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MODELLING VASCULAR TONE REGULATION: AN INTEGRATIVE
APPROACH FROM MOLECULAR TO SYSTEMIC LEVEL

Michele Marino (1), Bastien Sauty (1,2), Giuseppe Vairo (1)

1. University of Rome Tor Vergata, Italy; 2. Mines Saint Etienne, France

Introduction

The physiological behaviouof the cardiovascular
systemis highly affectedby the mechanicatesponsef
arterial segments, that is in turn dependent from both
tissue histological architecture and the contractile tone
of smooth muscle cells. The former depends mainly on
the differext amount and arrangement of constituents
(mainly, elastin anccollagen fibers)while the latteron
chemical drivers of vasoactivitysuch as nitric oxide
(NO) and reactive oxygen species (e.g., ROS and PN).
Moreover, arterial segments undergo a continuous
remodelling, that is changes in their structure (e.g.,
thickening, stiffening, or narrowing). Remodelling is
driven by biochemicalpathways (involving growth
factors i GFs i and enzymes such as matrix
metalloproteinases MMPs) thatareactivatedvhenthe
mechanical state (i.e., stresses and/or strains) is non
homeostatic, [1,2]. When remodelling is dysfunctional,
pathologies, like laronic hypertension, develop.

It is also noteworthy that the problem is highly
multiscale since global hemodynamic conditions (e.g.,
heart rates, resistance of downstream vasculature)
highly affect local flow conditions, and hence the local
pressure fieldand the internal stresses affecting
biochemical pathways and remodelling. Detailed high
dimensionamodels(2D or 3D) cangenerallybeusedto
simulate local hemodynamics of specific arterial sites,
while the whole arterial tree is generally described
through low dimensional descriptions (i.e., lumped 1D
approaches).

Methods

This work presents a comprehensive msdiale and
multi-field computationaframeworkthataccountdor:

i) a lumped 1D description of the macroscale arterial
tree; ii) a continuum 3Dnodel at the microscale of the
local chememechanebiological response of arterial
tissues (accounting for passive and active tissue
behavior); iii) biochemicatlependent vasoconstriction
and vasodilatiorfthe NOROSPN biochemical chain),
andbiochemicaldependentissueremodeling(the GFs
MMPs biochemical chain). Simulations from 3D
chememechanebiological models drive  how
parametersf thelumpeddescriptiorvary asfunctionof
segment dilation, as well as tissue histology and
vasoconstriction. An illustrative representation of the
proposed methodology is reported in Fig. 1a.

Results

The applicative case study investigates the relationship
between arterial vasodilation and vasoconstriction with
physical exercise. Figure 1b shows the shortterm
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response of the arterial system during and after 1 hour
exercise. The model predicts a release of vasodilatators
(NO), a decrease of vasoconstrictors (ROS), and a
hemodynamic response leading to the maintenance of
guasihomeostatic shear stresses on endothelial cells in
the intima.

The obtained numerical results are consistent with
available experimental data for meal and
spontaneously hypertensive phenomena.
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Figure 1: (a) Multiscale and chemmechanebiology

rationale. (b) Arterial shorterm active response
predictedbythemodel:vasodilationduring Lh exercise.

Conclusions and Future studies

On-going studies are addressing the coupling of the
framework with growth and remodeling mechanisms
[3], and the reproduction of animal studies [4].
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3. Gierigetal.,Comp.MedBiol, doi: 10.1016/j.compbiomed.
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VASCULAR WALL VIBRATIONS IN THE ARTERIOVENOUS FISTULA: A
NOVEL MECHANOBIOLOGICAL STIMULUS?

Michela Bozzetto (1), Luca Soliveri (1), Andrea Remuzzi (2), Kristian Valen-Sendstad (3)

1. Istituto di Ricerche Farmacologiche Mario Negri IRCCS, Bergamo, Italy;
2. University of Bergamo, Dalmine, Italy; 3. Simula Research Laboratory, Oslo, Norway.

Background

Native arteriovenous fistula (AVF) is the preferred
vascular access for haemodialysis, but it still has high
failure rates due to stenosis formation [1]. We recently
demonstrated that AVFs harbor transitional flows [2]
and the goal of the present study wasinvestigate
whether these hemodynamic conditions could promote
aberrant mechanical stresses within the vascular wall.

Materials and Methods

We generated a 3D patiespecific model starting
from noncontrast enhanced fast spin echo magnetic
resonance images acquired at 3 days after radio
cephalic AVFsurgeryin a 72year patient. Arexternal
layer with constant thickness of 0.3 mm was added to
the AVFto includethe vasculawall, that wasmodeled
using thregerm compressible MooneRivlin. Robin
boundary condition were used to represent the
viscoelatic behavior of the surrounding tissues. We
imposed pulsatile blood flow waveforms derived from
US examination at the proximal and distal artery
(Figure 1).
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Figure 1: Patientspecific AVF model and velocity and
pressure boundary conditions.

A validated and formally 2¢ order accurate fluid
structureinteraction solver [3flevelopedupon FEnIiCS
Finite Element Model library was used to solve for
wall deformation and flow field.

Results

High-fidelity fluid structure interaction simulations
revealed the presence of wall vibrations up to 150 Hz
and with amplitude of about 10 microns (Figure 2).
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Figure 2: Spectrogram of the wall displacement in the
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Interestingly, the vibrations were predominant at the
anastomosisfloor and on the inner venous side,
locationsthat correlatewith regionswhere stenosis
typically developsKigure 3.
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Figure 3: High amplitude vibrations phenotypically
collocate with typical stenosis locations.

Typicabtenosis
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Conclusion

The same location of vascular wall vibrations and

stenosis may suggest an unknown mechanobiological
process linking higHirequency mechanical stresses

within the wvascular wall and adverse vascular
remodellingremodeling.

References
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MICROMECHANICAL CHARACTERIZATION OF BOVINE PERICARDIUM FOR
CARDIAC IMPLANTS

Marta Tosini (1), Andrea T. Lugas (1), Mark Pace Floridia (2), Mauro Ferraro (2), Alberto L. Audenino (1), Diana
Massai (1), Umberto Mobiducci (1), Gianpaolo Serino (1)

1. Polito®°Med Lab and Department of Mechanical and Aerospace Engineering, Politecnico di Torino, Italy.
2. Epygon ltalie S.r.l., Colleretto Giacosa (TO), Italy

Introduction

Biological materials are largely adopted for the
fabricationof bioprostheticheartvalves(BHVs). BHVs
currently available on the market are fabricated using
porcine aortic valves, sheets of porcine (PP) or bovine
pericardium (BP). BP is an extremely heterogeneous
soft tissue, and the process of characterization of its
mechanical properties hastyet beerdefinedthrough

a standard protocol [1]. This lack of standardization
hampers the optimization of the BHVs manufacturing
process, causing a large waste of processed BP. Thus,
the identification of tools to test affordably the
mechanical behder of BP samples for BHVs
fabrication has become essential. In this context,
nanoindentation is one of timeost effective techniques
for an indepth characterization of the mechanical
response of heterogeneous soft tissues like BP. In a
wider  perspective, integrating nanoindentation
measurements with scanning electron microscopy
(SEM) analysiscouldallow to link thelocal mechanical
responsef thetissueto its microstructureln this study,

the local BP mechanical properties were characterized
by nanoirdentationwith thefinal aim of establishingan
affordable pass/fail criterion of BP patches for BHVs
fabrication before their treatment and usage.

Materials and Methods

The samples were cut from a BP patch (provided by
Epygon lItalie S.r.l) and their thickness was measured
with adigital caliper(0.51+0.01mm). Stresgelaxation
tests(PiumananoindenterQptics11)wereperformedn

wet conditions, at 37 °C, controllindhé indentation
depth (4G). After contact
aloadingphasewhereti = 2500nmwasreachedn 1 s.
Then,thesetliwasheldconstanfor 8 swhile recording

the load, after which the probe was retracted from the
sample. Foreach sample, two matrices of 10x10
indentationgwith a distancestepsizeequalto 500 um)
were recorded. The two matrices were spatially
overlapped of 250 pum both in the horizontal (x) and
vertical(y) direction.Theloadingphase®f theacquired
curves were analyzed applying the Hertz model to
obtainthelocal EffectiveModulus(Ee#), thusestimating

the elastic properties of the samples. Data recorded
duringtheholdingphaseof thetestsallowedto estimate

the local timedependent response of tB® samples.
The indentation curves were analyzed by applying the
Pronyserieq?2], obtainingtherelaxationmodulus from
whichtheinstantaneou&(t=0) andequilibriumG( t = D)
moduliwerecalculated.Thethesamplesvereanalyzed
through a scanning electranicroscope.

5.
3

Results
A representative relaxation curve is showed in Fig.1A,
wherethe modelfits the experimentatiata.An example
of Eex distribution on a BP sample is presented in Fig.
1B: theEes value varies locally in the range- 76 kPa,
with anaveragevalueequalto 20.21(+ 12.16)kPa.The
dispersiorof the estimated/aluesof theelasticmodulus
Eerr and of the relaxation moduli are presented in Fig.
1C.Averagevaluesof G(0)andG ( Bwvgre38.3(x 23.5)
kPa and 33.6 (x 21.8) kPa, respectively, indicating a
reductionof 4.73(+ 3.26)kPa.Figure1D showsa SEM
image of the tested sample.
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Discussion
Combining the nanoindentation map and the surface

d rearpeatogyi ab thenicrasaale, the greppsed appraagh t

allowed a proper mapping of the mechanical properties
of arepresentativ8P sample The BP samplebehavior

is affectedby viscousphenomendFig. 1A); indeed the
viscoelastic properties are subjected to a reduction of
about13%,0naverageThecomparisorof Ee, G(0)and

G ( Bndicates that the analysis of the recorded curves
performed adopting the Hertz Model, i.e., without
consideringheviscouseffects,couldintroduceerrorsin

the evaluation of the elastic properties of a BP sample.
Furthermorethe high variability of theresults(Fig. 1C)

is reasonablén relationto thepronouncedheterogeneity

of the sample, which is also evident at the microscale
(Fig. 1D). As a matter of fact, it appears that there is a
correlation between the clear spots in the SEM image
and the higheEs values in the nanoindentation map.

References
1. Stiegimeieetal,JMechBehBiomedMat,119,104432021
2. Matticeetal, JMaterRes21(8),20032010,2006
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IN SILICO EVALUATION OF THE LATERAL TRANSMISSION
OF MUSCLE CONTRACTION FORCE

Silvia Spadoni (1), Lorenzo Marcucci (2), Silvia Todros (1), Carlo Reggiani (2), Piero G. Pavan (1,3)
(1) Department of Industrial Engineering, University of Padova, Italy; (2) Department of Biomedical Science,
University of Padova, Italy; (3) Fondazione Istituto di Ricerca Pediatrica Citta della Speranza, Padova, Italy

Introduction

Aging represents a physiological condition that is
usually associated with the reduction of muscle mass
and performance. It has been hypothesized that the
decline of contractioncapability is due also to the
impaired ability of a muscle to laterally transmit the
generatedorce. Thismaybecausedy alterationf the
extracellular matrix (ECM).

The ECM contribution in the lateral transmission of
contraction force is hereassessed by a numerical
approach based on the Finite Element Method (FEM),
also considering the effects of aging.

Methods

Geometric and mechanical properties of ECM at the
level of muscle bundles have been deduced from
biopsies ofvastus lateralis in yogn(mean age 2{.0.)

and elderly (mean age 67 y.0.) subjects [1].

ECM

fibers

(c)

(b)

Figure 1: Transverse section of a biopsy sample with
ECM outlined in red among muscle fibers (a);
Transverse section (b) and 3D view (c) of a simplified
geometricreconstruction of a muse bundle composed
of fibers (blue) and ECM (red).

Starting from experimental data, different FE models
were built for young and elderly subjects to simulate
musclebundlesormedby few fibersconnectedhrough
theECM (Fig.1). To describethe contractilebehaviorof
muscle fibers, théhree element Hill based formulation
developedy Marcuccietal. wasadopted?2]. TheECM
mechanicabehaviorwasdescribedhroughanisotropic
hyperelastic netiookean constitutive model.

Different numerical aalyses were carried out
replicating at the scale of a bundle the experimental
protocols developed by Huijing et al. [3] and
Ramaswamy et al. [4] on whole muscles. These
protocols were aimed at assessing the persistence of
contraction force transmission foling thecut of one

or more muscular fibers.

Results and discussion

Theresultsof the analyseseferringto the experimental
tests performed by Ramaswamy et al. [4] are reported
below.In this simulatedexperimentthebundleis fixed

A

attheproximalsideandin anintermediatesectionusing

a yoke apparatus (Fig. 2). The fibers are activated, and
the amount of contraction force transmitted at the
proximal side is evaluated.

—, fixed :
: Displacement
proximal
(um)

side +0.16
--11.34

-22.84

-34.34

-45.84

-57.34

-68.84

free distal
side

L Qortening

Figure 2: Contour of the longitudinal displacement (z
direction) for the numerical simulation of the yoke
apparatus test

By comparing the results obtained with the FE models
for young and elderly subjects, a different drop in the
transmitted force is observed, with a higher reduction
for the elderly group. The difference is consistent with
the maps of the forekength function (Fig. 3), showing
that the region of fibers with active stress much lower
than the maximum isometric value (<0.8) is more
extendedn thecaseof elderlythanin the caseof young
bundles. This can be explained by the lower shear
stiffness of ECM for elderlypundles, alsoelated toits
higher thickness.

Force-length
function
1.11

0.98
0.95
0.92
0.88
0.85
0.80

Figure 3: force-lengthfunctionfor young(a) andelderly
(b) subjects.The values less than or equal to 0r8 a
colored in dark blue.
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OPTIMIZATION OF PHOTOTHERMAL LASER ABLATION USING AN
EXPERIMENTAL-NUMERICAL APPROACH ON AGAROSE PHANTOM

Federica Bianconi (1), Elena De Vita (2), Daniela Lo Presti (1), Carlo Massaroni (1), Daniele Bianchi
(1), Agostino ladicicco (2), Stefania Campopiano (2), Emiliano Schena (1), Alessio Gizzi (1)

1. University Campus Bio-Medico of Rome, Italy; 2. University of Naplesii Par t h dtalyo pe o,

Introduction spectively. 6,-] = ‘& (9) is thesourcetermdueto pho
ton absorptionIn theEqg.2 anadditiontermoy, s should
be considered to model del PTT of an aga/sshPs
phantom [3].

Canceiis oneof theleadingcause®f deathworldwide.
Photothermatherapy(PTT) with laserenergy isa min-
imally invasive cuttingedge technique for cancer-re
moval. Gold nanoparticles (AuNPs) could be injected
into thetumorregionto enhancehe treatmentfficacy, Results

preserving surrounding healthy tissue [1]. Fiber Bragg  Temperature profiles over time of six FBGs closest to
Grating (FBG) technology is an invasive thermometry  thelaserapplicatorduringlaserablationaredisplayedn

techniquepsefulto mapthematerialtemperaturelistri- Figure 1 (B). The measured «
bution[2] accuratelyln vitro verificationandvalidation FBG placements. Temperature progressively decreases

are requird to assess the effectiveness of PTT [3]. The  startingfrom thelasertip. A parametricstudyfor mate

presenwork focuseson novelagarosebasedphantoms rial characterization allowed us to obtaiell-approxi

andFBG configurationgo quantifytemperature@rofiles mated simulated profiles (dotted lines) with respect to

under PTT procedure. Concurrently, computational the experimental data (solid lines). Nevertheless, the
modeling was implemented to optimize the procedure  simulatedemperatur®ef A4, A6, C4,andD4 areunder

and conduct predictive analysis in a combined experi  estimated. Figuré (A) highlights the lasebeam shape
mentatnumerical approach. and the relative mitions of the FBGs considered.

Methods g— — TrEC 40

The PTT experimental sefp of agarose phantom-in
volves a 3D custom box in polylactic (PLA) to control
the FBG arrangement and theproducibility ofthe ex
perimentsTheNIR laserradiation(wavelengtre-= 1 0 6 4 .~ [
nm) was delivered via a quartz optical fiber and 4 FBG = - 0%

arrayswereembeddedh thephantomThealdationpro- \ « % B ’ ?i(r)ne [s] "
cedure was performed with a laser power of 3 W for 2 [ 0\\\ R A, A B.C, D tperimenii
. R ' o D4 N5 Ne Bs 4 P4

minutesanda totalamountof 20 acquisitionswvere cot — o [ e i
|l ected. For each ex329f0) ment ,‘i t he T (Wi th T
trendsestimatedy the 34 FBGswereanalyzedandpro- Figure 1: (A) Central slice of temperature distribution
cessedin MATLAB®. The computational model was in computational domain. Color cubes indicate the six
implemented in COMSOL Multiphysi@sconsidering FBGs . dvaudtiongf§Six FBGs. Average tempera
two coupledmodels [4]:the Optical Diffusion Approx ture (solid line) and variability bands (shadowed
imation (ODA) (Eq. 1) to replicatethelaserlight propa bands)Dotted linesndicatet h e sinoplBted profiles.
gation and Pennes6 bioheat equation (Eq. 2) to recon
struct the agarose temperature dynamics: Discussion

’OT 2 (Q) e (@) = (6 1) Suitablemodelingallowsusto controlthe experimental

T & W AT AR setup and predict the current temperature distribution.
LY B Experimental and simulatecath could be combined to
" e—=1t[ QY+ 0y () refinethe computationamodel.Furthermorea material

ro experimentatharacterizatiorould affectthe preferen
In Eqg. 1,- (&) is the light fluence rate, (&) the light tial propagation direction of the laser beam. A foHow
source,the tissuediffusion coefficientO= 1/3 (* &+ up studyof agarosdaserablationmediatedvith AUNPs
* @ strongly depends on optical propertieg; absorp is proposed in parallel with a proper fiened model,
tion coefficient and = (1 "Q‘ {, reduced scattering including the AuNPs contribution.

coefficient,"Qis the tissue anisotropy factor ahd the

scattering coefficient. The laser lateral spread was ap  References

proximatedby a bidimensionalGaussiardistributionap-

plied to the bottomlaserapplicatorsurfaceIn Eq.2, Y 1. X. Huangetal, Jof AdvancedResearch]:13-28,2010.
is the agarose temperatufe,dand Qare the density, 2. L. Bianchietal, IEEESensJ, 22(12):1129711306,2021.

specific heatand thermal conductivity of agarosefe- 3. E.Campagnoletal, Int JHeatTechn38(3):583589,2020.
4. F.J.Reynoscetal, Med Phy,40(7), 2015.
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IN-SILICO MODELING OF TUNABLE VISCOELASTIC HYDROGELS FOR
THE STUDY OF CELL MECHANOTRANSDUCTION

Nicole Guazzelli (1), Ludovica Cacopardo (1), Arti Ahluwalia (1)
1. University of Pisa

Introduction (fig.1D), while the 40 mg/mL dextran gels induce the
YAP translocationnto the nuclei ag the case of TCP
controls(fig. 1E).

