulated, following the specific
procedure usually performs by the surgeon. Then, the results were
analysed with respect to the post-surgical LSG models. The initial vol-
ume of the stomach after LSG and ESG, the pressure-volume behaviour
following the simulation of an inflation process, and the elongation
strain distribution of the gastric wall were used to perform the com-
parison. Finally, a rationale for models prediction after ESG was
proposed.

2. Methods

From the cohort of the 23 patients described in [14,29], a set of 10
pre-surgical models were randomly chosen to simulate the ESG. A
number of 10 patients was considered a representative group for the
topic in order to provide a suitable description of ESG and comparison
with LSG, in agreement with common sample size reported in literature
on patient-specific finite element models (e.g., a sample size of 3 to 7
models [17-19] down to even a single case study [30]).

The procedure to obtain the FE models of the stomachs starting from
Magnetic Resonance Image (MRI) scans was fully reported in a previous
work [14]. It basically consisted of a first manual segmentation of the
organ from the MRIs, followed by the post-processing of the gastric re-
gion to generate a double-layer-thickness virtual solid model composed
of mucosa layer and muscularis stratum. Each layer and gastric region
presented a different constant thickness (0.9 and 1.2 mm in the fundus,
1.2 and 1.5 mm in the corpus, and 0.9 and 1.8 mm in the antrum, for the
submucosa-mucosa and muscularis layer, respectively). Finally, the FE
discretisation was performed with an unstructured mesh by means of
linear hexahedral elements with enhanced hourglass control, resulting
in models of about 175,000 elements and 75,000 nodes. Moreover, to
obtain a suitable description of the gastric wall, the thickness of the two
layers was discretized with at least 3 elements for the
submucosa-mucosa and 3 elements for the muscularis stratum. All the
stomach models were fixed by imposing null displacement and rotation
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Table 1
Constitutive material parameters of stomach regions.
Region Layer C1 o Cy ay Ce ag
[kPa] [-] [kPa] [-] [kPa] [-]
Fundus submucosa-  0.15 1.05 3.30 0.96 3.70 1.11
mucosa
muscolaris 0.15 1.05 5.20 0.68 7.10 0.70
Corpus submucosa- 0.15 1.05 3.00 1.80 3.00 1.68
mucosa
muscolaris 0.15 1.05 10.09 0.24 9.70 0.23
Antrum  submucosa-  0.15 1.05 4.50 0.11 3.00 0.54
mucosa
muscolaris 0.15 1.05 3.01 0.39 4.50 0.54

to the upper and lower extremities of the stomach cavity, which corre-
sponded to the gastroesophageal and gastroduodenal junctions (Fig. 1f).

The ESG simulation was obtained by means of wire features that
simulated the sutures applied during the surgery. In detail, 6-7 pairs of
stitches per stomach depending on the size and organ characteristics of
each patient were applied to reduce gastric capacity, as suggested in
clinical works [31,32]. The sutures were placed in the gastric region of
the corpus, leaving the fundus and antrum regions untouched. All points
of the wires were anchored to the nearest five nodes of the FE model
located in the inner intragastric surface by means of a Multi-Point
Constraint connector. To each wire, a connector displacement was
imposed to collapse the extreme points of the feature to in its middle
point, achieving the final tubular shape of the ESG stomach. A General
Contact (Explicit) was added to prevent interpenetration phenomena
amongst the stomach walls during the closing of the wire elements.

The mechanical behaviour of the stomach tissues was defined by
means of a fibre-reinforced hyperelastic constitutive formulation, which
included the tissue anisotropy and nonlinear elasticity. Both the com-
plete formulation and the procedure for parameters identification
(Table 1) are fully reported in previous work [5], and below the cos-
titutive equations are reported in terms of strain energy function W,
related to ground matrix Wy, and fibre contribution Wy

W(C) = Wy (C) + W (C,do, e) (¢))
Wo(C) = [2—} fexplan (1~ 3)] — 1 @

WO(C.dy,e0) = %{exp[m(h -l —1)—1}

4

+%{CXP[(16(16 —D]—as(ls—1)— 1}

3)

where I is the first of the right Cauchy-Green strain tensor C, dp and eg
define the orientation of collagen (within the connective stratum) or
muscular (within the muscularis externa) fibers, while I, and Is are
structural invariants that specify the square of tissue stretch along

Table 2
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circumferential and longitudinal directions, respectively. Constitutive
parameter C; specifies the tissue initial shear stiffness, while parameter
aj regulates the non-linearity of the shear response. Parameters C4 and
Cg are constants that define the fibers initial stiffness, while a4 and ag
depend on fibers stiffening with stretch.