Predictinghydrogelmechanicabehaviouiis essentiato
precisely control and guide cell behaviour [1]. Since
hydrogelviscoelastidehaviouiis stronglyrelatedto the
interaction of liquid molecules with the solid network,
different mathematical models have been proposed to
simulate transponphenomena in gels, but they present
limitations such as the lack of correlation with gel
viscoelastigropertied2]. Herewe proposeanin-silico
model to predict hydrogel viscoelastic behaviour
resulting from tuning liquid phase viscosity [3]. The
compuational tool wasisedto designthe experimental 5 5000

set up for the study of adipose derived mesenchymal | [ 4‘,(,(,*% ot i -

-6 - Experimental

stem cells (ADSC) mechanotransduction in response B _

different viscoelastic stimuli. In particular, we focused = | e & 0

on the definition of hydrogels with a relaxatidgime & e % % 2000

( &) shorter than the time required for the formation of ! o0l

cells focal adhesiong#® [p v i) @] =

Methods B)lo mDewanzlonm‘lem 4 C) 3 l[’DextI'iml{)mgfmum 40

5 mg/mL agarose hydrogels were fabricated with
differentdextranconcentration#n theliquid phase(20,

30, 40 mg/mL) and modelled oklatlab 2022a as a
homogeneous porous system. Dextran was considered
as a spherical agglomerate linked to the water
molecules. The liquid phase movement in the porous
matrix was described using the reactdiffusion
equation (1), introducing an apparent ffion

coefficient Dyp (2) which adapts the EinsteBtokes E)

coefficient D through additional coefficients, which Figure 1. A)mSLS SiamuG) &nok diagr
considergheobstaclémposedby theporousmatrixand dextranagarose hydrogels. Confocal images of YAP (red)

the correlation between diffusive and mechanical localizationin ADSConagarose20 mg/mLdextranhydrogels

properties through the average mesh sigg. A (D) andon TCPcontrol (E) (greenactina, blue-nuclei).

modified Maxwell Standard Linear Solid (mSLS) Discussion

e s v e Somesywere Cellets Sowed hat ADSA gl dean < 40
X q mg/mL preserve their stemness, while 40 mg/mL

ngﬁmﬁ n dg'tr;u“ggtgllqgééA) ff:)nmd ufﬁ: t%;gr(t)hgil dextran gels induce ADSC adipogenic differentiation,
and in t h& Hy ADSE praduced céldiim

mechanical characterisation using the epsilon dot depositcompatiblewith the osteogenic ifferentiation
method, deriving the instantaneous and equilibrium P P 9 '

elastic modulus (& ,  aen[d]. ABSC (50.000 Conclusion

cell/cn?) were cultured for 7daysonthe hydrogelsand The presented computational framework resulted
ontissuecultureplates(TCP)ascontrol,coatedwith 50 effective in predicting gel mechanical behaviour,
mg/mL gelatin.YAP, lipidic andcalciumdepositswere providing a useful tool for the identification of the
labelledrespectivelythanksto immunostainingQil Red substratewith (o< k. Simulationswith othermaterials

O and Alizarin Red. Confocal artufight field image combinationsare ongoingo prove the versatilitpf the
analysis was used to quantitiyeir distribution. in silico tool for thedesignof hydrogelsfor regenerative
Results medicine applications and advanceeitto models.

Figs.1B1C show a good correlation between References

experimental and computational data. Moreover, they 1. Cacopardetal., TissueEng.PartB: Rev.,28:4,2022
also suggest that dextran mainly affect gel viscous 2. Caccaveetal.,, Chem.Soc.Rev.,47:2357-2373,2018
PTr Op e ki mansinirg @constant Eeq. Cell tests 3. Campbelletal., ACSBiomat.S. Eng6:308i 319,2020
showed that YAP is localised in the cytoplasm in the

caseof 20 and 30 mg/mL dextranagarosesubstrates
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ENDOTHELIAL CELLS EXPOSURE TO MECHANICAL VIBRATIONS

Sofia Poloni (1), Elena Carrara (2), Chiara Emma Campiglio (3), Elisa Riceputi (1),
Michela Bozzetto (2), Andrea Remuzzi (3)

1. Department of Engineering and Applied Sciences, University of Bergamo, Dalmine, Italy; 2. Department of
Biomedical Engineering, Istituto di Ricerche Farmacologiche Mario Negri IRCCS, Bergamo, Italy; 3.
Department of Management, Information and Production Engineering, University of Bergamo, Dalmine, Italy

Introduction

The mechanobiology of vascular cells plays a key role
in vascular remodellig [1] and evidence showed that
turbulent hemodynamics influence endothelial cells
(ECs) functions in vitro [2]. Recent numerical
simulations investigated the effect of mechanical
stresses on vessels remodelling [3], but the biological
effect on cellular factions remains still unclear.
Thereforethis preliminarystudyaimsto investigatethe
effectsof vibrationson ECsexploiting an experimental
setupcapableof exposingcellsto mechanicavibrations
obtained by a 50 Hz sourgknerated pressuveave.

Methods

To exposecells to vibrations, an aluminium support
structure was built, equipped with a speaker connected
with a two-channel digital power amplifier capable of
receivinganinputsoundrecordingof 50Hz (Figurela).
Humanumbilical vein endotheliakells(HUVECSs)were
seeded and cultured in two gelagirecoated 150 mm
cell culture dishes at a density bfv10! cells. After 4
days,a cell culture dish was mountedon the support
structureto makeit receivevibrationsandincubatedor

48 hours, while the other one was maintained in static
conditions as normal control in another cell incubator.
Thesoundsemittedby thespeakeandthevibrationsof

the cells were recorded at the beginning of the
experiment, after 24 and 48 hours respectively with an
in-housedeviceconsistingof an Adafruit PulseDensity
Modulation microphone managed by an Arduino Nano
33 BLE board and with an accelerometer (LSM9DS1)
mounted on the Arduino platform (Figure 1bxefd to
theplatecenter Datawerecollectedwith Cooltermand
analyzedin MATLAB R2022a.Specifically, sound
recordings were analyzed in time and frequency while
information of cell culture dish velocity and
displacementduring time were obtained by the
integration of the acceleration data following
appropriate higipass filtering steps.

@ cell cultuiedish

Digital power
amplifier

Accelerometer

[External trigger circuit

Sound source

Support structurer
Figure 1: a) Experimentaketup b) Arduino-based
device for sound and vibration measures.

>
3

At the end of the experiment the morphology of the
stimulated and thstatic control cells was investigated
by phasecontrasimicroscopyThen,cell countingin the

two conditions was performed to evaluate the effect of
vibrationsandAlamar Blue assaywasperformedonthe

samples to determine the HUV
Results
The sound received by cell culture dish was

characterizedvertime by themainfrequencyof 50 Hz

and its odd harmonics. Assumed a normal distribution
of velocity and displacement, mean velocity obtained
from acceleration data was 0.04 m#&a) and the
associate@a = 71 nu indicatesthemovemenbf the
plate given by vibrations in the direction perpendicular
to the dish. The Fourier transform of the acceleration
datarevealedhesamevibrationfrequencyof thesound.
Phasecontrast analysis of thestimulated and
unstimulated cells showed that sotinduced
vibrations changed HUVECSs typical morphology and
determined their detachment from the substrate (Figure
2). This was confirmed by the number of death cells
found in the culture medium of vibratisexposed
HUVECs, about 20% higher than the static control.
Alamar Blue assay reported a decrease in cell viability
greater than 50% for HUVECs exposed to the

mechanical stimulus, suggesting that vibrations
importantly affected cell functions.

CONTROL VIBRATIONS

P

Figure2: Phasecontrastmicroscopyna gni ycat i on
20X, scale bars 50 &m

Discussion

Preliminary results underlined a reduction in ECs
viability when they are stimulated with a 50 Hz
frequency for 48 hours. Our framework showed a great
potential for the investigain of vascular remodelling
and the related cell dysfunctions responsible for
vascular diseases with a simple but reliable system.
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ADVANCED PLATFORM FOR IN VITRO STUDYING CELL BIOLOGICAL
RESPONSE TO CONTROLLED STRETCH STIMULATION 1
PERIODONTAL LIGAMENT STEM CELLS APPLICATION

Beatrice Masante (1,2,3), Giovanni Putame (1,3), Andrea T. Lugas (1,3), Marta Tosini (1), llaria Roato
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Introduction

In vivo, mechanical cues are fundamental in promoting
cell and tissue development and in maintaining
homeostasis [1]. Thus, advanced investigation platforms
able to replicate and combine nathke physical
stimuli represenéssentiatoolsfor investigatingn vitro

the biological response of cells under defined
mechanical stimuli. In this study, we designed,
characterized, and tested an investigation platform,
basednaflexible substrateandastretchbioreactor2],

for exposingadherentellsto controlleduniaxialstretch
culture protocols in view of mechanotransduction
studies, and we performed explanatory biological tests
on human periodontal ligament stem cells (hPDLSCs).

Methods

The proposed investigation platformdemposed of a
flexible substrateombinedwith apreviouslydeveloped
stretch bioreactor [2]. The substrate presents two
parallel rectangular wells for enabling test
parallelization and optimization of the culture medium
volume. To guarantee a planar angiform uniaxial
strain, the substrate design was supported by finite
element (FE) analyses (Abaqus, Dassault Systemes). A
uniaxial displacement of 3 mm (15% strain) was
imposed at one side of the substrate while the opposite
one was fixed, mimicking the dieactor stretching.
Once identified, the optimal substrate design was
fabricated in polydimethylsiloxane (PDMS, Sylgard
184). Digital image correlation (DIC) method was
adoptedVIC-2D system|jsi-sysGmbH)to measurghe
substrate surface strain underiaxial stretch (n=3).
Explanatory biological tests were carried out on
hPDLSCs from healthy donors. After coating with
collagen I, the substrates were seeded with hPDLSCs,
clamped in the bioreactor (Fig. 1A), and subjected to
intermittent cyclic uniaxial teetch (8% constant pre
strain+ 7% cyclic strainfor 90 s (h=3) or 5 min (n=3) at

1 Hz every 6 h) for 3 days [3]. Cedbeded substrates
were cultured statically as control. Cell alignment was
visually inspected by light microscopy and the
expression of the osteogenic markers alkaline
phosphatase (ALP), collagen type | (COLL 1),
osteocalcin (OCN), tenogenic markers tenomodulin
(TNM), periostin,andruntrelatedtranscriptionfactor2
(RUNX2) was quantified by redilme PCR.

Results
FE and DICanalyses showed similar results (Fig. 1B),
with a planarand mostly uniform straindistributionat

A
3
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thesubstratevell bottomwith ameanstrainvaluealong

the stretchingdirection( «) of 13.4%and14.4+0.25%,
respectively. Biological tests revealed Icalignment
and significant oveexpressions of OCN and RUNX2
genes with respect to the control when cells underwent
the stimulationprotocolwith cyclic stretch lastindor 90

s. For cells exposed to longer stimulation (5 min), a
slight decrease of osteogenic gene expression was
observed compared to shorter stimulation (90 s) (Fig.
1C), while 2fold and 3fold increase in periostin and
TNM respectively was obtained.

C hPDLSCs 90s vs 5min
= 90s
10
9 Hl 5min
8 T - - Control
[ 4
2 s
2
c 4 " .
T 3
S
]
1
0

ALP

COLL1 OCN RUNX2

Figure 1: (A) Substrate clamped in the bioreactor; (B) FE
(left) and DIC (right) analyses; (C) Genes expression after 3
days of culture under 90 s or 5 min cyclic stretch conditions.

Discussion

Providing controlled physical stimulin vitro is
fundamentafor in-depth understandinghecauseeffect
relationship between the applied mechanical cues and
the cellularresponseHere,we developed and testegh
investigation platform able to provide by stretching
controlled planar and uniform strain to adherent cells.
Also, thepresentegblatform,allowing for variousstrain
protocols,givesthepossibility to separatelyinravelthe
effect of each stimulation parameter. Preliminary
biologicalresultsshowedthattiming in stimulationcan
play a crucial role in promoting hPDLSCs alignment
anddifferentiation. Furthebiological tests arengoing

to confirm the obtained results.
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ARE DECELLULARIZED PORCINE VESSELS SUITABLE GRAFTS FOR
VASCULAR SURGERY?
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Introduction

Cardiovascular diseaseare the leading cause of
mortality worldwide, andthe needfor reliablesolutions

is still under investigation. Autologous vessels or
syntheticgraftsarecommonlyapplied,but both present
disadvantages [1]. Autologous vessels can cause
comorbiditiesor arenotavailable while syntheticgrafts
have compliance mismatch and increased risks of
thrombosis [2]. Biologically derived scaffolds are thus
beingstudied for the presence afnatural environment
capable of recellularization in vivdecellularization,
theremovalof cells,is leadingthe researcho providea
suitable extracellular matrix (ECM) scaffold.

We investigated decellularized porcine carotid arteries
and caval veins using mechanical testing, histological
investigation and iwitro functionalization with human
endothelial cells (ECs).

Methods

Both porcine carotid arteries and cawains were
explanted in our surgical facility in aseptic conditions
with procedures approved by the ethical committee
[3,4]. Vessels were cryopreserved &80°C in a
cryoprotectant (saline + 10% dimethylsulphoxyde).
After thawing, perfusion of 1% Triton 2400 and 1%
sodium dodecyl sulfate in 4 cycles of 1 hour each was
applied. Hematoxylireosin (HE) staining was used to
determine the efficacy of
green trichrome, picrosirius red and Alcian blue with
periodic acid Schiff weresed to stain elastin, collagen
and glycosaminoglycans respectively.
Immunofluorescence (IF) stained fibronectin, laminin
and vitronectin. Uniaxial tensile testing was applied on
both native and decellularized carotid arteries to
compare mechanical paramsteSeeding of ECs was
performed both statically and dynamically in an in
house developed bioreactor.

Results

HE staining confirmed the absence of nuclei.
Histological stainingand IF evidenced the preservation
of all themajorECM moleculesMechanicaparameters
such as Youngods modul i
ultimate stress and ultimate strain varied only a little
between the native vessel and the decellularized
scaffold. This ECM proved to be suitable for ECs
repopulation,with better outcome from the dynamic

perfusion where cells were oriented regularly if
compared to static seeding where cells were scattered
and rounded (Figure 1).

Dynamic perfusion > T

Figure 1: Repopulation of decellularized scaffold with
human endothelial cells. Static seeding (leftasw

Static seeding s

stained with immunofluorescence, while dynamic
seeding was stained with a live/dead assay (right)

Discussion

Theuseof porcinevesselshowedoromisingresultsfor
being used as vascular graft both in terms of structure
andcellsadhesionThe decellularizatiorprocedurenad

little to no influence on the mechanical properties and
on the removal of ECM molecules responsible for both
strength and cells adhesion. Perfusion of the seeded
vessel in a bioreactor lead to a better functionalization
of thelumento limit plateletactivationasaconsequence

of collagenexposuren vivo. Furtherinvestigationswill
involve theproofof functionin vivo in aporcinemodel.

decel l ul arizati on,
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Introduction but not in cells present in the decellularized matrix.
According to PCNA staining, the proliferation rate of
thecellspenetratinghe scaffoldwaslower thanin cells
covering the scaffold surfac&Conversely, elastin and
pro-Collagen lexpression was higher in the cells in the
inner part of the pericardium.

The number of heart valve procedures is expected to
triple by 2050[1], increasingheimpacton publichealth

[2]. Mechanical prostheses are still subjected to
thromboemboliccomplicationswhile biological valves
encounter structural deterioration, with recurrence of
failure in the midlong term [2]. Here we introduce the

possibilityof processingericardiuminto avalve.In the Discussion
presentontribution, we describe thresultsof asmall Our results show that culture conditions described here
scalerecellularizationprocedureaimingat obtainingan induce a valvdike phenotype in hADSCs colonizing
in-vitro engineered pericardial tissue amenable to adult thedecellularizedscaffold. We arenow in the progress
andpediatricvalve surgery and the futurexperimental of redeggning the perfusion bioreactor to scale up the
program to scalep recellularization procedure recellularization procedure and adapt it to a GMP
exploiting a custordesigned perfusion bioreactor. compliantsettingusingautologousstemcellsto deliver

a fully recellularized pericardial tissue amenable for
Methods surgicalreconstructiomf apatienttailoredaorticvalve.

The porcine pericardium was decellularized with a
complete aldehyde and xenoantigen resilee
procedure previously described [3, Bluman adipose
derived stem cells (hADSC) were purchased (Lonza,
Switzerland). Decellularized pericardial matrices were
recellularizedunderperfusionflow using0.65x1G cells
perbioreactoranda flow-ratesof 3 ml/min for thefirst

72 hours and 0.03 rmhin for additional 18 days.
Samples were then harvested and prepared for i :
i mmunofl uor esc e nSMA, Vanerdii, ni nl_ - : :
and pro"ferating cell nuclear antigen (PCNA) to Figure 1: Cell number in the inner part of the scaffold
evaluate cell phenotype and proliferation. The  (&.d) denoted a significant increase until day 21, along
proteomic assessment was perfornadgr 14 and 21 with protein production (e). Immunofluorescence

Mg (f) SCALE UP 3D
PRINTED

I BIOREACTOR

daysof culture. Acustommadebioreactowasdesigned staining (b) -S¥MA expressionenhilec e d

and prototyped to scale up the procedure using an SLA  Vvimentinelastin,andpro-collagenl (c) confirmthepro-
3D printer (Form 3B+, Formlab3JSA) with a highly physiological valvdike protein production when
biocompatible resin (Biomed Clear, Formlabs). The  proliferation (PCNA) (b), slowed down. The scaleu
system is designed to meet the specifications of a bioreactor (f) will allow us to recellularize patches
complete standalone bioreactor suitable for clinical ~ Suitable to produce aortic valves.
employment in a GMRompliant setting.
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NUMERICAL SIMULATIONS OF THE FORMATION PROCESS OF

NANOPARTICLES

Marco Bellotti(1), Alessandro Caimi (1), Enrica Chiesa (2), Michele Conti (1), Bice Conti (2), Ida Genta
(2), Ferdinando Auricchio (1)

1. Department of Civil Engineering and Architecture, University of Pavia, Via Ferrata 3, Pavia, Italy;
2. Department of Drug Science, University of Pavia, V.le Taramelli 12, Pavia, Italy

Introduction

Nanoparticles (NPs) are increasingly used as delivery
system to carry and release drugs to a specific target;
since they prove to be able to protect the payload from
degradation, to improve dg solubility and
bioavailability andto modify drug pharmacokineti¢l].
Microfluidic productiontechniqués widely usedfor the

NPs manufacture since, through this approach, the NPs
size and homogeneity can be easily controlled [2].
Furthermore, the Microfluidic process allows to
increase the formulation reproducibility thanks to a
deepercontrolof thefluid dynamicparametergvolved

in the mixing process [3]. In the proposed work two
different techniques are exploited for the protion of
NPs, passive mixing with herringbone and droplet
generation by hydrodynamic flow focusing.
Computational Fluid Dynamic (CFD) approach can be
exploited to understand which fluidic condition can be
adopted and used as boundary conditions to produce
NPs. Hence, the present work aims at showing the
efficiency of a computational approach to optimize the
production of nanopatrticles.