Hence, to simulate an inflation process mimicking the process of food
ingestion, a fluid cavity interaction was defined in the internal region of
the stomach (Fig. 1g). Each computational analysis was performed by
progressively increasing the intracavity pressure up to 5 kPa during a
step time of 1 s, then exploring the effects in the physiological range 0-4
kPa. For ESG models, the first part (up to 0.5 s) of the simulation was
dedicated to the wire displacement, and the second part (1 s) to the
inflation process, reaching a simulation time of 1.5 s. All the analyses
were performed by means of Abaqus Explicit 2020 (Dassault Systemes).

From the computational simulations, the pressure-volume behaviour
of each model was extracted. The data points were fitted following the
exponential model reported in the Eq. (4), where ps indicates the
pressure vector obtained from the fitting model, V is the vector repre-
senting the inflated volume (it starts from 0 up to 1500 ml to describe the
highest pre-surgical stomach capacities), ap and bpare the fitting pa-
rameters that describe the initial slope and the exponential growth of the
pressure-volume behaviour, respectively.

Prir = ao * (Ebﬂ*v - 1) @
3. Results

The computational results are presented in terms of volumetric ca-
pacity (pressure-volume response) and distension of gastric wall
(elongation stain) for the set of 10 patients on which ESG was simulated
and then compared with the pre-surgical and post-LSG configurations.

3.1. Analysis of the gastric reduction

As reported in the introduction, ESG is an endoscopic bariatric pro-
cedure that ensures an effective stomach capacity reduction by means of
internal sutures, without the removal of gastric tissues, thus contrary to
LSG, it preserves the fundus of the stomach. In Table 2, the comparison
in terms of volume at different intragastric pressures is proposed for pre-
and post-surgical stomach models. On average, ESG recorded a lower
reduction of the baseline volume with respect to LSG (56 % and 77 %,
respectively), results that are almost mirrored when considering the
volumes of inflated stomachs at 4 kPa of intragastric pressure (48 % and
78 %). Significant differences amongst mean volumetric values were
recorded between pre- and post-surgical volumes (pre-surgical stomach
vs LSG stomach p = 0.003 and p = 0.012, pre-surgical stomach vs ESG
stomach p = 0.001 and p = 0.008 at baseline and 4 kPa, respectively).

Fig. 5a proposes the pressure-volume behaviour of the pre-surgical,
post-LSG and post-ESG stomach models, with a confidential interval of
75 %. The high wideness of the pre-surgical band revealed the

Volume comparison in terms of pre- and post-surgical (after simulated ESG and LSG) stomach models at the baseline and at 4 kPa of intragastric pressure.

Patient Baseline pre-surgical Baseline post-ESG Baseline post-LSG Pre-surgical volume at 4 Post-ESG volume at 4 Post-LSG volume at 4
volume [ml] volume [ml] volume [ml] kPa [ml] kPa [ml] kPa [ml]

#A 252.33 111.87 50.19 1265.96 623.38 344.92

#B 327.75 156.81 38.30 2291.39 1309.00 176.90

#C 519.68 196.27 35.28 3400.93 1433.45 216.57

#D 192.47 103.71 56.81 1024.04 708.73 258.83

#E 99.86 45.44 33.89 488.75 302.34 182.08

#F 137.96 63.76 44.71 621.00 342.77 207.26

#G 232.55 108.05 98.36 1250.72 657.20 616.15

#H 112.51 50.23 32.46 691.98 367.10 166.57

#1 112.11 46.24 42.54 551.65 275.88 230.61

#L 130.87 53.38 42.15 500.24 256.40 209.51

Mean 211.8 (+131.2) 93.6 (£51.8) p=10.001  47.5(+19.4)p=0.003 1209 (+948) 628 (£427) p = 0.008 261 (£135) p = 0.012

(&sd)
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Fig. 2. Elongation strain distribution map in pre- and post-surgical stomachs for an intragastric pressure value of 4 kPa.

pronounced inter-stomach variability in terms of mechanical response,
especially for the pre-surgical stomachs and the post-ESG. The pressure-
volume bands slightly overlapped, but with clearly different median
curves, hence the mechanical response after the inflation process can be
considered significantly different amongst the configurations.