Methods

The geometries of different microfluidic chips are
recreated through Autodesk Inventor 2020 and the
computationalgrid is created using Ansys Workbench
2021R2. To mimic the interaction between different
fluids (e.g.,waterimmiscibleor miscible)two different
multiphase models (i.e., Volume of Fluid and Mixture
models) can be exploited.

In order to study the changasthe droplets formation
or themixing processedueto changesn theboundary
conditions, data referring the volume fractions of the
different phases can be exploited.

Results

Themixturemodelwasableto capturethe macroscopic
effect ofgeometrical and fluid dynamic variationato

the fluids mixing process and consequent NPs
production(Fig.1 A). Moreover,in orderto preliminary
validatethe numericalmodel,experimentatesultswere
also collected, and several significant effects were
highlighted (Fig.1 B, C) [4].

The VOF insilico model proved to be able to capture
with detailthe principalphase®f the dropleformation
(i.e., separation and elongation) (Fig.1@nd analyze
the morphological properties (e.g., bubble length)
(Table 1).

e
3

Discussion and conclusions

Although one of the limitations of proposedCFD
analysidstheimpossibilityto capturesmallscaleeffect
(e.g.,moleculardynamics)they are able tohighlights
the effects ofgeometryand fluid-dynamicparameters
over the NPs mixing zones and droplets morphology.
In conclusion,the presentapproachcan be usedto
identify thefluid-dynamicparameterableto maximize
the mixing efficiency and optimize the production

parameters.
A NUMERICAL SIMULATIONS
1@ 1ml/min |
7:1@ 1ml/min [ -
1:1 @ 15 mL/min |
7:1@ 15 mi/min
b c d
Polymeric Solution Volume Fraction (-)
o S
o 1
EXPERIMENTAL
B . c -1 mUmin
04

B3 15 mLimin

Size (nm)

FRR (-)

|TFR: 0.07 mLimin
|FRR: 1:7
|y =0.036 Nm

TFR: 0.07 mLimin
FRR: 1:7
|y =0.036 Nim

Figure 1: Contour plots of the mixing process with
different boundary conditions (A). Distribution of NPs
size (B) and polydispersity index (PDI) (C) obtained
with a herringbone microfluidic chip with the same
numerical boundary conditions. Droplets formation
with dfferent boundary condition (D).

Droplet Droplet Time of
FRR Volume Length Rupture

(6 a3) (6 &) ()
1:3 4.26e3 26.4e2 2.98e2
1.7 4.95e3 31.2e2 2.13e2
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Table 1: Morphological data and rupture event timing
at different flow rate ratio (FRRjondition.
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PIEZOELECTRIC ACTUATOR FOR MICROFLUIDIC APPLICATIONS

Cristian Brandi (1), Adele De Ninno (2), Enrico Verona (2), Luca Businaro (2), Paolo Bisegna (1),
Federica Caselli* (1)

1. University of Rome Tor Vergata, Italy; 2. CNR Institute of Photonics and Nanotechnology, Italy

Introduction

Microfluidic impedance cytometry [1] is increasingly (a) i

used for the highthroughput labefree electrical

characterization of single cells. Adding a esditing Sheath o)

functionality to impedance cytometry systems fow i

represents an attractive opportunifyig. 1(a)). This Pt || O
requiresthe developmenbf tailored approachesr the P - 7 .

on]ine pro_cessir_\g_ of impedance ;ignals, coupled with a oneath gl ‘ S 05
suitablemicrofluidic cell sorter.In thiswork, we present

the numerical and experimental characterization of a
sortingsystem based on piezoelectric actuation.

Methods

As shown in Fig. 1(k), the main channel of the
microfluidic device is 150
the three collection channds5 0  Cmanneldeight

is 40 em. Two desghee onahe sideg g i
of the sorting region. One of them houses the actuator,
thatconsistof a cylindrical chamber(13 mm diameter,

5 mmheight)abovewhich acircularceramictransducer (d)
(lead zirconate titanate, PZT) is bonded. The PZT
elementhasadiameterof 15 mm andathicknessof 110
em, while its mestel)ismnstr at
in diameter and 100 em thick.
To analysethefluid flow andthe particlesdisplacement ‘
inducedby the PZT actuationa 3D finite elemenimodel o 1 2z s a4 s
of thedevicewasimplementedFig. 1(d)) basedon: the . ‘

linear theory of piezoelectricity, the NavierStokes
equationsfor laminar incompressibleflow, and the
Khan and Richardsonés mode
Furthermore, an imageased approach was develdpe

for the experimental characterization of particle
deviation. Specifically, the time course of the rotation 5 |

angleof the samplestream waswutomatically extracted — -
from high-speed video recordings using a custom
Matlab script.

of

Time [s]
__Flow rate through outlets [l/min] _

20

acing.

Figure 1: (a) Principle of impedanedeased singleell
sorting. (b) Device photograph. (¢c) Microscopy image
of thesortingregion.(d) Modelgeometry(e) Simulated

Results displacement of plate central point (10 V, 3 Hz). (f)
Figure 1(e) shows an example of the simulated Microspopy srlapshot showing an example of particle
displacement ofhe centralpoint ofthe metal platas a deviation (5 Om bead). (9)

function of time, under voltage stimulation at 3 Hz and ~ sample flow upon sinusoidattuation (5 V, 75 Hz).
an inward flow rate of 10 pl/min at the main channel
inlet (no sheath flows). The overall outward flow rate References

through the outlets is also reported. 1. Honrado e#l, LabChip,21(1):22i 54,2021.
Figure 1(fg) shows an example of imagased 2. Richardsoretal, ChemicalEngineeringyol. 2. 2013.
characterization of the rotation angle of the sample
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MULTISCALE CELL AND TISSUE MECHANICS IN TISSUE
MORPHOGENESIS WITH SUBCELLULAR ELEMENT MODELING

Sandipan Chattaraj'and Francesco S. Pasqualini®

1. Synthetic Physiology Lab, Department of Civil Engineering and Architecture, University of Pavia, Italy

Introduction
How do tissuesand organsbuild themselves®odeling

.m=!_—=' 2 %
morphogenetiprocesse answethisquestioris hard. ' f ' I | I _
e -
(b)

In fact, continuum mechanics deals poorly with non ————
linear, large deformations caused by individual cells )
migrating or proliferating. But, discrete Potts models
thatnaturallydealwith cellulareventdfail to capturethe

underlying multscale mechanics. We present an

enhanced version of the subcellular element modeling —
(eSEM)frameworkto tacklethis problem.SEM models e -
tissue mechanics by describing cells as ensembles of “ “ N
particleswhoseinteractionsaregovernedy empirically
defined ptentials. Here, we chose a potential that
preserves singleell rheology to demonstrate how
eSEM offers multiscale mechanicsdell proliferation.

A2 TR222%

(<)

Figure 1. Cell creep simulations varying particle
number (Np. Example particles in red, grey envelope),
type (blue nucleus), and orientation (variance).

In otherwords,in eSEMcellsactasmechanicallysound
agents that can be imbued with biologically relevant

Methods activity. Forexamplewe simulatedthreeroundsof cell
In eSEM,we modelcellswith Np particlessubjectedo division and demonstrated how eSEM provides
the Overdamped Lang6ViH:'. e i K:j = " 3 ( > )' descriptions of multscale mechanics (Flg 2)

Where»- - ig the positionof thei-th particleof typej in
cellk, t is the cell viscosity, K = g a noiseterm, and
3(» 9gs the netforce of all pairwiseinteractionsat
» -gorg(.), we used Morséke potentials to model
adhesion and volume exclusion[1].

By invoking sphericapacking, the parameters of these
potentialscanbelinked with valuesof cell stiffnessand
viscosity as measured in rheology experiments|[2].
Additionally, we modelled the active control of the
nuclear intracellular position using spritige forces
that tie the nucleus with the cell's centroid.

To perform simulations, we updated SEM++, aruse
library[1] for the moleculardynamicssolverLAMMPS

[3]. We used Ovito[4] for visualization and analysis. Figure 2: eSEMmodellingof cell division (top) showing
particle- (bottom left, radial densitfunction) and cel
Results level mechanics (bottom right) for eight resulting cells.

To verlfy our_poter_ltlalscalablllty,we S|mulatsda creep Discussions
experiment in which a cell formed by Np = [250, 10K]

particleswasstretchedo 2.5%strainalongthe Z-axisin For eSEM to model morphogenesis, we will work on
theabsence/presenoéalargernucleamparticle(Fig. 1). better modeling (potentials) and computing (GPU).
We performed simulations using cells equilibrated in

five different initial conditionsto accountfor stochastic

effects. As expected, there was a eegof variability References

around each condition, but no statistically significant 1. Milde etal, CompPartMech1, 211 227 (2014)

differences were observed. Together, these results 2. Despratetal, BiophysJ,22242233(2005)

suggest that whatever the chosen modelling resolution, 3 Thompsoretal, CompPhysComm 271(2022)

the particle ensemble will simulasingle cell rheology 4. Stukowskietal, Mod Sim Mater SciEng18(2010)
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Introduction

Cells have evolved a remarkable ability to sense and
respond to their environment. They can detect a wide
range of physical and chemical cues|uding signals

from theextracellulamatrix (ECM) thatinfluencetheir
spatioctemporal organization and behavior. These
signals play a critical role in guiding essential cellular
processes such as morphogenesis, tissue repair, and
diseaserogression. Imecentyears,the local geometry

of theECM hasemergedasanimportantfactorthatcan
affectcell mechanicandsignaling[1]. Here theeffects

of surface curvature on cellular behavior, includihg
dynamics of focal adhesions and kKeletal
rearrangement, have been investigated using a
molecularmechanical model. Then, to validate model
formulation, experiments have been carried out to test
its predictions. Understanding how cells respond to
surface curvature has implications for stis
engineering, regenerative medicine, and
development of new therapeutic strategies.

the

Methods

Cells are capable of probing tissue properties via their
adhesive molecular machinery, which is commonly
referred to as the "molecular clutch”. In thsrk, to
better understand the behavior of cells in response to
concave and convex substrates, we developed a
modifiedversionof themolecularclutchmodel[2]. This
updatedmodelincorporatesnasterequationgoverning

the dynamic evolution of the systentaking into
consideration the spatial organization of actin stress
fibers in relation to the slope of the substrate. Monte
Carlo simulations have been employed to describe the
binding and unbinding events of the clutch. In order to
investigatehemodelpredictionssinglecell analyse®n
curved PDMS substrateavebeen carried out coupling
immunofluorescence technique and atomic force
microscopy. These substrates consisted of microarrays
of concavities and convexities with controlled radii of
curvature By characterizing the mechanical identity of
NIH/3T3 cells grown on thessubstrates, wevereable

to gain a deeper understanding of the role of surface
curvature in cell mechanics and mechanotransduction.

Results

This studyinvestigatesheimpactof substrateurvature

on cytoskeletal activity and cell adhesion using a
computational model implemented in MATLAB. Our
resultsreveal that on concave surfaces, dagilibrium
condition of the cell, that is associated to the minimum
of the actin retrogradeflow rate,is characterizedy a

e
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lower number of clutches compared to planar surfaces.
Conversely, convex substrates show a reversed trend
with a higher number of clutches involved in the
adhesion process compared to planar surfaces. The
model predicts that these slogependent changes in
clutch dynamics lead to substantial differences in the
mean traction forces exerted on curved versus flat
substrates. Moreover, our experimental results confirm
the model predictions, showing an increase inafo
adhesion size and cell Young's modulus on convex
substrates compared to concave ones.

Actin polymerization

ECM Stiffness

«—

Myosin

ActinBundle  wemstmmms Adhesive Clutches L

Figure 1: Physical schematization of the molecular
clutch model on noflat substrate.

Discussion

The concavityinduces a softening effect in the cellular
perceptbn of substratesvith cellsadoptinga spiderlike
configuration characterized by a lower number of
involved clutches than in the planar case. On the other
hand, the convexity induces a stiffening effect that
resultsin cellsadoptinga snaitlike configurationwith a
highernumber ofclutchesinvolvedin theadhesiorand
exerting a greater force on the substrate [3]. Cell
mechanosensing is not mediated only by substrate
stiffness but also the curvature plays a key role in the
mechanicalresponse of the cell. Overall, our findings
highlighttheimportanceof surfacecurvaturein theway

that cellsrespondo mechanical stimulandunderscore

the critical role of the molecular clutch in
mechanotransduction. We believe that our molecular
clutch model provides a valuable tool for investigating
the complex relationship between cell mechanics and
ECM architectureandcan beappliedin awide rangeof
biological and biomedical studies.
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DESIGN AND FABRICATION OF AN INTESTINAL PHANTOM TO MIMIC
INTESTINAL MOTILITY

P. Signorello, L. Cacopardo, N. Guazzelli , I. Nicolai, A. Ahluwalia
University of Pisa, Italy

Introduction

Modelling gut motility is important for the study gtit
dysfunctions, which are known to affect nutrient
absorptior{1]. Howevercurrentsystemsarenot ableto
provide a humamelevant model at the macroscale [2].
Theaim of thiswork is thusto engineer ghysicaltwin
replicating gut architecture, mechanical features, and
dynamics as well as theheological properties of the
luminal content.

Methods

Polydimethylsiloxane (PDMS) samples were prepared
at different monomer crosslinking agent ratios: 4:1,
5:1, 6:1 and 7:1. Tensile tests were performed at a
strain rate of 6 mm/s using a universaltites machine
(Zwick-Roell, Z005 ProLine). A 60% maximum
deformation was selected corresponding to the limit
beyond which the muscle, at a physiological level,
remainsin the elastiaegime [3]. Buffer solutions were
obtained by dissolving 0.681% w/v potass
dihydrogen phosphate and 0.022, 0.1164, and 0.187%
w/v sodium hydroxide in distilled water, obtaining
solutions at pH 6, 7 and 8. pH values were assessed
with a pH meter (Hanna, Edge series). Pectin from 0.5
to 5% w/v was then dissolved in the buffedwgions.
Viscosity measurements were performed using a
Brookfield DV-1I+PRO Viscosimeter. The phantom
was finally designed using Computer Aided Design
(CAD) software (Fusion 360), reproducing the
anatomical shape of the bowel.

Results

Figure 1 shows the ethnical drawings of the
duodenum and the resulting PDMS prototype.

110 mm

Thickness: 1.4 mm

Figure 1: Comparisorbetweerphysiologicalduodenumand
a) anatomicaltechnicaldrawings.b) PDMSprototype.

As expected, Figure 2 shows that PDMS apparent
elastic moduli decrease wittncreasing monomer
crosslinking agent ratio and that pectin viscosity
increases as a function of concentration and decreases
as the pH increases.

5.
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Elastic modulus of PDMS

a
T4
o
s \
)
% Physiological range
82
£
2
g1
w
0
4 4.5 5 5.5 6 6.5 7
Monomer:crosslinking agent [x:1]
b N Pectin viscosity
107 T " "
'5
(=H
2100+ Physiological range
- ==pH 61
==nH 7||
1070 pH 8|

0 1 2 3 4 5 6
Concentration [% w/v]

Figure 2: a) Elastic modulusof PDMSat differentratios and

b) pectin viscosity in buffer solutions with different pH,
plotted in logarithmic scale with respect to pectin
concentration.

Discussion

The 5:1 ratio resultedcloserto the desiredvalue of
2.09+ 0.17MPa(2-3 MPa[3-4]) andwasthusselected
for phantom fabricationMoreover, pectin viscosities
resultedwithin the desiredphysiologicalrange(1-10s?
[5]) at the different pH values corresponding to
physiological pH variations in the gut [6Replicating
luminal content rheology is indeed fundartanto
assess its propulsion within the bowel.

Conclusions

In this study, materials able to replicate the mechanical
and rheological features of the gut and luminal content
were defined, enabling the prototyping of a physical
twin. Futurestudiesareongadng to increasehe PDMS
surface's hydrophilic properties, enabling the coupling
with an intestinal mucosal layer. In the future, this
model can be used to investigate the efficacy of
treatments to restore gut motility.
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ARE MECHANICAL PARAMETERS OF SURGICAL MESHES RELATED
TO STRUCTURE PROPERTIES? A MULTIPLE REGRESSION ANALYSIS

Vittoria Civilini (1)(2), Vincenzo Giacalone (1)(2), Alberto L. Audenino (1)(2), Mara Terzini (1)(2)
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Introduction

At present, recurrences afteisurgical meshes
implantation for hernia treatment range from 1.4% to
26.5% [1]. The main causes of failure are often related
to aforeignbodyreactionandmeshshrinkagedueto an
incorrect tissue ingrowth during the healing process.
Structureg(e.qg.,porosity, thicknessporesdimensiornand
orientation) and mechanical (e.g., mesh elasticity,
isotropy, and strength) parameters take part in nresh
vivo incorporation and in patient comfort after the
implantation [2]. Nonetheless, the correlatiostween
these crucial aspects has only been theoretically
analyzed [3].This study aimgo investigate the impact
of structural textile characteristics on the mechanical
properties of different monofilament polypropylene
warp-knitted meshes. In additionextile porosity and
effective porosity are compared as independent
variables for the multiple regression analysis.

Methods

Threequasistatictestmethodgi.e., uniaxialtensiletest,

ball burst test, and suture retention test) were designed
in order to extract relevant parameters for the
mechanical characterization of synthetic surgical
meshesThereforethetestprotocolwasexecutedn 14
polypropylene meshes with different igbts produced

by different manufactures. Meanwhile, the structure
parameters of textile porosity (ratio between the area
occupied by pores and the total area of the mesh) and
effective porosity (considersonly those pores with
diametemreateithanl mm as effectivein reducingscar
formation) were obtained through image processing of
meshegphotos(MATLAB). Additionally, thethickness

of each mesh was measured through a thickness gauge

(547 321, Mitutoyo). Two multiple regressioranalyses
were conducted to investigate potential correlations
between the mechanical properties and two set of
structural properties: set |, composed of meshes
thickness and textile porosity, and set Il, composed of
meshes thickness and effective porosiariance
Inflation Factors (VIF) were also inspected in order to
evaluatethe severityof multicollinearityin the multiple
regressioranalysisVIF valuesgreatethanlOaretaken

as an indication that the multicollinearity should be
further investigate.

Results

The goodnes®f fit measurdor the multiple regression
analyses was evaluated through the coefficient of
determination,R? (Table 1). A strong correlation of

3
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most mechanical parameters with the considered
structure properties stands out. Lower values o#i@
obtained in deformaticrelated parameters in both
uniaxial and ball burst tests, with very low values for
dilatational strain at 16 N/cm. The VIF values, @w
than 4 in both the analyses, denote a low level of
multicollinearity.
Uniaxial Tensiletest
UTR UTR SR
weak strong weak
| 069 0.88 0.13
1l 073 0.89 0.29
Ball Burst test
BS MT DS DS16
| 085 081 062 0.11
11 0.88 0.69 0.79 0.05
Suture Retertion test

SR k k if
strong weak strong LE

0.19 048 0.85 0.15
025 0.3 0.83 0.15

SRS SRS

weak strong
| 086 0.87 weak:weakerdirectionof the mesh
Il 0.78 0.89 strong:strongerdirectionof themesh

Table 1: R coefficient computed for each mechanical
parameter UTR: uniaxialtensionat rupture; SR:strain

at rupture; k: secant stiffness; alfa: coefficient of
anisotropy; BS: bursting strength; MT: maximum
membrane tension; DS: maximuiilatational strain;
DS16: dilatational strain at 16 N/cm; SRS: suture
retention strength.