3.2. Analysis of the elongation strain

For each of the 10 models, the distribution of ES was exported. The
colormaps of these distributions, referring to the gastric wall during the
inflation process, are reported in Fig. 2 (not in geometrical scale) when
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Fig. 3. Comparison of percentage strain values of pre-surgical, post ESG and post LSG models for 4 kPa pressure.
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Fig. 4. Comparison of average percentage strain values of pre-surgical, post
ESG and post LSG models within the three regions of the stomach (4 kPa of
intragastric pressure).

the models reached an inner intragastric pressure of 4 kPa.

In Fig. 3, a comparison of percentage elongation strain values (ES) of
pre-, post-ESG, and post-LSG models at different intragastric pressures is
reported. Pre-operative models reported an average ES at 4 kPa of
intragastric pressure of 71.0 % =+ 6.2 %, while lower results were ob-
tained for post-ESG (70.0 % =+ 5.3 %) and post-LSG models (62.6 % +
3.4 %). Significant differences resulted between pre-surgical and post-
LSG models (p < 0.0001), similarly to [14], while for ESG models no
statistical difference was observed with respect to pre-surgical ones (p =
0.138).

Details of the ES within the three main regions of the stomach were
also extracted from the computational analyses. On average, for post-
ESG the greater reduction of the ES was recorded in the corpus region,
while post-LSG a general reduction can be observed in both the corpus
and antrum regions. On average, at 4 kPa of intragastric pressure, fundus
ES was 68.8 % + 5.8 % in the pre-operative stomachs, while it reduced
to 66.1 % + 5.6 % after ESG. For the corpus, pre-surgical models re-
ported an average ES of 63.5 % + 6.1 %, while more reduction was
achieved both after LSG and ESG (55.0 % =+ 3.2 % and 57.9 % + 5.0 %
respectively). Finally, the antrum appeared to be the less altered region,
with an average ES of 71.8 % + 6.4 % in the pre-surgical models, 65.3 +
4.0 % in the post-LSG and 70.0 % =+ 6.2 % in the post-ESG (Fig. 4).

3.3. Data prediction

The pressure-volume data obtained from the simulations were fitted
following the exponential model reported in Eq. (4). The fitting pa-
rameters (ap and bg) are reported in Table 4 for all the 10 considered

patients and for the median curve obtained from the computational
analyses (50th percentile) of the three configurations (pre-surgical, post-
LSG, and post-ESG configurations).

From the calculation of the parameters ap and by, a simple predictive
model was developed to forecast the resulting pressure-volume re-
lationships after both LSG and ESG for each patient.

The ratios A;sg, Agsg, Brsg and Bgsg can be calculated as:

. a, g
Afl =275 1<i<10 5)
Ao, PRE
. b(’)
e = e 1<i<10 (6)
bO,PRE
N
Afje =% 1<i< 10 )
Ao PRE
0
Bijo =2 1<i< 10 (8)
bO,PRE

where i identifies the number of the patient, from 1 to 10 (reported in
Table 3). Then the median ratios (Afsg, Afsc, Bisc and Bfsg) can be
obtained as the median of the 10 values for each coefficient.

Then, starting from the pre-surgical pressure-volume behaviour, the
estimated post-surgical curve for each patient could be expressed as:

) . 0 gn
p(LX;G = a(()l.)PRE * Al * (ebo'mwm*v - 1) 9

i - () i
Pg;G = a((;,)FRE % Agsc; % (ebq.pRE*BEsg*v _ 1) 10)

The analysis of the discrepancy between the results obtained through
computational simulations and the predictive model pointed out an
average RMSE of 0.7859 and 0.3614 kPa, for the prediction of LSG and
ESG in terms of pressure-volume behaviour, respectively (Table 5). In
terms of area of the statistical bands, the difference in percentage
recorded amongst the bands calculated through computational pressure-
volume data and predictive models was very low for ESG models (the
predictive model presented a band 0.5 % less wide than the one obtained
with computational results), while the difference was more marked
when LSG models were considered. Indeed, the area of the statistical
LSG band was 127 % wider than the one obtained from pressure-volume
data of LSG simulations.
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Computational measured elongation strain values for each patient, differentiated in stomach region at an intragastric pressure of 4 kPa.