Discussion

The correlation oftextile andeffective porositywith an
exhaustive selection of mechanical parameters derived
from surgical meshes testing has beenestigated.
While previous investigations on the influence of these
structureparameter vivo showedhatonly poressizes
greater than 1000 em are
soft tissue in surgical meshes [3], [4], here textile and
effective porosities paired with meshes thickness
showed up to be related to the mechanical parameters
but without substantial differences.  Further
investigation regarding orientation, shape of pores and
loop patterns are ongoing and will enrich the here
presented analyses.
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HOW TO SHOW CREDIBILITY OF IN SILICO CLINICAL PROCEDURES:
APPLICABILITY ANALYSES
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Introduction

In silico technologies are used to investigate aspects of
prevention, diagnosis, followp, treatment and
outcome of diseases. In particular, cardiovascarat
neurovascular clinical procedures can be simulated
usingdetailed-high-fidelity- computationamodels but
their credibility needs to be assessed. Model credibility
is intendedasthe capabilityof acomputationamodelto
address a given questioniaferest (QQOI) in a specific
context of use (COU), through the collection of
evidence [1].

Theaim of thiswork is to showanin silico applicability
analysis to (i) the thrombectomy and (ii) the Thoracic
Endovascular Aortic Repair (TEVAR) procedure in
orderto deemthemcrediblefor usewithin the frameof

in silico medicine.

First, the real environment setting -@0OU) and the
physical experimental setting {(RAL), and the
corresponding computational models-@GOU and M
VAL) are described (figure Tor the thrombectomy
case). Then, the central body of the applicability
analysis includes equalities adilferencesbetween all
the described ingredients {&0U, RVAL, M-COU
and MVAL). The analysis endaith the conclusion of
the credibility assessment.

Real world scenario Numerical models

i )

B

Clinical procedures

Model of the COU
(M-cou)

Real-world COU
(R-COU)

X

- (R

In Silico procedures performed in virtua

patient /

\ £ Model of the primary validation
evidence (M-VAL)

s/y”rr’rimarvvalidation evidence
| (R-vAL)

Y L
N =~ S 1Y
= ‘}g
- In vitro tests P :\\ In Silico tests
Figure 1: In silico thrombectomy and TEVAR

procedures credibility: on the left, the reabrld
scenario of the context of use and validation evidence.
Ontheright, numericalmodelsof the contextof useand
validation evidence.

Credibility of the virtual thrombectomy
procedure

Intra-arterial thrombectomy is a minimally invasive
procedure for acute ischemic stroke in which the
obstructingthrombus (clot) is removed using a

e
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minimally invasive device (stemetriever). The stent
retrieveris insertedrom thefemoralarteryaccesso the
thrombusdocationin the brain. After the deploymenbf

the stentretriever, the thrombus is removed by the
retraction of the stefretriever. The virtual procedure
can be used as a tool to predict procedurteame:
positive if the clot removal is successful, or negative if
the clot remainsinsidethe vesselln this view, theQOlI

i s fils the thrombect omy
retriever capable of successfully removing a clot of a
given composition, agiven volume, from a given

l ocation?2o [ 2] . The
demonstratehe applicability of themodelis an invitro
thrombectomy performed in a silicone JBinted
patientlike branchwith a specificdeviceanda specific
clotanalogue.

Credibility virtual TEVAR

procedure

TEVAR procedurgs aminimally invasivetechniquéor
treating aortic pathologies in which a sekpandable
stentgraft is inserted and deployed in the pathological
region to treat the patient and recreate a more
physiological situation. The numerical model is able to
simulate the stergraft deploymentind its interaction
with theaorticwall. It canbeusedto predictthe TEVAR
outcomein avirtual populationIn thisview, theQOl is:
iwil | a ggraft enodel e esuctessfully
deployed in a given patiespecific aorta in a given
position with repect to the location of the pathology
(e. g. aneurysm, di ssecti
evidence, a rigid 3D printed idealized aorta is used to
experimentally implant a stegraft under a CT scan.
The stentconfigurationobtainedwith the experiments
adopted to validate the simulation results.

of the

Conclusion

Validation evidence sources are here identified for the
specific context of use and adopted to demonstrate the
applicability of the numerical procedures replicating
thrombectomy and TEVR procedures, thereby
answering the specific questions of interest.

The discussed applicability analyses demonstrated that
the developed #silico models are trustworthy for
replicating the clinical procedures in virtual patients.
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Giovanni Montino Pelagi (1), Andrea Baggiano (3), Francesco Regazzoni (2),
Gianluca Pontone (3), Giovanni Valbusa (4), Christian Vergara (1)

1. LABS, Dip. Chimica, Materiali E Ing. Chimica, Politecnico Di Milap@. MOX, Dip. Di Matematica, Politecnico
Di Milano; 3. Cardiovasc. Imaging Dept., Centro Cardiologico Monzino, Milan; 8racco Imaging S.p.A., Milan

Introduction

Quantitative assessment of coronary blood flow and
myocardial perfusion is of critical importande the
prognostic stratification of patients suffering from
coronary artery disease. Since the most used clinical
examgto this aim posesignificantburdento the patient,
computational approaches could be invaluable in
providing relevant information in maorrinvasive way.
Still, manyissuesemainto be addressetb usethemin
apredictiveway: tailoring thecomputationamodelto a
specific patient, capturing the interplay between
ventricle contraction and coronary hemodynamics, and
accountingor pathologicakffects.Here,we developed

a multiscale framework to run patiespecific
simulationsof hyperemiccoronarybloodflow, upto the
microvasculature, to predict quantities of clinical
interest in individuals with coronary artery disease.

Methods

Patientsanatomyis reconstructedrom CT angiographic
images using segmentation tools. The multiscale
perfusion model features a 3D description of
hemodynamic# the epicardialarteries coupledwith a
multicompartment Darcy formulation for the
microvasculature, which also includes a treatment for
microvessels compliance and ventricular contraction.
Tailored pressure boundary conditions, representative of
the hyperemic state, are built using routine clinical
measures. Blood flow simulations are rurBippatients
using the irhouse Finite Elements software LifeX.

epicardial coronaries
and myocardium

cCTA

geometry
= .,
segmentation

)

Aortic pressure
Tailored boundary
conditions

Computational perfusion model
FFR, MBF indices

-~/

Figure 1: Stepsofthepersonalizedblood flow analysis.

Simulation results are peptocessed to obtain the
Fractional Flow Reserve (FkR and the Myocardial
Blood Flow (MBFcT) indices. The predictive power of
the proposed framework is then assessed by direct
comparisonwith measureof FFR and MBF from a

R0F
(AN

XII Annual Meetingof theltalian Chapter othe EuropearSocietyof Biomechanics
September 189, 2023, Turin, Italy

clinical stress test, using a retrospective validation
approach.

Results

In all the patients, the characteristic coronghasic
flow pattern with high arterial inflow in diastole and
high venous outflow in systole was recovered. MBF
maps show significantly higher values in patients with
nonsignificant coronary stenosis having FFR > 0.8
(meanMBF = 289ml/min/100g)with respectto patients
with atleastonelesionhavingFFR< 0.8 (meanMBF =
183,25 ml/min/100g). Myocardial perfusion defects
associateavith suchlesionswerealsohighlightedin the
obtained MBF maps.

venous outflow

arterial inflow

9.0601

| §
— 085

o8 £

=075

L 7.0e01

Figure 2: Top: flow patterns in the epicardial arteries
and veins. Bottom: FRR results showing significant
lesions(left), MBF mapwith large perfusiondefectand
culprit lesion identified by the white arrow (right).

Discussion

FFRresultsshowexcellentagreementvith theinvasive
value. Considering the clinical cutdffased clustering
(< 0.7, > 0.8 and in range 6078), we achieved a per
vessel sensitivity and specificity of 95.8% and 100%
respectively. MBF results show in general a good
agrement with values obtained from the stress test,
althoughwe noticea slight yet nonnegligibletendency

in overestimating MBF in the more pathological cases.
Indeed,meanMBF showsan absoluteaccuracyof 91%
and 78% for patients without and with signéit
lesions, respectively. We believe that a more precise
parametrizatiof themyocardiunmaysolvethisissue.
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Introduction

The use of zebrafish in the field of cardiac
electrophysiology has grown in the last decades thanks
to its action potential (AP) morphology and the
functionalsimilaritiesin cardiacion channelg1] related

to the existence 0f69% human generthologues [2].
Consideringheexponentiagrowthin usingthisanimal
modelto helpin studyingtheionic mechanisninvolved

in the development of cardiac pathologies and the
response to pharmacological therapies, it seems to be
very helpful the development of am-silico AP model

to also allow reducing the number of animals used for
the experimentation. Thus, the offjge of this work
was to develop a mathematical model for the zebrafish
ventricular AP.

Methods

After accurate research to identify individual ion
channel experimental datai.e(, by patchclamp)
associated with the main currents responsible for the
AP, a detailed AP based on the TenTusscher and
Panfilov AP model from 2006 (TPO06) [3] was adapted
to the adult zebrafish. Therefore, the main currents
involvedarethe:i) fastNa* curent, Iy, responsibldor

the rapid depolarization of the AP; ii)-tJpe C&
current, tar (added to the TP06 model), which
contributes to the initial AP upstroke; iii)-type C&*
current, ta, which maintains the AP plateau and
provides the C4 necesary for contraction; iv) rapid
and slow delayed rectifier *Kcurrents, . and ks,
involved in repolarization; v) inward rectifier *K
current,lx1, which contributedo laterepolarizatiorand
maintains resting membrane potential; and vi}/Ka
pump and N&#C&* exchanger, essential for restoring
ionic balance during the resting phase. The transient
outward K current, ,, was removed from the TP06
model since it is not present in zebrafish [1].

The modelwasimplemented in MatlabTlo identify the
bestcombinationof parameterthatfits therecordedAP
shape while ensuring model stability, the Monte Carlo
method was used with 11000 combinations of 34
parameters. A sensitivity analysis was conducted by
varying one parameter at a time for the maxm
conductanceghetime constantsandthe activationand
inactivation gating variables.

The newly developed AP model was parameterized by
fitting to sharp electrode AP recordings from the
ventricleof adultzebrafishisolatedheartamaintainedn

28 C HEPESbuffered saline solution and paced from
the ventricular apex.

e
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Results

Figure 1 shows a comparison of the numerical against
experimental AP recordings for a pacing frequency of
2Hz (left) and restitution behavior of the upstroke fo
protocolS1-S2 (right), whereasTablel givesa detailed
comparisorof AP morphologyfor the samestimulation
frequency.

Vimv]

100 400 500 50 260 200

Figure 1: Comparison of ventricular experimental and
numericalAPs(left) and upstrokerestitutioncurvesfor

S1S2protocol (right).

AP marker Model Experimental
RMP [mV] -77.42 -88.42+-68.48
APA [mV] 91.67 96.27+111.20
APD,,[ms] 74.97 53.06+ 94.48
APD,,[ms] 138.36 114.92+158.07
APD,, [ms] 156.64 146.88+ 200.25
APDy, [ms] 162.1 156.48+ 219.66
dvi/dt  [V/s] 23.12 13.73+25.98
Vmax[MV] 14.22 7.85+ 42.56
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Table 1: Morphology of ventricular experimental and
numerical APs.

Discussion

This work represents the first attempt to develop an
electrophysiological detailed AP model of an adult
zebrafish. The model is able to describeviino
experimentatiatafrom isolatedadultzebrafishheartsn
bothstaticanddynamicstimulationprotocok. However,
furtherexaminatiorof the modelresponséo additional
stimulationprotocolsandto drugsis requiredfor further
validation of the model.
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Introduction

The function of human heart valves is to direct blood
flow unidirectionally through the chambers, utilizing a
tandem operating mode, towards other organs. Finite
element analysis, computational fluid dynamics (CFD)
models and fluiestructure interaction (FSI) models
were mostly employed to represent aortic valve
hemodynamic and structural mechanics [1]. The
complexity of the interaction between blood flow and
the relevant anatomical and/or device configurations
presentsechnicalchallengesequiringtheutilize of FSI
models [2]. Moreover, different technologiesnd
devices have been studied in literature which allow to
obtain insitu blood pressure measurement for the
corresponding monitoring and control [3].

The aim of the study is to carry out a computational
framework for the FSI simulation of prosthetic valve
with the goalto virtually modelthe presencef sensors
embedded in the valve to measure velocity, blood
pressure and vessel deformation for monitoring the
deterioration of prosthetic valve leaflets.

Materials and methods
The CAD toolRhinoceros (Rhinoceros v.7, McNeel &

associates, USA) was used to generate an idealized

geometrical model of the aortic root, including the
ascendingorta,left ventricular outflowtractandvalve
leaflets.

The FSI simulation was solved by a partitioned
approach with a tweavay coupling utilizing the
XFlow2022 and Abaqus2021 (Dassault Systemes,
SimuliaCorp.,ProvidenceRlI) solversfor thefluid and
structure, respectively. SIMULIA C8imulation
Engine(DassaultSystemesSimuliaCorp.,Providence,
RI) maraged the data transfeetween the solvers. The
flow field was discretized with ~1M unity D3Q27
lattices (84x84x155) with high number of degrees of
freedom per discrete element of foudider spatial
discretization. Timeadependent physiological pressure
amplitude boundary conditions were imposed on both
sides of the domain as outlets pressure boundary
conditions. The wall boundary conditions were applied
to all othersurfacesnsidethefluid domain.In addition,
following streaming, the boundsack techrque was
utilized to imposea no-slip conditioncloseto thewalls.
Forthestructurakolver,theaorticwall is modeledusing

an hyperelasticfiber-reinforced constitutive models,
with the distal and proximal ends fixed in the

Results

The flow velocity field evolution using FSI analysis at
representative time instants for aortic valve (AV)
confirm the ability of FSI modelto predicttheflow and
structural properties of AV.

At thebeginningof systole(50 ms),theflow field begins

to developandreachesdts peakin thesystolepeakphase
(100ms),wheretheflow is characterizedsasymmetric
centraljet flow with amaximumjet velocity of 1.00m/s.
Toward the end of systole (267 ms), a backward flow
due to thepressure drop leads to partial to complete
closureof the leafletsat the endof systole(300ms).As
thefluid is forcedto changedirectionor stopabruptly,a
pressure surgeropagateshrough thevalve during this
period, and velocity variations are s#yved. In the
diastolic phase of the cardiac cycle (30 ms), the
velocity decreases toward zero due to decaying small
flow fluctuations, especially in midiastole (500 ms).

Discussion

The proposed FSI framework is presented and used for
the analysisf transcatheter heart valve. The coupled
FSI analysis is very effective and provides good
correlations with existing resolved results reported in
the literature. We have shown that the FSI model can
predict the flow of the transcatheter heart valve.

In future research it would be extremely useful to
develop and validate an -Bilico simulation that
reproduces principle of sensing applied to different
valve models for instance simulating electric field in
XFlow software. This may help to further optimizest
sensosize,shapeandpositioningaccordingto different
prosthesisnodelsaswell asto simulatevariousaltered

working conditions for the leaflet.
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Introduction

Transcatheter atic valve implantation (TAVI) has
evolved into the treatment of choice for most patients
with severe aortic stenosis (AS) [1]. A close link
between inflammatory status and degenerative AS has
been established [2] and associated with hemodynamic
alteratims [3]. In vivo evidence about the benefit of
TAVI ontheinflammatorybackgroundrzia amelioration

of the hemodynamic environment is still lacking.
Thanksto advancef computationamodelling,suchas
Fluid-Structure Interaction (FSI) patientspecific
simulations, such cause/effect link may be approached
usingsystemsiology coupledwith in silico modelling.

We developed an F&lased methodology to simulate
valveimplantationandour preliminaryfindingsshowed

a robust prediction ofrpcedural success. The aim of
this project is to evaluate the inflammatory response
after TAVI in patients whose hemodynamic conditions
have been evaluated through the employment of FSI
models.

Methods

Using cardiovascular imaging techniques, detailed
anatomical and physiological data have been obtained
and subsequently analyzed using patsecific FSI
modelling [4]. The in silico model simulates the
implantation of the prosthetic valve, the interantiof

the device with the patiespecific domain and the
hemodynamicsluring systolicdiastoliccyclesafterthe
implantation (Figure 1). In particular, the model
considers three components: i) patispécific
anatomicalcharacteristicqe.g., valves cakifications),

ii) theTAVI valveandiii) thehemodynamigarameters
(pressures) of the patient. The FSI model allows to
evaluate and quantify the pdstplant aortic
regurgitationdueto paravalvulateak. Thevalidationof

the model has beeperformed using pogirocedural
imaging (echocardiography and cardiac MRI). To

Figure 1: PostTAVI fluid dynamic simulation: blood
velocity representation at systolic and diastolic peaks.
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evaluatehelink betweeraorticstenosidreatmentnda
reducel immune response, the neutrogtod
lymphocyte ratio (NLR) has been measured at three
different treatment stages: poperative phase, acute
phase (aB days)and postoperative phase (at 30 days).

Results

Twenty patients have been enrolled in the studysix
patientsthe NLR wasavailableatall time points.Mean
baselineNLR was 2.2 0.89,which increasedo 3.82

+ 2.09 in the acute phase. One month after the
proceduremeanNLR was1.97+ 0.85,with anaverage
decreasdérom baselineof 18% (p=0.027) (Figure 2). In
five patients, mild aortic regurgitation post TAVI was
noted, while in one patient moderate regurgitation
(regurgitant fraction = 22%) was observed. FSI
simulations are still underway, but the model of this
latter patient has alrdgt been performed, providing an
accurate quantification of the paravalvular leak; of
interest, in that single case a lower decrease of NLR
(9%) with respect to the pi@perative data was found.

Neutrophil-to-Lymphocyte Ratio (NLR)

254 = - - "
204 /\

Pre-operative phase

Acute phase Post-operative phase

Figure 2: NLRtrendin patientswith mild regurgitation.

Discussion

A decrease of the inflammatory response after the
restoration of physiological hemodynamic conditions
was found in a small subset of patients undergoing
TAVI, but such effect may bkmited in patientswith a
suboptimal result. &rther analysis will delve deeper
into this correlation with the aim of combining
biological data with FSI models to create a patient
specific profiling for AS treatment.
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Introduction

Despite its clinical relevance, the mechanism
responsiblefor stenosis development in arteriovenous
fistula (AVF) for haemodialysis (HD) remains still
largely unknown [1]. This study aims at investigating
the relationship between altered hemodynamics and
vessel remodelling in a native AVF that failed due to
stenais formation 1.5 years after surgery.

Methods

Non contrasenhanced MRI [2] and Doppler
Ultrasound (US) examinations were acquired in a 72
year male at 3 days, 40 days, 6 months, 1 year and 1.5
years after surgery at the Unit of Nephrology and
Dialysis of BergamoHospital. ThreedimensionaAVF
surface models were reconstructed using the Vascular
ModelingToolkit (VMTK). High fidelity computational
fluid dynamic simulations were performed using
pimpleFoam (OpenFOAM suit), with a mean timestep
of 0.1 ms, setting patiesspecific boundary conditions
derivedfrom US atthe proximalanddistalartery.Blood
wasmodelledasBird-CarreamnonNewtonianfluid and
walls were assumed to be rigid.