Patient  Gastric Strain mode of pre- Strain mode of post- Strain mode of post- % Elements respect to the whole model % Elements respect to the whole
Region surgical stomachs [-] ESG stomachs [-] LSG stomachs [-] (for pre-surgical and post-ESG models) model (for post-LSG models)
Fundus 0.61 0.64 - 31.3% -

#A Corpus 0.54 0.48 0.59 53.2 % 45.4 %
Antrum  0.68 0.57 0.65 15.5 % 54.6 %
Fundus 0.82 0.70 - 29 % -

#B Corpus 0.55 0.57 0.46 48.3 % 67.5 %
Antrum  0.77 0.88 0.59 22.7 % 32.5%
Fundus 0.79 0.71 - 18.1 % -

#C Corpus 0.75 0.55 0.45 56.7 % 51.9%
Antrum  0.78 0.71 0.60 25.2 % 48.1 %
Fundus 0.57 0.58 - 26.1 % -

#D Corpus 0.58 0.60 0.40 46.1 % 70.5 %
Antrum  0.67 0.71 0.60 27.8 % 29.5 %
Fundus 0.53 0.50 - 31 % -

#E Corpus 0.64 0.42 0.43 41.9 % 62 %
Antrum  0.59 0.57 0.60 27.1 % 38 %
Fundus 0.51 0.55 - 27.1 % -

#F Corpus 0.57 0.50 0.41 49.9 % 68.4 %
Antrum  0.67 0.65 0.56 23 % 31.6 %
Fundus 0.68 0.56 - 20.4 % -

#G Corpus 0.59 0.51 0.55 57.5% 59 %
Antrum  0.65 0.69 0.69 22.1 % 41 %
Fundus 0.64 0.63 - 23.3 % -

#H Corpus 0.60 0.51 0.37 43.3 % 56.8 %
Antrum 0.71 0.71 0.55 33.4% 43.2%
Fundus 0.52 0.69 - 26.3 % -

#1 Corpus 0.49 0.47 0.49 53.2 % 69.3 %
Antrum 0.72 0.63 0.51 20.5% 30.7 %
Fundus 0.53 0.46 - 21.8 % -

#L Corpus 0.50 0.69 0.50 58.6 % 58 %
Antrum  0.57 0.56 0.59 19.6 % 42 %

4. Discussion

Computational biomechanics has been gaining credibility as a
valuable tool to analyse the biological mechanical response of both
tissues and organs, and the changes induced by pathologies, medical
treatments and surgery. Mechanical stimuli are crucial in regulating
normal activities and processes such as tissue remodelling, regeneration
or disease, thus their alteration could lead to spoiled organs behaviour
and functions.

Concerning the gastrointestinal system, gastric mechano-solicitation
is pivotal in the regulation of both satiation during food intake and post-
prandial satiety. Several authors demonstrated that distension of the
stomach triggers the activation of mechanosensitive receptors that, in
turn, relay satiating information to the brain [33,34]. In bariatric sur-
gery, satiety assumes a crucial role in the loosening of short-term weight
and in its long-term maintenance, hence proper gastric stimulation is
desirable together with a reduction in gastric capacity. However, the
quantification of the gastric wall elongation is quite challenging to
collect both in vivo and ex vivo. Therefore, in silico models can be a
useful tool for quantifying gastric wall stimulation and forecasting
post-surgical gastric capacity and strain distribution, especially when
referring to patient-specific models.

The computational analyses showed that, for the same patient, LSG
and ESG resulted in two different mechanical responses. From Fig. 3 and
Table 3, a statistically significant reduction in the elongation strain is
shown after LSG, while no differences were observed after ESG when
considering the total ES for the models. Contour plots of the stomachs
revealed how ESG seemed to recreate the original elongation field along
the stomach, with fewer alterations with respect to LSG (Fig. 2). For
what concerns the gastric reduction (Table 2), both post-LSG and post-
ESG configurations showed a significant volume reduction with
respect to the pre-surgical stomach, both at baseline and at 4 kPa, which
is supported also by clinical studies [27]. The decreased gastric capacity
can be observed also in the pressure-volume curves in Fig. 5.

These results can be traced back to the fact that between LSG and

ESG subsists a fundamental difference in the surgical method: LSG and
ESG provide a strong capacity reduction of gastric volume, but only LSG
implies the almost total removal of the fundus, which is totally preserved
after ESG. Moreover, ESG modifies the final stomach configuration only
by means of sutures. This affects greatly the final ES pattern, and hence
the gastric wall solicitation [35,36]. In fact, the fundus is the softest
region of the stomach and acts as a reservoir [5] for these reasons its
presence or lack leads to different pressure-volume behaviour and ES
values in the post-surgical stomach configurations. The presence of
fundus led to more adherence to the pre-surgical configuration in terms
of strain distribution, detectable in post-ESG results (Figs. 2 and 4).
However, the presence of sutures added several constraints in the
corpus, resulting in a stiffer region with a limited extension of the wall.
This condition is evident in Fig. 3 and Table 4, where for post-ESG
models, the corpus reported the greatest reduction in the ES when
comparing with the pre-surgical models, with respect to the other re-
gions (about 90 % of the pre-surgical ES). On the other hand, the lower
values in post-LSG models were caused by a series of linked factors, such
as the lack of the fundus, the strong tubulisation of the stomach and the
consequent decreased in wall tension (Laplace’s law).

All these mechanical insights could be useful to understand and
prevent many post-operative drawbacks, especially in the long term, as
food intolerance and post-operative vomiting after food intake, which
are still present at 5 years follow-up [37]. Patient-specific computational
clinical tools can address the improper solicitation of the gastric wall
due to the modified stomach division in regions and stiffness, through
simulating different suture patterns, after-surgical geometrical anatomy
and final volumetric capacity, thus identifying the optimal
patient-specific surgery design.

Thanks to the predictive model, this study also highlighted an
important aspect strictly connected to the surgical procedure. From post-
LSG, the resulting variability amongst the models is significantly limited
(Fig. 5a), due to the standardisation induced by using a single guide-line
tube. On the contrary, pre-operative and post-ESG models resulted in a
similar variability, which could be attributed to both the patient- and



L. Toniolo et al.

(9]

n

from FE models:
—median pre-surg. curve
[—_Jpre-surg. band

median post-ESG curve
[_Jpost-ESG band
median post-LSG curve

intragstric pressure [kPa]
(¥8]

[_Jpost-1.SG band
O 500 1000 1500
inflated volume [ml] (a)

Computer Methods and Programs in Biomedicine 243 (2024) 107889

from predictive model:

——median pre-surg. curve
[—_Jpre-surg. band

median post-ESG curve |+
[—__Jpost-ESG band
—— median post-LSG curve
[ Jpost-LSG band

500 1000
inflated volume [ml]

intragstric pressure [kPa]

1500
(b)

intragstric pressure [kPa]

300

patient F

pre-surg. curve

©  predicted post-ESG curve
————— post-ESG curve

#  predicted post-LSG curve

— = = post-LSG curve

400 500 600 700

inflated volume [ml] ()

Fig. 5. Pressure-volume behaviour in terms of statistical bands (75 % C.1.) of pre-surgical and post-ESG and post-LSG stomach models obtained from the compu-
tational results (a) and with the predictive model Eq. (9) and (10) (b). Comparison between computational results and predictive model for a single patient (#F) (c).

Table 4

Parameters of the model fitting for the pressure-volume curves of pre-surgical, post-LSG and post-ESG stomach models. The ratio is intended as the ratio between the
parameter of the post-surgical model (post-LSG and post-ESG) and the corresponding parameter of pre-surgical one.

Patient QopRE borre AorsG borse QoEsG borsc Arsg Bisc Ags Bgse

#A 0.4053 0.0019 1.3590 0.0039 0.5092 0.0034 3.3531 2.0526 1.2564 1.7895
#B 0.5560 0.0009 0.3853 0.0137 1.4477 0.0010 0.6930 14.9531 2.6038 1.0915
#C 0.4634 0.0007 2.1800 0.0047 0.3871 0.0017 4.7044 7.0518 0.8353 2.5506
#D 0.3657 0.0024 0.0855 0.0154 0.7055 0.0026 0.2338 6.4167 1.9292 1.0833
#E 0.2472 0.0058 1.3034 0.0077 0.5403 0.0069 5.2727 1.3276 2.1857 1.1897
#F 0.1971 0.0050 1.3244 0.0066 0.3511 0.0072 6.7194 1.3200 1.7813 1.4400
#G 0.6286 0.0016 1.3690 0.0022 0.6448 0.0029 2.1779 1.3836 1.0258 1.8297
#H 1.2526 0.0021 2.0325 0.0064 1.6864 0.0032 1.6226 3.0476 1.3463 1.5238
#1 0.3215 0.0047 1.3420 0.0059 0.3496 0.0090 4.1742 1.2553 1.2564 1.7895
#L 0.1032 0.0071 1.1357 0.0071 0.1117 0.0141 11.0048 1.0000 2.6038 1.0915
Median curve (50th percentile) 0.7706 0.0022 1.3974 0.0063 0.9112 0.0035 1.8134 2.8636 1.1825 1.5909