Vascular lumen crossectional areas (CSAs) along the
mo d eckngrdlinewereobtainedat 0.1 mmintervalsin
each model to characterize vessel remodelling.
Turbulent kinetic energy (TKE) waslculated as

4+ %-"0 0 0 Q)
where} is the blood density andNjoNjy Nj
fluctuating components of the velocity field [3].
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Results

The AVF was characterized by a successful maturation,
with a massive arterial and venaditatation within the

6 months after surgery and a corresponding increase in
blood flow volume.
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Figure 1:3D geometrical AVF models, pertinent blood
flow rates and veinods
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Between 6 months and 1 year, a stenosis of the-juxta
anastomoticvein caused a CSA reduction of 62.5%,
becoming very significant at 1.5 yeargg.8% in CSA).
Vessel lumen changes were accompanied by a decrease
of the blood flow rate, that did not allow HD.

The development of the stenosis in the venous segment
was paalleled by the regularization of blood flow and
consequent decrease in the disturbed flow metrics (see
Figure 2).

6 months

40 days

1 year 1.5 years

Figure 2: Volumerenderingof themeanTKE.

Discussion

In this longitudinal study, performed on a AVF that
developed stenosis after 1.5 year from surgery, we
showed the presence of a focal remodelling process in
the vein that was paralleled by progressive disturbed
flow regularization. Our results, albeit on single
patient, show that local flow instabilites may have
induced progressive intimal hyperplasia during time and
suggest that inward remodelling could act as a protective
mechanism to induce blood flow stabilization.

Future longitudinal studies withhancreased number of
patients will be required to elucidate the role of disturbed
flow in stenosis development, with the final aim of
improving AVF clinical outcomes.
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Introduction

As a result of the success of transcatheter aortic valve
implantation (TAVI), several complex and accurate in
silico models have been implemented to model this
treatment and therefore to assess its structural and
hemodynamic consequences. Hwer, the actual
materialpropertiesof anatomicapartsremainunknown

and uncertain. Thistudy seek$o provide a calibration

of patientspecific constitutive parameters for both the
aortic wall and calcific aortic valve using an inverse
analysis and ektrocardiograngated computed
tomography (EC&ated CT) images.

Methods

Finite Element(FE) modelsweredevelopedor agroup

of n.20 patients underwent TAVI with the SAPIEN 3
Ultra transcatheter heart valve (Edwards Lifesciences,
USA) with Abaqus$Explicit solver(v.2021hf7 Dassault
Systémes, FR). For each patient CT scans at diastolic
phase were segmented in Mimics software (Mimics
Innovation Suite v.22, Materialise, BE) to reconstruct
the LVOT geometry, calcific plaques, and aortic wall
[1]. Given the undetectability of aortic valve leaflets,
theywereshapedccordingo aparametrianodelbased

on anatomic measurement and landmarks using Rhino
software (v.7.1, McNeel & associates, USA) [2]. The
inverseapproactadoptsaquadraticegressin modelto

link the input variables (i.e., the material properties) to
the outputvariables. The regression moaelnsisted of

an optimization algorithm to minimize the difference
between predicted and &J¥ased measurements.
Specifically, the output varides of interest for the
aorticwall andthe calcifiedvalvewerethe peaksystolic
strain of the aortic root and orifice valve area,
respectivelyAssuminglinearelasticmaterialbehaviors
for both the aortic wal/l
modulus is the only parameters to investigate, as the
P o i s soeffic@rgwasfixedto0.475to accounbf an
incompressible material [3].

For each patient, n.10 simulations of the cardiac beat
were carried out varying each time randomly the
materialpropertiesin their interval of definition [0.8-10
MPa]. For eachsimulation,thesystolicstrains(NE) and

the nodal coordinates of valve free edges were
automaticallyexportedusingpythonscripts.Theorifice
valve area was then calculated into the Grgsséo
plug-in of Rhinoceros. As the solution can lead to two
differentoptimizedmaterialparametesetstheY o ung 6 s
moduli were selected from the solution falling in the
interval definition. If both values were contained in the
range, these were averaged.
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Results and Discussion

Aortic valveleafletswerefoundto havea stiff behavior

with elasticmodulusof 10.8+3.0MPa,andthisis likely
caused by the constraining effect of embedded
calcifications in severe stenosis condition. The aortic
wall behavior was characterized by an elastic modulus
of 5.9+3 MPa, also suggesting a stiff behavior of the
aortaascomparedo literaturedatawhentheaorticwall

is assumed as linear elastic.

Once the optimal material parameters were achieved, a
new analys was carried out for each patient using the
optimized material properties. For the aortic wall, the
deformed shape was exported and compared to that from
the CT images at systole. The root mean square error
(RMSE) was used to quantify the difference betwe
model predictions and CT images. The relative errors
for the aortic wall were in the range of 8.6% to 13.6 %
with more marked differences in the distal LVOT than
in the sinus and ascending aorta. Not any statistical
difference was observed between pectidhs and CT
based measurements (p=0.145). The relative errors for
the valve between predictions and -Gased
measurements were in the range of 0.08% to 11.86%,
suggesting a realistic evaluation of the biomechanical
response of the stenotic aortic valve.

Given the elderly population of patients undergoing
TAVI, thecurrentex-vivo materialdescriptorgeported

in literature are not suitable. In this setting, the major
novelty of this study is the development of a on
invasiveinverseapproachor theassessmermtf reliable
material properties for the aortic root of patients with
severe aortic valve stenosis.

Though dinearelastic material behavior wassumed,

the present inverse analysis can be extended to the

ag%s%ssmgqt ?f fmlultéol m%lteﬁiigé-sad,qslm? ﬁn«g th%o ungboé

complex constitutive relations

Overall, numerical simulations of the préaVI
scenario here presented were found in agreement with
CT imaging, thereby leading to a robust fiomasive
approach for irvivo assessment of material propestie
that could enhance the prediction of TAVI-silico
models.
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The chememechanical motor of several physiological
and pathological processes in biological systems is a
polymerization process, which converts chemical
energy into mechanical work. The chief component in
this activity is actin, a muHliunctional protein faming
filamentin the cell cytoskeletonExternalimpulsesof a
chemical or mechanical nature trigger a chemical
reaction, which converts the monomeric form of actin,
G-actin,into a polymerizecbrancheefilamentousform,
F-actin. Uponpolymerizationthecrosslinked network
acts against the plasma membrane, a pathogenic
bacterium, or an endosome, pushing them forward and
promoting directional motility.

At the leading edge of cells, actin is organized in an
almost bidimensional denditi array of branched
filaments [1]. Binding proteins control actin turnover
and filament elongation, mediate the initiation of new
filaments as branches on gegisting filaments and
promote (de)branching and (de)polymerization, thus
regulating the mecharatresponse of moving cells.

In a recent publication [2], a thermodynamically
consistent continuusmechanics formulation was
proposed, stemming from continuity equations that
account for actin chemical kinetics [3]. We have
suggested that the volumetricpaasion exerted after
the phase change from monomeric to a climked
network of actin filament ultimately converts chemical
energy into motion.

In this note,theformulationin [2] will be extendedand
unpublished results presented for the fiiste. The
main novelty is the application of Helmholtz free
energies with no entropic contributions. Numerical
simulations of Listeria pathogens, see Fig. 1, with data
taken from biological literature, show that the main
features of actibased motility a& captured with
remarkable accuracy.

Themodelmanifeststselfin macroscopidescriptorof
biochemical and biological details of the relevant
processegherebyresultingin sufficientgeneralityto be
appropriate for several biological systems, targgti
cellular motility as a whole.

Fluorescent imaging and quantitative analysis
describing the cellular force transducer elements, like
the cytoskeleton, will validate our computational
models.

Actin fibers and focal adhesion in live cells cultured in
differentconditionswill bestainedto characterize¢heir
organization and the dynamic turnover, with the aim to
extract quantities of interest (such as number, size,
lifetime).
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Figure 1: Concentration of factin network in Listeria
pathogens comet tail.
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Introduction NMA vibrationalfrequencie®f 3 MTs, built from MD-
derived tubulins. Results highlight that NFF has
increased mechanical properties (Fig 1D), in particular
the shear modulus, reflecting the atomistic result that
Taxol alters the intePFs interaction.

The study of microtubule (MT) mechanics and the
pathwaysnvolvedin the transferof vibrationsbetween
tubulinsis crucialto understandhow MTs arestabilized
within the cell. Indeed, the hierarchical organization of
MTs is the basis of their stability, mechanics, and A
function. Modulation of MTs mechanics can alter cell alB-
equilibrium and be exploited in therapeutic approaches tubulin 3
in cancel1]: theMT stablizer Taxolis aclearexample.
Thereforethiswork aimsat sheddindight onthe effect

of atomicstructureon MT mechanicsandhow changes

in tubulin induced by Taxol relate to MT properties,
through a computational approach connecting different
scalesfrom atompositionsto macroscopiobservables.

Methods

We employed a multiscale approach to investigate the
mechanics of MTs by integrating -@tom molecular
dynamics (MD) simulations and Protein Structure
Networks (PSN) with Normal Mod&nalysis (NMA)

on ElasticNetworkModels(ENM). All -atomstructures

of thedimers,in absencédMT#P°) andpresencéMT ')

of Taxol, were optimized in systems representative of
the MT wall in a total of 600ns of MD simulations. In
PSN, tubulins were modeleas a graph where amino
acids are nodes connected based on their interaction
strengthThisapproachallowedusto obtaininformation
about the propagation of vibrations within the MT, i.e.
aboutmechanicatommunicatiorbetweerntubulins[2]. i
MTs of lenghs between 250 and 400 nm were built by
fitting tubulin rings onto an Electron Microscopy
Density (EMD) map and replicating them axially (8.15
and 8.18 nm step for M and MT'®) [3,4] (Fig 1A).

In ENM, residues are beads connected with springs if . .
closer than 1.2 nm; we obtained MT vibrational Discussion

frequencies and mechanical properties from NMA of ~ Our approach relates microscopic changes induced by

250 300 350 400

Length [nm]
gur e 1: ( A) Production
tubulins. (B, C) Pathway of communication between
PFs in MTP*° (B) and MT® (C). (D) Difference in
mechanical properties driven by Taxol (3 replicas).

ENM, assumingt asahollow cylinderof homogeneous Taxol and resulting changes in mechanics with MT

isotropic material [5]. stabilization.  Taxol interaction alters tubulin
conf or ma tleop nstructure Mand intdPFs

Results communication. This reverberates at a higher scale

increasing MT mechanical properties, in particular the
resistanceo shearforces.Therefore,Taxol canstabilize

. i L MTs by strengtheningnter-PFs interaction. It will be
mediate the mechanical communication between jnierestingto analyze howTaxol affectsMT dynamical
protofilaments (PFs) (Fig 1B), while the transfer of eqhonseo anappliedstressprovidinginsightsfor ant-

vibrations i s -tubuliniv @A™ e i nl yncd YrugYnd bicinspired nanomaterials design.
1C). These results are interesting since Taxol interacts

with res i d u e-tibulin M-lobp involved in MTP°
communication path. Moreover, Taxol induces References )
conformationathangesn tubulinsandlossof structure 1. Jankeetal, NatRevMol Cell Biol, 21:307326,2020.
of t hleop, lridwn to mediate the interaction 2. Fanellietal, MethodsCell Biol, 117:43 61,2013.

. . . 3. Suietal, Structure18:10221031,2010.
betweeradjacenPFs.At ahigherscale the persistence 4 Kellogg et ol Biol, 429: 336 2017,

leng h (Lp), bending (Eb), H e etal%én'\ﬂysmal\lﬁuﬂw 18031890205 ( E)

moduli of MTAP® andMT ™ havebeencomputedirom

The analysisatthe molecularevel revealedemarkable
differencesinduced by Taxol. In M°, -tubulins
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Introduction

Modern3D bioprintingtechniquesim atreproducinga
specifictissuecompositiorby extrudingabioink, which

is a cluster of stem cells embedded into a hosting gel,
into the desired pattern. If the extruded structure is fed
suitable nutrients, cell differentiation and growth is
initiated. Howeer, prior to activating these processes,
the gelmustfirst be converted int@ polymer construct

to provide support and preferential directions to the
successiveellulargrowth phase Therearemanyways

to accomplisithis melt-to-solid transition,mostnotably
photopolymerisation. The irradiation of a light with
suitable intensity and wavelength triggers chemical
processethatinducethecrosslinking betweerpolymer
chains within the printed material, in a tiraeolving
scheme of structure formatio@ontrolling this process
holds great importance, since cellular motility and
nutrientdiffusion aregreatlyaffectedby thedisposition

and orientation of the polymer network. As it currently
stands, the 3D printing process briefly described above
is well known, but in many instances it is not yet
adequately optimised and the influence of a variety of
parameters hinders a largeale production basis. For
exampletheintensityanddirectionof the UV light has

no standardprotocolyet, sothe definition of anoptimal
disposition of the light sources can prove essential in
minimising the polymerisation times, hence tissue
formationtimesasawhole.Thiswork intendsto ground

the choice of selected polymerisatiparameters to a
rational basis.

Methods

To achieve the aforementioned objectives, the relevant
Physics of what happens after the melted-iblois
deposited has been represented through +phitsics
Finite Element simulations, where the Kkinetics of
polymer crosdinking has been coupled with finite
deformation formulations. Specifically, the curing
process may be described by evolution equations of the
kind:

Td) dfb 7 SN Ry 7, 7 DI 7 v A T A
o I dw o0 ¢Qw oo Qw oo w oo
@ oo e

TiT 5 Qw odw oo

T("T =1 Qb a

In which & ity are the concentrations of radicals,
photacinitiators and oxygen respectively, and the light
intensity’Qollows a BeefLambertlike diffusion law.

The behaviour duringghase evolution follows a well

5.
3

established mechanical model [1, 2] which recasts the
nortlinear, finite-elasticity problem associated to each
time-dependent crosslink formation into a more
convenient equivalent phase. Viscoelastic behaviour
during polymersation has also been accounted for.
More to the point, the constitutive behaviour of the
polymer has been divided into an elastic branch,
following a NeeHookean law:

a o o | Qaé khered is the
Cauchy stress|| is the deviatoric part of the left
CauchyGreen deformation tensor, ahd andQ are
the shear and bulk modulus of the crtisked
polymer.

To deal with these highly nelmear differential
equations representing the problem, a parametrised
custom Finite Element variational formulation has
been implemented.

Results

The main results that will be illustrated will address the
evolution of the curing (degree of conversjgras a
function of light diffusion within the polymer medium
(light intensityl).

Figure and Tables

Figure 1: light diffusion inside the medium

Figure 2:degree of conversion within the analysed medium
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Introduction

Mechanical stimuli from the environment affect
mesenchymal stem cells (MSCs) morphology and
functionality [1]. We observed an increased stemness
maintenance for MSCs grown into a 3D custorade
scaffold [2]. We are nowniestigating the role of
scaffold architecture in maximizing the cell stemness
maintenance over the time, and the identification of
molecular pathways most significantly deregulated.

Methods

Custom made organioorganic polymeric scaffolds
were produced by the twphoton polymerization
techniqgue with different dimension of cubic pores
(15x15x15m?3, 20x20x20mmq) or gradedpore(Named
Ni choi d), wi t h a range

transversely and 15 em i

investigatethe gene expressionderegulationinducedby
the different scaffolds.

Results

RNA-Seq analyses indicate that culture conditions
significantly affect gene expression. Among all the 3D
conditions tested, cell stemness significantly increased
only in Nichoid scaffolds. Computational analysis
demonstrates that this condition induces reased
gradients in the displacement and stiffness of the
microscopic trusses that form the pore microgrid
(Fig.2a,b). Fluorescence imaging shows that the 3D
scaffold geometry does not affect the organization of
several proteins primarily involved in the
mechanotransduction pathway; on the contrary, it
influences significantly the cell cagability to migrate
10 and 0 em
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Fig.1: Representative portion of the 3D investigated
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Finite element analyses (COMSOL Multiphy$ips
were performed to evaluate the displacemepntddd
bending and longitudinal stiffnessesi¥Ki/d;) of each
pores type. We built the model stationary condition,
and linear elastic and isotropic material properties
(E=3.03GPay=0.49,r =1200kg/n{) wereimposed We
tested three load cases (|[F|=70nN), one for each
direction,placedathalf-lengthof barsfor representative
EEF 95 pores(Fig.1).

Fig.2: Example of a
meshed scaffold
composed by graded
pores, meshed by
COMSOLWWMultiphysic¥.

10*MSCs were cultured for 24h and 7days, in 3D and
2D samples, using standard culture conditions. As
pharmacological control,nin CytochalasirD for 1h
was usedo reduce internal cellular tension.
Fluorescencémagingwasperformedto investigatecell
migration capability in situ and ex situ, nuclear
morphologyandnucleoskeletabrganizationRNA-Seq
and Bioinformatic Data Analysis were used to
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Fig.2: a) Representationf trussdisplacementinderthe
point load R=70nN. b) Pore stiffness along the three
investigated directions; c) Analysis of MSCs capability
to migrate.

Discussion

MSCs cultured in our 3D scaffolds do not show a
significant cell reshaping and remodelling of the main
structural proteins; however, iis appreciable a
significative gene deregulation. Our hypothesis is that
this phenomenon is guided by a modulation of the cell
confinement and migration properties.

Our findings reveal novel aspects of the MSCs culture
in 3D, representing stepforwardin thecontrolof stem
cells via purely mechanical conditioning, thus paving
the way to new strategies for MSCs translation to
clinical applications.
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Introduction

PancreatiductaladenocarcinoméPDAC) is oneof the

most aggressive and lethal malignancies [1]. In PDAC,
stellate cell activation results in the excessive preduc
tion of extracellulamatrix (ECM), causinga significant
increasef tissuestiffness( Y o u maddlsE~1-4 kPa

in healthy pancreag~4-43 kPa in neoplastic tissue
[2]), which affects tissue vascularization and limits
chemotherapegffectivenes$3]. Solid stressandcancer
relatedstiffnessarealsoassociateavith increasednva-

sive potential. To identify potential candidates for
PDAC fargeting, it is crucial to understand how PDAC
cells respond to tissue stiffness and to detect the key
players in the mechanotransduction processes. In this
study,we developedstiffnesstunablehydrogelsandmi-
cropillararraysandusedthemto investigatdn vitro the
influenceof substratestiffnesson PDAC collectiveand
single cell behavior.

Methods

To mimic the stiffness of healthy pancreas and PDAC,
two polyacrylamide (PAM) substrates (PAM low and
PAM high, respectively) weréabricated as thin films
boundto coverslipsfollowing a publishedprotocol[4].

The effectivemodulusE* of the PAM substratesyith-

out and with a collagen coating, was characterized by
nanoindentationtests(PIUMA, Optics11)performedin
wetconditions(PBS)at 37°C.Humanpancreaticancer
cell line (PANG1) cells were then seeded on the colla
gencoated substrates (n=3 for each type), cultured at
37 °C and5% CO,, andimagedevery10min for 6 h for

randommigrationassaysThemigrationratev( € m/ mi n)

betweerntwo consecutivdime pointswascalculatedus
ing MtrackJ plugin of ImageJ (NIH). Finally, for char
acterizing the traction forces exerted by the PANC
cells,two polydimethylsiloxandPDMS)micropillar ar-
rays with different beding stiffness (k= 7 2. 3
andky =217.2n N/ ewergdesignedqSolidworks)and
fabricated by soft litography. PANC cells were then
seeded on the fibronecteoated micropillars, stained
with rhodamine phalloidin after 24 h, and after addi
tional 24 h fluorescencémageswereacquiredandana
lysed (Imaged, Matlab), measuring pillar deflections,
and evaluating traction forceB)(as:

F=k-x Q)
wherek is the pillar bending stiffness (nNN/um) ards
the measured pillar deflection (um).

Results

The PAM low and PAM high substrates, without and
with a collagen coating, exhibited effective modulus

e
3

values in the range of pancreatic healthy and tumeor tis
sue, respectively (PAM lowE*=0.56+0.36 kPa and
E*=1.05+0.76 kPa w/ collagen; PAM high:
E*=18.79+5.29 and=*=15.98+5.08 w/ collagen, Fig.
1A). PANG1 cells seeded on PAM high substrates
showed a higher migration rate=(0 . 34 N0 . 00 4
for PAM high;v=0.18+0.00% m/ nfor PAM low, Fig.
1B). When seeded on micropillar arralPANC-1 cells
exerted significantly higher mean traction forces on
stiffer micropillars F=14.2+£3.9 nN for k, F=32.5+£9.7

nN for k4, Fig. 1C).
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Figure 1: A) Effective modulus of PAM substrates; B)
Random migration assay: cell trajectories and mean
cell vebcity; C) Mean cell traction forces. (*p<0.01).

Discussion
Nanoindentationiestsconfirmedthe suitability of PAM

n NS ﬁgates in mimicking the stiffness of pancreatic
a

healthy and tumor tissue. Biological tests showed that
PANC-1 cell migrationis fasteron PAM high substrates
andhighermeantractionforces aregenerated ostiffer
micropillars, indicating that the physical environment
affectscell behavior.Thus,theproposedpproactcould
provide further insights into PDAC mechatransdue

tion processes. Tests on-coltures of PANGL and fi
broblasts on PAM hydrogels are ongoing, along with
further optimization of micropillar arrays.
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Introduction

In extrusionbioprintingthe cell viability andthe quality

of the printed scaffold are highipfluenced by several
proceswvariablessuchastheextrusionvelocity, thebio-

ink properties, and the nozaliémensions [12, 3]. The
introduction of the irsilico (computational) models
would allow to reduce the experimental optimization
costs ando speeeup the innovation of the bioprinting
process. So far, the theoretical and numerical models
used are not specific enough to give a quantitative

assessment of the main cell damage causes such as the

shearstressandexposurdime [4]. Theyoftencorsider
very specific fluid behaviors (at most, power laws) and
ignoretheinteractionbetweercellsandthe surrounding
fluid. Theaim of thiswork is to presentacomputational
model for the extrusion of neNewtonian hydrogel
based bioinks that explicjticonsiders the detailed 3D
geometry of traditional nozzles used in bioprinting and
the presence of cells.

Methods

To analyzethecomplexfluid-structureinteraction(FSI)
occurring in the nozzle between the hydrogel and cells,
as well as among celthkemselves, we have realized a
multi-physics solver based on the immersed boundary
technique [5] to accurately reproduce cell extrusion
process. The dynamics and deformations of cells are
solvedusingaspringnetworkstructuraimodelbasedn

the Fedosog'interaction potential approach [6].

Results

The parametric study addresses the cell stress analysis
onastandaradtonvergenhozzlegeometrywith different
needle diameters and multiple immersed cells.

Figure 1: Velocity field along a symmetpjane and
shear stress field in the nozzle during the simulation.

5.
3
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In Fig. 1, thecomputedvelocity field of the hydrogelin

the convergent areaf thenozzle and the shear stresses
acting on cell surface are reported. Numerical results
demonstrate that cells locally modify the hydrogel
velocity field, and that cell shear stresses and
deformationsarehighly influencedby interactionswith
other cells.
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Figure 2: Cell shear stress analysis along the nozzle
axis (solid line: mean value;haded area: standard
deviation) for different needle diameters.

In Fig. 2, the probability distributionof the load history

of cells for the three diameters considered is shown,
which indicatesa maximumshearstresgpeakoccurring

in the nozzle convergénegion.

Discussion

The planningof a bioprintingprotocolrequiregto find a
delicate balance between biological requests and
engineering constraints. The proposeesilico model
opensfor a systematiavirtual optimizationof hydrogels
materialpropertiesnozzlegeometriegndcell densities

in extrusion bioprinting.
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Introduction

Xenografts and allografts are usually crosslihketh
glutaraldehyde, which implies cytotoxicity and tissue
calcification [1]. An alternative preparation is the
decellularization, which limits antigenicity while
preserving the integrity of the extracellular matrix
structureandthusits mechanicapropertieq2]. Theaim

of the present study is the evaluation of the efficacy of
new decellularization protocols for human dermis and
pericardium in preserving mechanical properties.

Methods

Human tissues were obtained from cadaver donors
following Italian directives and with the proper
informed consent. Two testing protocols were
developed to evaluate the mechanical performance of
the tissues, taking into account the availability of
materialfrom which to takesamplesn thetwo districts
(which is much lower for the pericardium). Therefore,
the dermis was uniaxially stretched until failure along
multiple directions of sampling (size of specimens:
40x5 mnd), while the pericardium was equibiaxially
stretched up to 20% strain on cruciform specimeut
from 20x20 mnA patches using a custom tool. The

thickness of the tissues was determined as the mean of

three measurement taken with a thickness gaugé (547
321, Mitutoyo, Lainate, Italy) in three points in the
central region of each specimetniaxial tensile tests
permitted to evaluate the ultimate tensile strength
(UTS),
toe region (e and in the linear region (& of human
decellularized (hDD) versus ndreated dermis
(control, hCD). Biaxial énsile tests were conducted to
simultaneously explore the decellularization treatment
effect i comparing human decellularized (hDP) and
control (hCP) pericardium patchés and the tissue
anisotropy The Ejin wascomputedn thetwo directions.
Being the direction of the fibers that compose the
extracellular matrix unknown, the loading directions
presentinghelowestandhighestelasticmoduli of each
specimerwereevaluatedseparatelyandwill bereferred
asto D1 andD2 in thefollowing. Threecontrolpatches

and three decellularized patches obtained from three
different donors were analyzed for each tissue.

Results

Despite the high intespecimen variability, the hDD
resulted significantly stiffer (Figure 1c) and more
resistant in terms of UTS (Figure 1a) compared to the
control tissue (p<0.05). Moreover, the Uyrs decreased

e
3

st r ark) and aelastic modaliarkthe( U

after decellularization p<0.05, Figure 1a). The
aforementioned propertiesbtained from the three
dermisdonorsweresignificantlydifferent(p<0.05).The
resultsobtainedrom asingledonorareshownin Figure

la and 1c. In contrast, from biaxial tests, no significant
differences were highlighted between hDP and hCP,
neitheralong D1 nor along D2, and similar properties
were obtained for all the donors (Figure 1b and 1d).
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Figure 1. Dispersion of the stress vs. strain curves of
humandermis(a) andpericardium(b); Ein of dermis(c)
andpericardium(d): treatments.control(mearnt SD).

Discussion

Previous findings confirmed the possibility of an
increase of R and UTS in decellularized tissue
comparedo nativeone[3]. Moreover thedispersiorof

the results omDD is very close to theariability range

of the UTS and k obtained from uniaxial tensile tests
on AlloDerm®, awidely usedacellulardermalmatrix for

soft tissue applications [4]. Intelonor variability was
expected considering thweell-known variability in soft
tissues. Neertheless, the differences that emerged
between hDD andCD couldbe ascribed tthe lack of
control in the harvesting orientation and to the
variability of fibersdirectionin thed o n dack.@nthe
other hand, although no differences were highlighted
between hDP and hCP, the results might have been
affected by the tissue anisotropy. Therefore, further
studies should be conducted investigating the direction
of the fibers in the extracellular matiprior to testing.
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Introduction

The analysis of the microstructural characterization of
soft biological tissues plays a key role in the
understanding of their mechanical response and
remodeling.Soft tissues, such as aorta walls, can be
regarded as fibrous materials assembled from a ground
matrix. Alterations occurring to the embedded of
collagen fibers have been shown to play a significant
rolein the pathogenesisf aorticdegenerationThrough
experimentahndmodelinganalysistheaimis to study

the existing, and yet not well understood, relationship
between mechanics and microstructure of healthy and
pathologicahrterialtissuespy combiningdigital image
correlation (DIC),smaltangle light scattering (SALS),
and multiscale computational modelling.

The study was conducted on pathological tissue
samples, specifically affected by aneurysm. An aortic
aneurysm is a local bulge of the aorta characterized by
segmental weakening dhe blood vessel. Irregular
hemodynamics have been shown to accelerate the
progression of such pathology with a common basis

provided by diabetes, male sex, smoking, and
hypertension. In addition, imbalance of tissue
biochemical pathways results in the seh of

pathological remodeling and thus histological changes
that affect vascular mechanics [1].

Methods

To understand the relationship between microstructure
andmechanicatesponsef arterialtissue experimental
tests and computationamodeling analyses were
performed. The experimental mechanical
characterizatiomf pathological aortic tissue samples is
made through biaxial foreeontrolled tensile test at
different tensile ratios, both along the circumferential
and axial direction. Usinp imaging techniques such as
DIC, first the displacement and then the strain field
couldbeaccuratelyidentifiedto reconstrucstressstrain
curves U-E.

A second imaging techniqueamely SALS, is used to
investigate the microstructure. By performing
simultaneously with the tensile test, information on the
preferentiabrientationanddispersiorof collagenfibers
during mechanical loading could be provided.

At the same time, to perform the modeling analysis,
arterial tissue was described a nonlinear hyiastic
material.

Using a micremacro perspective for the mechanics of
crimped fibers. In fact, the straightening of crimped
fibers in biological soft tissues is responsible for their
nonlinear macroscopic mechanical response.
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Thereforethestressstran curvetakesthe characteristic
Jshaped curve, by explicitly depending on a set of
clearly observable microstructural parameters [2].

A finite element implementation of such multiscale
modellingtechniques alsoconsideredto reproducehe

non homogeneous strain field as obtained from DIC
image. For the finite element discretization,
guadrilateral elements have been introduced, generated
in AceGen. In each material point of the domain the
presence of crimped fibers in their undeformed
configuraton was considered, with different
orientations as read from SALS measures Other
microstructural parameters, e.g, radius amplitude and
orientation, were calibrated through a process of
parametrigdentificationandnumericaloptimizationfor

a fixed tensia ratio 1:1.

Results

The comparison between the experimentaldeling
results demonstrated the validation of the proposed
model, showing the relationship existing between
microstructure and mechanics in the arterial tissues.
The results obtained are natlp representative of the
meanmechanicatesponsehutalsoof the dispersiorof
strain in the tissue, as obtained from DIC. This
correspondence, albeit with different degrees, is
maintained even moving away from the calibration
conditionof themodel,defined for thetensionratio 1:1,
towards different tension ratios.

Another important result is that the model is also
representativef thetissuebehaviorin termsof collagen
fiber realignment, as obtained from SALS measures
during mechanicdbading.

Discussions

Thepresentvork hasshownhowamultiscalemodelling
technique is predictive of the mechanical response but
also of the microstructure in terms of fiber thickness,
amplitude andorientationof the collagenfibers,during
loading.The stronginterconnectiorbetweermechanics
and microstructure is hence highlighted, developing a
predictive toll than can serve in future studies of tissue
remodelling.

References

1. Niestrawska JA, Viertler C, Regitnig P, Cohnert TU,
Sommer G, Holzapfel GA2016 Microstructure and
mechanics ofhealthy and aneurysmatic abdominal aortas.

2. Microi macro constitutive modeling and finite element
analyticatbasedformulationsfor fibrous materials: A
multiscale structural approach for crimped fibers Michele
Marino, Peér Wriggers.

40



TEST BENCH FOR CHARACTERIZING THE PERMEABILITY OF TISSUE
ENGINEERING SCAFFOLDS

Simone Israel (1), Stefano Gabetti (1), Beatrice Masante (1,2), Federico Mochi (3), Costantino Del
Gaudio (4), Alessandro Schiavi (5), Alberto Audenino (1), Diana Massai (1)

1. PolitoB'®Med Lab and Department of Mechanical and Aerospace Engineering, Politecnico di Torino, Italy;
2. Department of Surgical Sciences, CIR-Dental School, Universita di Torino, Italy; 3. Hypatia Research
Consortium, Italy; 4. Italian Space Agency, ltaly; 5. National Institute of Metrological Research, Italy.

Introduction

To createin vitro functional tissue substitutes, tissue
engineering (TE) approaches rely on the active
interaction between cells and porous thd@aensional
(3D) scaffolds [1], whose effectiveness is significantly
impacted by microstructure. Porosity, pore size,
tortuosity,andinterconnectivity influencehe ability of
thescaffoldto bepermeatedby fluids (permeability)and
consequently its suitability for cell colonization.
Therefore permeabilitycharacterizations essentiafor

a thorough assessment of the scaffold performance [2].
Several approaches were proposed to characterize the
permeability of TE scaffolds; however, standardized
protocols are missing. Here, vdeveloped a versatile
permeability test bench (PTB) for characterizifigc
scaffolds and we validated it by testing different bone
TE scaffolds and comparing the resultsthwthose
obtained using a reference test bench (RTB) [3].

Methods

The proposed PTB is based on the pump method [2].
The permeability chamber (P@quipped with custom
gaskets and grids, allows housing cylindrical samples
(height = 214 mm, diameter =-27 mm). The PC is
connected to a closddop hydraulic circuit consisting

of a reservoir, a peristaltic pump (Masterflex), silicone
tubing, two pressure sensors (HJK) upstream and
downstreanof thePC,and3-way stopcocksThesensor
signals are collectedyba DAQ (National Instruments),
whichis operatedy acomputerrunningapurposebuilt
LabView interface (Fig. 1A). Tests were conducted
using demineralized water. A defined flow rate was
imposed to guarantee the laminar flow, consequently,
permeability(k) wascalculatedoy usingthe Darcyflow
transport model:

P /=/k*(Q/A) 1)
whereq Hs thepressur@ropacrosgshesamplel isthe
sample thickness, € is

and A is the area of the sampbeosssection. For
validatingthe PTB, two 3D-printed PLA scaffoldswith

a random trabecular microstructure [4] and two
commerciabiomimeticscaffolds(SmartBondBI S.A)
weretestedat5 mL/min for atleast3 repetitionsResults
werethencomparedvith thoseobtainedusingthe RTB

[3].

e
3
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Results

Performance tests confirmed watertightness and
functionality of the PTB. The permeability values of

PLA (P1 and P2) and SmartBone (SB1 and SB2)
scaffoldstestedwithin the PTB andthe RTB areshown

in Table 1. Comparing the results within the same
sample 6r the two test benches demonstrate the
reliability of the PTB. The normalized errors between

PTB and RTB permeability values were less than 1.

12101

Permeability (m?*) ®
Permeability (m?) a

]

Figure 1: A) Picture of the PTB with focus on the
chamber; Permeability test results on PLA (B)da
SmartBone (C) scaffolds.

Sample PTB(10 79 n RTB(10 T3
P1 2.380+ 0.570 2.070+ 0.269
P2 2.330+0.601 2.330+0.290

SB1 0.288+ 0.034 0.263+ 0.023
SB2 0.772+0.199 0.881+0.093

Table 1: Permeability (A and confidence interval at
95% ofthe analyzed samples.

Discussion

A versatile test bench for -characterizing the
permeability of TE scaffolds was developed and
validated. Despite the measurement dispersion in the
PTB tests, the calculated permeability values are in
accordance with the rdss from the reference

=3

uncertainty, the PTB datacquisition system is being
optimized. Tests employing soft scaffolds are ongoing
for complete validation of the PTB.
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Introduction

Artificial Urinary Sphincters (AUSs) are prosthetic
devices for the treatment of urinary incontinence
secondary to sphincteric deficiency. Tloperating

principle can be based on several mechanisms [1] and

allows to occlude the urethral lumen ensuring the
continence condition. A pressure loading is generally
applied around the bulbar urethra through an inflatable
cuff and no standardized method¥ choice are
clinically usedfor definingtheappropriatecuff pressure
andsize.Thelong-termefficacyof anAUS hasemerged
related to the compatibility of the occlusive action, in
terms of intensity and distribution, with the urethral
tissuehealth.Tissueerosionandatrophydueto the cuff
appeamamongthemostcritical complicationsafterAUS
implantation, requiring surgical revision [2].

For the identification of the propriety design for device
durability, this work aims to evaluate theflirence of
geometric parameters of the AUS cuff on the stimulation
of theurethraltissueghroughcomputationamechanics
analysesModelsof anovelpatentedAUS [3] andof the
bulbar urethra were developed and different cuff sizes
wereconsidered in terms of thickness and length.

Methods

The3D CAD modelof the AUS cuff wasdesignedasan
inflatable cylindrical chamber combined with an
external support band. Thrdéferent thicknesses (1, 2
and 4 mm) and two different lengths (8.5 @imm)
wereconsideredor the chambeto evaluateheimpact

of the geometry on the performance of the device. An
elastomewasassumed¢omposinghe AUS anddefined
throughanhyperelastidormulation.On the otherhand,
the urethral model was develop&dth a simplified
elliptical lumen and mechanically described through a
previously identified hyperelastic formulation [4].

Figure 1: Cuff model(in blue), designedy thicknesf
2 mm and length of 17 mm, in interaction with the
urethral model (irgrey).

Models were FE discretized and assembled (Figure 1)
by defining the interaction through hard contact in the
normal direction and through penalty approach in the
tangential one. Computational mechanics analyses

&‘J

simulated the lumen occlusion throutite inflation of
the AUS chamber up to 80 cre®l pressure, by means
of Abaqus/Explicit 6.14 notinear dynamic solver.

Results

Cuffs of different thicknesses involved a different
distribution of the occlusive action on the urethra. In
reference to the greater length, compressive strain
results within the maximum stimulated urethral section
are reported in Figure 2. Thicker cuffghébited an
higherprevalencef strainvaluesin therange70-80 %,
which may induce tissue degenerative phenomena.
Similarly, thelengthof the cuff showedo influencethe
mechanical stimulation of urethral tissues.

Chamber thickness (mm)

1 2 4

&

Occlusive pressure (emH,0)

@G'P@

(0!1]])1‘9:%]\ e — I:E':I
strain (%) ()O 80
Figure 2: Contoursof compressivatrain by varyingthe
chamber thickness and the occlusive pressure.