surgeon/operator dependence. Within this work, all the post-ESG
models were realized by the same operator, but even removing this
variable, the patient-dependant stomach anatomy seemed to be the most
influencing factor. ESG reduces the final volume of the stomach, but
there is no unique standardised procedure, thus the number of stitches,
their position and realization could differ from patient to patient. In
addition, all the stomachs after LSG should be close to the guide-line

tube, thus the percentage of volume reduction between the patients
could be different, while for ESG, the percentage of reduction can be
similar, but the final volumes could still differ significantly amongst the
patients.

Indeed, the predictive model forecasted the post-ESG population,
with almost the same confidence intervals and lower RMSE values, while
overestimated the post-LSG ones, suggesting that the predictive model
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Table 5

Root mean square error (RMSE) between the pressure-volume curve obtained
through computational models and the predicted pressure-volume curves ob-
tained through Eq. (9) and (10).

Patients ~ RMSE between LSG and forecastof =~ RMSE between ESG and forecast of
LSG for pressure-volume curve ESG for pressure-volume curve
[kPa] [kPa]

#A 0.0069 0.4542

#B 1.5576 0.0511

#C 2.1117 0.7586

#D 0.0049 0.5416

#E 0.7437 0.1856

#F 0.4060 0.1750

#G 1.3886 0.1926

#H 0.0137 0.0761

#1 1.0574 0.4990

#L, 0.5676 0.6800

Mean 0.7859 0.3614

could be a quite simple but effective tool to predict post-operative out-
comes when the final result is strongly dependant on the initial config-
uration rather than forced by the surgical technique (Figs. 5b and 5c¢).

Being a computational evaluation, this work presents also some
limitations that must be considered, due to the high complexity of the
problem. These limitations could be seen in the material parameters that
describe the mechanical behaviour of the gastric regions (that were
obtained on the entire gastric tissues and not on single layers), the
boundary conditions that where applied to the gastroesophageal and
gastroduodenal junctions, the adoption of a constant intragastric pres-
sure instead of a variable (more physiological) one, the neglect of gastric
emptying and the lack of the surrounding organs which could lead to an
overestimation of the final volume of the inflated stomach.

However, even if with these simplifications, the reported computa-
tional approach has been validated thanks to experimental comparison
with clinical data in a previous work by the authors [14], thus sup-
porting both the adopted assumptions and the results obtained within
this work.

5. Conclusions

LSG is the most popular bariatric surgery, providing effective weight
loss and comorbidity improvement, but also with non-negligible side
effects. With the progress of technology, less invasive endoscopic al-
ternatives such as ESG have been proposed, whose initial purpose is to
obtain the same results in terms of efficacy together with fewer
complications.

Within this framework, this work reported for the first time the
computational evaluation and comparison of both techniques with a
patient-specific approach, which resulted in different behaviour of the
stomach in the post-operative condition, depending on the surgery and
the stomach conformation. From the one hand, LSG could provide the
patient with a greater reduction in the stomach volume, which would
result in consequent rapid weight loss and improvement of comorbid-
ities also in the short term. However, mechanical strains of the gastric
cavity would result in an alteration of the satiety process. On the other
hand, within the same patient, ESG would replicate a more similar pre-
operative situation, in which the gastric wall distension should be
almost unaltered and thus the mechanosensation and the regulation of
satiation. ESG has been demonstrated to be applicable to every class of
obesity; thus in patients declining or unsuitable for surgery, ESG could
be considered as an alternative treatment option, revealing its potential
for a wide field of application. In addition, the predictive model pro-
posed in this work could support the surgical planning and the estima-
tion of the volume reduction after ESG.
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