Discussion

Computational techniques provide valuable tools for
designing AUS by enabling the evaluation of the
interactionbetweerthe deviceandthebiologicaltissues
based on the biomechanical compatibility.
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Introduction

Theplantaradiposeissue(AT) is composedy adipose
chambersandconnectiveseptaandit is locatedbetween
foot bony segments, plantar fascia and skin. Its main
mechanical roles are fmwovide a damping system able
to adsorbfootimpactandto bearthebodyweightduring
static standing [1]. In recent years, different
computational models of the foot have been developed
to analyse the occurring phenomena, in relation to
gquantities that @ nonobtainable through in vivo
studies, e.g, stress and strain fields [2], [3].
Unfortunately,manymodelsstill havesomelimitations,

e.g the lack of information on the proper mechanical
characterization of the plantar AT, which changes its
microstructural conformation accordingthe different

foot regions. For this reason, the aims of this study are
asfollows: i) to performexperimentatestsonall plantar

AT,; ii) to definea properconstitutiveformulationof the
tissue; iii)to developa computationainodel ofthefoot

that considers the distribution of the mechanical
behaviourof the AT for the plantar region.

Materials and Methods

Experimental tests were performed on plantar AT
collected from four malduman donors, (56+18 years)
undergoingamputation due toancer, at the University
Hospital of Padova (CESC Code: AOP264%9nmples
were collected from the heel pad (HP), lateral (L),
medial (M) and metatarsal (Met) regions (Fig. 1a) and
tested with uniaxial unconfined compression tests
(Model Matchl, ©Biomomentum). Preconditioning
cycleswereappliedbefore:1) loadingunloading (strain
rates7-70-700%/s?) or 2) stressrelaxation(restingtime
300s) protocols (Fig. 1b).

A 3D Finite Element model of the foot, composed of
plantar AT, bones, ligaments, tendons and plantar
fascia, was developed starting from CT data (Abaqus
Explicit 2019, Dassault Systemes Simulia Corp.,
Providence, RI) (Fig. 1c). An almestcompressible
visco-hyperelastic constitutive model was adopted to
describehe mechanicatesponsef the plantar AT and
the experimentatesultswereusedfor theevaluation of

its parameters. Different numerical analyses were
developed to mimic physiological activities.g.,static
standing or gait cycle.

Results

Experimental results showed a different plantar AT
behaviourwithin thefoot regions,with a major elastic

modulusin theM region (abouB80kPa)andalowerin

the Met one (less than 30 kPa). Numerical results
reported for the stance phase of the gait cycle showed
that HP and Met regions, inside the plantar soft tissue,
showed the greatest displacemantl contact pressure
valueswhile theL andM onesarelessstressedFig.2).

a)
plantar

Y fascia

Ligaments

METATARSAL

Achille’s
tendon
-

(b) plantar ad};ose tissue -(hé)
Figure 1: footsubdivision(a), compressionest(b), foot
Finite Element model (c)

U, U3 (mm) CPRESS (kPa)
5.6 .f\o 1.0

(b)
Figure 2: Displacement (aand contact pressure (I
theadiposetissue obtainedmimickingthe stancephase
of the gait cycle by the Finite Element analyses

Discussion

The computationamodel considertherealmechanical
behaviourof the adipose tissue in the different foot
regions, providing information on its mechanical
behaviour during physiological loading conditions. A
step forward could be the simulation of interactions
between foot and footwear, providing informatiem.,

in the design of specific insoles for sportsmen in order
to prevent pathologies such as metatarsalgia.
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Introduction

Ischaemicheart disease is a frequent cause of death
globally, with coronary atherosclerosis being the cause
of most myocardial infarctions [1]. Typically, a patient
presents either stable or unstable plaque. The fast
distinction between these two groups is crucial
regarding patient treatment. This work proposes an
unfitted immersedboundary(IB)-basedmethodology

[2] with amorephysicalelasticbhedboundarycondition

(BC) to analyze coronary artery sections undergoing
uniform pressure in a quasiaticregime.

Methods

We proposeo assumehe sectionto besurroundedy a
material along its external boundary. This embedding
matrix produces a linear elastic reaction, and it is
described with an elastic bed coefficiebj lepending

on the stiffness. Thgoverning equation for the elastic
problem becomes [3,4]:

e (ODO®B ] B 0DB (1)
wheres is the Cauchystresgensor,u thedisplacement
field, e the strain fieldt the surface traction, and a
virtual infinitesimal displacementGr represents the
elasticbedBC, equivalento thewell-knownRobinBC,
while Gv the Neumann BC. To improve the
computational efficiency, the proposed methodology
implements (1) in an IB &mework with a generic
description of the domainy, based on levedets. The
level sets(Fig. 1), definedon a fixed backgroundnesh,
provide an implicit description of arterial sections by
dividing the domain into subdomains corresponding to
different plaque components (e.g., healthy, fibrous,
lipid, and calcified core). Without a loss of generality,
linear elastic behavior is assumed for all components.

A B

QB ﬂﬂ\ﬂ

Figure1: (A) Probleml descriptionwith Gyin red and
Grin green,and(B) backgroundmeshwith levelsets.

Results

To show the accuraayf themethodologyproblem (1)
is solved using the proposedIB Robinbased(IBR)
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model, on a realistic coronary section (Fig. 2A)
subjectedo aninternalpressure = 1e-2 MPa,anda =
-1.77e4 MPa/mm. Figure 2B shows the displacement
field obtained with the proposed IB methodhile
Figure2C correspondso the solutionobtainedwith the
classicaFinite Element(FE) method Differencesn the
average error of the displacement magnitude are found
to be less than 0.5% in the section, with a maximum
difference of less than 5%ig. 2D).

4 (Normal wall)

Q13 (Calcification)

Q4 (Lipid core)

), (Loose matrix)

Figure 2: IBR (B) and FE (C) displacement, W|th real
coronary section (A) and the relative local error (D).

Discussion

The article presents a novel formulation that combines
hierarchicalevel sets(from a 2D arterialsegmentation)
with an IBRbased formulation to obtain stress and
strain fields in arterial sections under physiological
conditions of blood pressure. Thevelsets allow us to
describe the arterial geometries, including plaque
component distributions, and use a single background
meshto simulatepatientspecificarterialsegmentations,
avoiding to develop a different conformal FE mesh per
geometry. Usinghe Robin BC (instead of classical
Dirichlet) allows to remove the rigid body motion
without altering the natural deformation of the arterial
section,andto accounfor the effectof thesurrounding
tissue on the artery. The results on realistic coronary
arterial sections demonstrate that the proposed unfitted
IB-based approach provides results equivalent to the
standard~E, allowing seamlesintegrationof structural
analysis in a medical image processing pipeline.
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Introduction

Intervertebral discs (IVDs) degeneration is defined as
fistructural failure combined with accelerated or
advancedignsofa g e i [1]. ¢ndeedjt impliesatissue
weakening primarily due to geneticheritance, aging,
nutritional compromise, and loading history. The
structural disruption occurring from injury or fatigue
loadsleadsto the hypothesighatdegeneratetvDs are
subject to larger deformations.

The effects of the IVDslegeneration can be evaluated
experimentally by combining mechanical tests and
Digital Image Correlation (DIC) to measure the strain
field on the surface of the IVDs.

Theaimof this studyis to evaluatehestraindistribution

on the IVDs before and after mechanically induced
IVDs degeneration.

Materials and Methods

Four T9L1 human spine segments were obtained
through an ethically approved donation program
(Ethical approval: Prot.n.113043).

Each specimen was scanned with a 3T Magnetic
Resonance Imaging(MRI) and a Computed
Tomography(CT) to establishtheinitial degenerationf
thelVDs (Pfirrmanngrade= 2 in all specimens)2] and
excludecritical bonepathology All softtissuesandthe
anterior ligament were removed without damaging the
IVDs. A high-contrast white speckle pattern was
prepared on the surface of each specimen.

A four-cameras 3EDIC system (Aramis Adjustable
12M, GOM) wasusedto measurehesurfacestrainfield

on the IVDs, at 25 frames per second, with a pixel size
of 0.07mm.Mechanical tests were performed using a
uniaxialtestingmachine(Instron8500,10kN load cell)

to induce flexion, right and left lateral bending, and
compressionasdefinedby [3], ontheintactspecimens.
Each spine segment was loaded until the average
minimum principal strain on the central vertebra
reached approxi mately
elastic regime without damaging the bone). Ten
preconditioning cycles up to half of the load
corresponding to the target strain were applied. Then,
each spdmen was loaded monotonically to reach the
target strain in 1s. Artificial IVDs degeneration was
mechanically induced (nucleoctomy) [4] to simulate a
Pfirrmann grade 5 of degeneration [2] in the T2

IVD. Then the degenerated specimens were tested
again following the same loading protocol.

DIC precision was evaluated as the standard deviation
of thestrain(randomerror)in zerastraincondition.The
minimum principal strains (Eps3) were measured and
compared before (intact condition) and after
(degeneated condition) the IVD degeneration.

5.
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Results

Randomerrorsweresmallerthan100nt. TheEps3were
largerafterVDs degeneratioifFig.1). In particular,the
Eps3 increased by 43% and 57%, in the -non
degenerated disc and in the degenerated disc,
respectively. 3D strain colour maps allowed to identify
the IVD regions which experienced the larger strains.
While in the nordegenerated condition the strain
distribution was rather uniform, regions with strain
concentrationappearedfter VD degeneratioifFig.1).

Discussion

IVD degeneration leads to an increase in the strains in
the degenerated IVD. Due to the change in the load
sharing in the spine segment after the degeneration, the
nondegenerated IVD experienced larger strain in most
casesFurtheranalysesandmechanicatestsarestill on
going to enlarge the sample to generalize the findings
and to extend the analyses ore thffects of IVDs
degeneration on the adjacent vertebrae.

Left bending Right bending

T10-T11 T11-T12
1,

-10000

-20000

Minimum principal strains [ €
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o 0[]
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Y i@erdtedl] 0 N
IVD
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DEGENERATED

Figure 1: Top: Eps3 averaged on the IVDs surface for
each loading condition (median and SD among the
sample). Bottom: 3Btrain colour map of the Eps3 on
the IVDs surface before and after IVD degeneration.

References

1. Adamsetal. (2006),Spine 2. Pfirrmannetal. (2001),Spine
3. Palancaetal. (2021),Bone.4. Techenstal. (2020),MEP

Acknowledgements

Study patrtially funded by AOSpine Knowledge Forum
Associate Research AwardQSKF-TUM-22-003).

45



BIOMECHANICAL CHARACTERIZATION OF THE HUMAN FASCIAE OF
THE ABDOMINAL REGION: SUPERFICIAL VS DEEP FASCIA

Lorenza Bonaldi (1), Carmelo Pirri (2), Carla Stecco (2, 3), Chiara Giulia Fontanella (3, 4), and Alice
Berardo (1, 3, 5)

1. Department of Civil, Environmental and Architectural Engineering, Via F. Marzolo 9, 35131 - Padova, ltaly;
2. Department of Neuroscience, Via A. Gabelli 65, 35121 - Padova, Italy; 3. Centre for Mechanics of
Biological Material (CMBM), Via F. Marzolo 9, 35131 - Padova, Italy; 4. Italy Department of Industrial

Engineering, Via Venezia 1, 35121 - Padova, Italy; 5. Department of Biomedical Sciences, Via U. Bassi 58/B,

351317 Padova.

Introduction

Themultilayeredorganizatiorof thefascialsystem(FS)
ensures continuity from the skin to the deepest plane,
being a key structure for force transmission. FS
substratesavedifferentimplicationsfor disordersand,
consequently, for treatment planning [1]. Recently, FS
biomechanical characterizat and variety in
accordance with specific anatomical sites are being
studied[2]. Historically, thefirst superficialfascia(SF)

to bedescribedn relationto herniaswastheabdominal

one (known in the lower abdomen Searpa Fascia).
Theabdominaldeepfascia(DF) is atrilaminarstructure
known asrectus sheattfaponeurotic fascia). Figure 1.
Loose connective tissue grants the independent sliding
between different layers, egpting along the linea alba
where they fuse weach

importance, the literature still lacks data on the
comparison of mechanical properties of superficial and
deepfasciaof theabdominakegion.Thereforewe have
consideredhis open topic as the focus of this work.
EPIDERMIS/DERMIS

Figure 1: Belowthearcuateline.

Methods

Fasciae patches have been harvested from the
abdominakegionof afreshfrozenhumandonor(male,

86 y/o, no clinical history of fascia alterations),
according to Body Donation Program [3]. The patches
have been cut into strips (Figure 2a) and tested (Model
Match1, °®Biomomentumwith uniaxialtests Thesame
orthogonaldirectionshavebeenconsideredor both SF

and DF, i.e., cranigaudal (CC, alonghey axis) and
lateromedial directions (LM, along thex axis)
Preconditioning cycles were applied before a 1) failure
(strain rate: 1%/s) and 2) stresdaxation protocol
(strain rate: 15%f/s, resting time: 300s).

Results

Thebiomechanicatharacterizatin of the SFandDF of
theabdominategionwasstudiedin termsof anisotropic

5.
3
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and viscoelastic behavior, highlighting significant
differences between the two structures independently
from the subject bias (Figure 2b). In particular, DF
revealed a clear anisotropy, characterized by an elastic
modulusalongCC (within thelinearregion) of aboutsix
times lower with respect to the LM direction, while
strain at break along LM was about 50% the one
obtained from CC samples. Moreover, SF showed a
tensilestrengthup to oneorderof magnituddower with
respect to DF along the same direnti

b) 7 superficial vs deep fascia
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Figure 2: a) Anatomical landmark for the harvested
patchesandcuttingdirectionsb) exampleof testresults.

Discussion

The variability between SF and DF, according to
differentdirections,is a further proof of their structures
and roles. Indepth knowledge of FS mechanical
properties has direct applications in tissue engineering
and clinical treatment planning (e.g., hernias repair).
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permits to define the relaxation modulus:

Introduction 00 OH B QXM A3)

Cell behavior is strongly influencetly the physical where G(t=0) is the instantaneous arm@(t= ) is the
properties of the microenvironment and complex equilibrium relaxation modulus. Then, for each sampl
mechanotransduction mechanisms are involved in cell set of meani] _parameters was obtained and Consequent|y
and tissue development, homeostasis and eventhe mean instantaneous and equilibrium relaxation

pathologies [1]. Thus, when developing materials modulus were calculated, according to Eq. 3.
mimicking the extracellular matrix of healthyr

pathological tissues their mechanical features should be Results
closely considered. In this context, nanoindentation is a Representative experimental and fitted curves for the
powerful technique for mechanically characterizing human lung sample show the accyranf the fitting
biomaterials and hydrogels at the delhgth scale, method (Fig. 2A). Figure 2B shows the curves obtained
however, standardized experimengabtocols and data using the set of mean parameters for all the samples.
analysis technigues are lacking. Here, we propose a Average values of the instantaneous and equilibrium
methodological approach for quantitatively analyzing and relaxation modulus are reported in Table 1.

comparing the tim&lependent mechanical responses of 1

different samples.As an explanatory study, stress . A oot 09 g ooma
relaxation nanoindenian tests were performed on human k- S0s Polung
and pig lung samples and on hydrogels in order to quantify & . éw
and compare their viscoelastic properties. £ - — 506
Materials and Methods : — e
Three different samples were mechanically characterized _ Jime (< ) Time (<) .
by nanoindentation: 1) a human lung sanpiom a Figure 2: A)Representative experimental and fitted
healthy donor, obtained from reseaxmnsented organ  curves for human lung sample; B) Curves from mean
donors in the framework of the prospective clinical study parameters set for all samples.
PROMole; 2) a porcine lung sample, obtained from a Sample G(0) (Pa) G(t) (Pa)
slaughterhouse; 3) a gelatimethacryloyl (GelMa) HUMAN 29,4+238 222+173
hydrogel sample, designed for iitre 3D modelling lung Pig Lung 35,6321 25,0£24,1

GelMa 117,0 £ 58,4 69,1 + 39,7

tissue. Stresselaxation nanoindentation tests were Table 1 Average values of instantaneous and
performed (probe stiffness = 0.024 N/m; probe ra&igs ) 9

25.5 um; Piuma Nanoindenter, Opticsll) in wet equilibrium relaxation modufor all samples.
conditions at 37°C, setting the indentation mode (max Discussion

indentation depthdmax = 1-5 pm). The imposed . "
indentation depth was reached between 0.1 s and 0.2 s, itThe proposed approach allowed comparing the -time

. . dependent behavior of the tested samples. Although the

was then held constant during load recording, and after 5 . L
. : __ = high variability of the results reported able 1 due to
s the tip was retracted. For each sample, 10 indentations o
. the heterogeneous nature of the samples, a quantitative

were performed. The experimental curves were then X .
) : ) : X measurement of the tindependent behavior of each
fitted through a genetic algorithm, imposing 15 sets of

S -~ sample was provided in terms of instantaneous and
initial random parameters and a value of the cost function

equal to 16 as stooping criteria. In detail. the Pren equilibrium response, by calculating the relaxation
qu opping ’ o ONY  modulus at the onset and at #ed of the holding phase.
series that describes the loading history during the

holding phase [2] was adopted: Furthermore, the analysis pointed out the tremendous
gp P o effect of the timedependent phenomena on the evaluation
00 O B X 0 ¢ (1. of the mechanical properties of the samples.
Wf:(eren andt (tthe cklliir:acéerlsztlc time ponstant) arte the References
unknown parameters. The Eq. 2 (whierés a parameter 1. Handorfet al, Organogenesi$1(1):1-15, 2015.

used to take into account the ndeality of the ramp 2. Mattice et al,). Mater. Res., 21(8): 2062010, 2006.
time [3]) based on thg parameters obtainedoim the 3. Qiang et al, IEEE, 58(7), 1418129, 2011

fitting procedure and defined as:

Qg @
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STRESS RELAXATION OF THE LOWER LIMB TENDONS IN HORSES
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Civera (5), Cecilia Surace (6)
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Introduction Discussion
Tendon injuries continue to be a major cause of The application of the QLV model for the
prematureetirementn racehorsesThe flexor tendons, characterizion of the viscoelastic behaviour of the

especially the superficial digital flexor tendon (SDFT) equine lower limb tendons showed promisiegults at
and the deep digital flexor tendon (DDFT) have the  each percentage of strain tested. These findings are in
highest incidence according to epidemiological reports  agreementith theliteraturewheretheQLV modelwas

present in the literature during practice and race [1]. tested on other tendons and ligaments.
Theanatomicabrchitectureof equinelower limb flexor A -
tendonsandjoints enablean efficient transferof energy el e ES

developed by the muscles favouring rapid locomotion. 1
The Energystoring tendons, such as Human Achilles /
tendon and hor s diledstSBmhat, ar e
permit efficient locomotion and reduce muscles P
workload [2]. The constitutive modelling of ligaments Y ' e —
and tendons is important for understanding the soft !
tissuefunction,aswell asthe mechanismsf injury and
healing [3]. The most suitable meld to represent
tendonandligamentsmechanicabehaviouiis thequasi Figure 1: NormalisedStresgelaxationof SDFT.
linearviscoelastiQLV) modelintroducedoy Fung[4]. —

In the QLV model, the strekstrain response is / ==

described as a separable function consisting of a stress
or straindependent function (independent of time) and

a timedependent relaxation or creep function
(independent of stress or strain). The tidependent
relaxation or creep function is called the reduced
relaxationfunction (G(t)). Thiswork is relatedto the T-
REM3DIE (Tendon REpair MEdical DevIcE) project,
whose aim is the developing of cuttiedge
technologies for soft tissue repair.

111

Figure 2: NormalisedStresgelaxationof DDFT.

Notmulid St Rebesuion Resubs.- 3% of s - COET

Methods

The relaxation tests were performed on frésizen .
tendon specimens, performing uniaxial tensile tests up ' ' w e T ' ) ’
to 3% and 6% of strain, followed by relaxation at a
constant strain level for a hold time of 300 s.
Specifically, three types of equine tendons were tested:
thecommondigital extensoECDT),theDDFT andthe

SDFT. From the experimental data, strésge curves

were obtained. Then, the fitting of the models was

Figure 3: NormalisedStresselaxationof CDET.

performed and theoefficient of determinatiorwas References

computed'Y?). TheG(t) functionwasdefinedusingthe [1] Dabbeneetal. EquineVetJ, vol. 50,n0.6, pp. 759

Prony series and the sum of decreasing exponentials in 765,Nov. 2018.

MATLAB environmentto enablethecomparisorof the [2] Spaaset al. SportsMedicine vol. 42, no. 10, pp.

results obtained with other tendons and ligaments in 8711 890, Oct. 2012.

literature. Inaddition,the Percentost Stress [S5(PLS) [3] DeFrateet al. Biomechanicsand Modeling in

was computed. Mechanobiologyvol. 6,n0.4.pp.245 251,Jul.
2007.

Results [4] FUNG Y.C., The Meaning of the constitutive

equation,Biomechanics: mechanical properties
of living tissues Springer

[5] Sylwia et al. Stress relaxation of porcine tendon
under simulated biological environment:
experiment and modelling, Acta of
Bioengineering and Biomechanics.

For both the QLV models, highéel? values were
obtained at 3% of strain compared to 6% of strain
(Figures 13) and lower PLS as the strain increased.
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SATISFACTORY MODELLING COMPLEXITY FOR PRK IN-SILICO
SIMULATION: AN OPTO-MECHANICAL ANALYSIS
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Introduction arises in the optical zone (R = 3 mm), induced by the
surgery, where the ablation is performed, in all the
models.Fromanoptical pointof view, if we look at the

pre- and postsurgical sagittal curvature maps (Figure
1.b), it can be noticed how the surgery performs a
decrease and a smooth regularization of the surface
refractive power, especially in the PS case.

In the last two decades, corneal laser surgery has
become a common procedure to correct medmm

refractive defects. It consists of reshaping the corneal
surfaceby meansf alaserin orderto correctthepresent

vision error. The action of the laser onto the eye causes
a modification of the equilibrium among intcacular . :
pressure (IOP) and the corneal tissue mechanics, that DISCUSSION

could causea mismatchin the actualdioptric correction Although the PS model is th@ost representative of
and, eventually, possurgical complications, like p at i reahcor@ealistate simplermodelcanbeusedto
ectasia. In thisvork, wepresentan inhouse developed have an esteem of the optwechanical effect of laser
automatized finite element (FE) methodology to surgeryontothestructure While conicmodelis notable
simulatePhotorefractiviKeratectomy(PRK), analysing to replicate both myopic and astigmatic defect, the

the minimal modelling requirements for obtaining a biconic malel is a valid approximation to analyze the
reliable optemechanical presurgical evaluation of the optomechanical changes.

surgery outcome. This methodology could become a useful tool for the
Methods clinicians to anticipate the surgery outcome, given that

it allowsto considerthe opticsandthe mechanic®f the
corneapothnecessy to havea completeevaluationof

theclinical stateofthep at i wes@liﬁi&al validation

é/vgl foll ow a | arger pati

A top-down approach was used, by building three
cornealmodelswith growing complexity: conic, biconic

[1] andpatientspecific (PS) models. Our automatized
methodology starts by receiving as input pat i ent

topographic data (radius and asphericity values or
directly the surfaces point clouds for the PS model), in F
orderto build thegeometrypoint clouds.Dueto thelack

of peripheral surfacedata, in PS geometry corneal
surface reconstruction is performed by means of

Z e r n ipdtyroinils[12]. Then,the point cloudsare A‘ ‘
directly meshedwith the softwareANSA pre-processor

by BETA-CAE v22.0.1. A nodinear anisotropic I
Holzgpfel-GasseitOgdenconstitutivemodelwaschosen
to model the behavior of corneal tissue, including in
planeandout-of-planedispersionof the collagen fibers

[3]. The effect of three different boundary conditions \
(BC) was tested: fixed BC at the basetloé cornea; . ‘ | / | \ |

symmetricBC atthebaseof the sclera(only in this case
sclera was considered); sliding boundary condition at .
the base of theornea, wherenly radial displacements ] - i

are allowed. A prestretch iterative algorithm was used Flgure1.a.Stram[?lfferenc_es:ausecbytheablatlon;b.

to compute thestressfree configuration and the Pre- andpostsurgical sagittal curvature maps.
patientds | OP of 15 mmHg wRekereAgepl ied to the corneal
posteriorsurface A PRKlasersurgerywassimulatedoy Navarro,J Optom,2:3-18, 2009

removing corneal tissue from the anterior surface. The Lakshminarayanaetal, JModernOptics,Vol. 58,2011.
ablation profile was calculated using conic and biconic Wang etal, JBiomech Eng, 143(3p021.

equations [4] for the analytical models and wavefront Jiméneztal, JRefr Surg,2003

calculation[5] for the PSmodel,aimingat correcting-4 Du, R. etal, InternationalOphthalmology 2021.

D, as indicated by the topography of the patient. All

mechanical simulations were calculated using Acknowledgements

agrwODE

ABAQUS. Corneal optics was calculated using an i This projecthas receivedundingfrom theEuropearldni on 6 s
house algorithm. Horizon2020researctandinnovationprogrammeundergrant
Results agreement No 956720.

From the mechanical analysis, a concentration of
stresseandstrains(Figurel.a- only strainsareshown)
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Introduction

Pelvis reconstruction after primary bone tumour
resection surgery is still very challenging today.
Custommade 3D printed pelvic prosthesis are
increasingly used to restore patient anatomy and
physiological load transmission. They significantly
shortened wrgery, and are clinically successful in the
shortterm, but their longerm biomechanical risk, and
consequenpossibleneedof structuralcustomizatiorof
the design have not been studied yet.

Our study belongs to a larger project that studied the
mechaical behaviour of 3D printed custemade
hemipelvis. Results on six patients analysed at 32 + 18
months of followup through motion analysis and
musculoskeletal models reported a good functional
recovery[1] butaconcurrenasymmetryof theinternal
loads between limbs [2].

To evaluateghe prosthesisafetyandtherisk of bone
fractureor resorptionin thelong term,we built subject
specific finite element (FE) models, and we
quantitatively estimated prosthesis stress and btvam
distribution in the force peak instants of walking (most
frequent, monopodalic task) and squat (demanding
bipodalic task).

Methods

FE models of six patients (2 females and 4 males,
age=31 = 7 yrs, BMI 22.6 + 2.9 kgfmfollow-up
time=32 + 18 months) were buiftarting from C¥F
images [3]. A 1enode tetrahedral mesh was generated
to model bone, prosthesis, and cartilage components,
whereas tensitenly trusses were used for ligaments
(Figure 1).

Bone was considered isotropic and inhomogeneous,
and properties we mapped from CTata using
validated relationships [4]. Material properties for
prosthesi$5], cartilage[6] andligamentq7] weretaken
from the literature.

) A8

\nsys

Figure 1: The RX of patient #3 and the corresponding
FE model derived from Gilata.

Loads were extracted from personalized
musculoskeletal models, considering hip and muscles
(19 muscles per side) forces, and distributed over

XII Annual Meetingof theltalian Chapter othe EuropearSocietyof Biomechanics
September 189, 2023, Turin, Italy

anatomical attachment areas. Three patients were

classified as symmetric, and three as asymmetric

according to pak values of hip reaction forces in the

intact and operated hemipelvis during walking.
Resultsvereanalysedn termsof Von Misesstressn

the prosthesis and principal strain in the bone.

Results

VVon Misesstressef the prosthesidodywere< 50
MPa for both walking and squat simulations.

Linkageelementgscrewsandscrewedlaps)showed
higher stresses, which were below the usually assumed
fatiguelimit for titaniumalloys (400 MPa) but revealed
anunwantedendingconditionin sacroiliacscrewsand
possibleconcerndor sizing of pubicflaps,wherestress
was maximum at 300 MPa.

The distribution of strain in both motor tasks did not
overcome 3000 estrain,
limit [8]. Corresponding highly strained areas (e.g.,
greatersciaticnotch)of intactandoperatedideshowed
similar values in symmetric cases, while the operated
hemipelviswasstrained50-70%lessthantheintactone
in asymmetriccasespointingto a possibleisk of bone
resorption over time.

Discussion

FE results indicated that the prosthesis body,
currently personalized upon anatomy, is safe and does
not require a structural customization. Positioning and
sizingof linkageelementsnaydeservettentionduring
planning/design phases, limit flexural stresses in the
screws and excessive stresses in the flaps.

The reduction of strain in the operated limb might
suggest a risk of bone resorption, which would be
however entirely due to asymmetric unloading of the
operatedimb, andnotto prosthesistrainshielding.An
effort should be therefore directed towards an efficient
postoperative rehabilitation of the operated limb to
balance load distribution between the two limbs.
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Introduction until eithers ampl e f ai | urfeycles)rTor unou
date threeloadlevelswereconsideredandfive samples

for eachlevel andfor 60°- and90°- batchesveretested

(Fig. 1d). The runout was chosen based on the final
applicationof thetalusprosthesisConsideng thewalk

activity as a cycling load and assuming an average of

1P steps/yearthe time to guarantee an osseointegrated
implantis abouthalf ayear( 5 Acydles),duringwhich

the device is the only element bearing the body weight.

The advantages of Additive Manufacturing (AM) in
orthopedicarenowadaysecognizedA newgeneration

of devices mimicking bone is an example: lattice
structures characterized by thin struts (in the order of
hundreds of um) are conceived to resemble bone
trabeculae. Contrary to traditional manufacturing
processesAM allowsto producecustomdeviceditting
complex anatomies. Unlikenassproduction devices,
there areno defined methodologiete assessafetyand

: : ; - Results
quality of customimplants giventheiruniqueshapeand ) )
dimension. Finite Element (FE) modeling of The underrated crosection area (5920% difference

implantabledevicescanbeavalid option,aslong asthe w.rt. the nominal one, Fig. 1b) and the surface
model reliabilityis verified, in terms of geometry and roughness led to a reduction in the effective {oad
material description. As for the latter, the bearing section. In the static tests, a decrease of about
characterizatiowf thin strutsinvolvedin boneimplants 40% and 7% was found for the elastic modudus for

is an open issue: their final geometry and mechanical theyield stressrespectivelyln thefatiguetestsa 20%-
propertiesareaffectedby their dimensionsapproaching 40%reductionof thelimit stresswithin thecyclesrange

AM accuracyassuggestedby [1,2]. Thus,morphology 4 A“110° wasobservedw.r.t. to theliteratureresultsfor

and mechanical behavior of AM struts should be  bulkTi6Al4V samplegdiameter3-6 mm,[4]) (Fig. 1d).
investigatedogether The currentstudyaimsto provide Theintroducecbarametersverenotaffectedby theprint

an  exhaustive morphological and  material direction, with the exception of the cressction area.
characterization of Ti6Al4V thin struts proddt by ) .

Selective Laser Melting (SLM), coupling a pure  Discussions

experimental approach adopted in literature with FE ~ AM peculiarities in the production of thin struts are
analyses. The results will be used to design a safe and currently an open issue. A deep insight into their

efficientdevicefor talussubstitutionasdiscussed ifi3]. morphologicakndmaterialpropertiess fundamentain
view of correctly describing and predicting the

Materials and Methods mechanical behavior of AM lattieeased prostheses

() AM prod uction. Cylindrical samples (0.6 mm of exploiting a FE approach.

diameter,approachinghethicknessnf bonetrabeCU|ae) CAD sample Print direction AM sample Cross-section areas

were manufactured (SLM technique and Ti6Al4V ELI 0.60 mm

powder) in three different directions w.r.t. the build u a

plane (45°, 60°, 90°), chosen based on the struts .ﬂ?{s.mmm

inclinations of the trabecular cells commonly used for ) | ns‘“’é““

orthopediadevicesandcompatiblywith AM limits (Fig. W ,

1a). (i) Morphological characterization. The quality @ bk

of the asbuilt samplesvas investigatetdy performing: Co0

> =

1) density analysis to assess the presence of internal § /40% S ol

pores w.r.t. a machined Ti6Al4V, 2) global geometry =" ‘ Ezgz 40%

evaluation to assess mismatches of AM samples from , ° w00l
thenominalones(Fig. 1b), 3) localgeometryevaluation % ows oot oots o

of the surface texturdiii) Material ch aracterization. © dy @ x1o*

—45° 60° 90° ===Thick Ti6Al4V samples

S_tatic uniaxial tensile tests were performed under Figure 1: a) SLM-manufactureof Ti6AI4V samplesb) Cross
displacement control on three samples for each batch  sections of the samples, c) Str&smin wrves from static

(Fig. 1c). To measure strains, extensometers could not tests, d) Stresslumber of cycles curves from fatigue tests.
be applied, given the samples small dimensions. Thus,

experiments were coupled twi FE analyses: samples References

FE modelsweredevelopedtonsideringheactualcross Murchio etal, JMechBehavBiomedMater, 2021.
section areas derived from the morphological Hossairetal, Addit Manuf, 2021.

characterization. Finally, fatigue tests were performed Danielli etal, JMech Sci, 2023.

underforce control (stressratio 0.1, meanforce 40 N) Peguestal, Int Jfatigue,2018.
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Introduction Twenty-eight different FE simulations were performed
varying the femurds i mpact P
(tensile: e;; compressive:es) were considered to

compare the two calibration procedures.

Finite element (FE) models built from computed
tomography(CT) imageshavelargelybeenemployedas
digital twins to predict bone fracture [1] [2]. These
models rely on the definition of elastic properties
assigned heterogeneously to the bone based on the CT Results

Hounsfield Units (HU). This involves primarily the Principal strains comparison between the two
assessment of a Huensity relation through a calibration procedures is shown in Fig. 1 for one of the
calibration procedure. Traditionally, that is done by impact poses simulated (femur aligned to its own
placing a calibration phantom inline or scanning it anatomical reference system). Average relative
offine with the same CT parameters. However, a differenceof 5.8%for e; and5.45%for e; werefound.

phantombased calibration might result rarégasible in Consideringall theimpactposesaveragelifferencesof
theclinical practice.In thisperspectiveCT phantomless 5.68% €1) and 5.52%6s) were obtained.
calibration, i.e., a calibration performed taking —— "
advantage of the patientos — y095x00000% oo pemoos . the CT
couldrepresenaviablealternative This studyaimedto « 0.0030 T 00030 &

w - w e
compare the outcomes of &hsed FE models - p— al i
developed rom phantorrbased and phantomless 3 3 o
calibration procedures. g 0.0020 g -0.0050 g

§ 00015 ..k § -0.0060
Methods = JF &

) 0.0010 . -0.0070°

Thisstudywasbasednacohortof 101womenageds5 1
years or older (mean age of 68 years) with CT scans 00008 ot a3 %07 0005 00
available from Rizzoli HipOp collection. The CT Phantom-based ¢, Phantom-based ¢,

images were calibrated adopting phanfoased and
phantomless procedures as explained in the following.
The phantonbased calibration involved scanninget
European Spine Phantom, consisting of 5 components
with varying densities. Average HU values were i .
computed for each component, and a linear regression DIScussion

performed against the known densities. The  This study compared FE outcomes obtained from a CT
phantomless calibration instead was based on the phantomless calibration with those coming from a
methodolog reported in [3], where air, adipose, and phantombased calibration. A good agreement was
muscle tissues were employed to carry out calibration  found between the two, which encourages, when

Figure 1: Highesta (left) and lowests; (right) values
got from the phantorbased and phantomlesBE
simulations for the whole cohort.

usingreferencealensityvalues( ¢cr) of -840,-80and30 needed, theadoption of phantomless calibration. A
mg/cn?, respectively. A custom MATLAB script reliable and standardized phantomless calibration
allowedto selecta 9 sliceswide regionof interestROl) proceduremightin fact supportthe useof opportunistic

centred at the middle point between the femoral head CT images to implement digital twins solutions.
and knee centres, and which included air, adipose, and

muscle tissues. The reference HU values for selected References

tissueswereextractedoy identifying the peaksfrom the . -

HU distribution within the ROI andatientspecific 1. Aliai etal., Clin Biomech 2019

. . . . e . . 2. Bhattacharyatal., BiomechModelMechanobiol, 2019.
calibration lines identified through linear regression 3 gggermontF. et al.,PLOS ONEyol. 14,no.7, 2019.
bet ween the k¢ Farbath methatsy n u. Schileo,E. etal., J Biomechyol. 41, pp.24832491,2008.
Y o u nmgoduuswasassignecelementwis¢Bonemat 5. Morgan, Eet al.,J Biomechyol. 36, pp.897-904,2003.
IOR, Bologna, Italy) using validated densityodulus
relationships [4] [5]. The FEBimulations run (Ansys Acknowledgements
Inc., P_A’ USA) replicated a sideways fall loading This study was supported by the European Commission
scenarioa 1000Nloadwasappliedatfemurheadcentre throughtheH2020projectfi | Silico World: Loweringbarriers
andarigid frictionlesscontactplaneperpendiculato the to ubiquitous adoption-DBH I n Si
load direction was createdat the greatertrochanter. 06-2020, grant ID 101016503).
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Introduction

Nerveconduits(NCs) basedon bioresorbablgolymers
represent a promising alternative to nerve autografts,
being currently the gold standard in the treatment of
severe peripheral nerve injuries. Since the outcomes
associated with commercialpvailable devices are not
fully satisfactory, there is interest in designing
innovative NCs to overcome their limitations. To this
purpose, NCs based on oxidized polyvinyl alcohol
(OxPVA) already proved their ability in sustaining
axonal regeneration in @clinical studies [1]. In the
presenstudy,OxPVA wascombinedwith multi-walled
carbon nanotubes (CNTSs) to confer enhanced electrical
properties that are expected to encourage material
neuroninteractionsandpromotenerveregeneration].
Possiblenadificationsin themechanicapropertiesdue

to the CNTs incorporation, were here investigated
analyzing the OxPVA+CNTs NCs tensile behavior
throughuniaxialtensiletest.Indeed NCsshouldbeable

to bear sutures, to provide anttmpression protection,
but also to have suitable ability to withstand the strain
generatediuringlimb activities,thusprotectingthenew
axons.

Material and methods

OxPVA solution was obtained through a partial
oxidativereaction(oxidationdegree1%)in accordance
with a previously published protocol [1]. Hence, once
the CNTs were covalently functionalized with
benzenesulfonate groups to allow their dispersibility in
water,the hybridizationwith OxPVA solutionoccurred
through mechanical embedding (0.1%vof CNTS).

The NCs were fabricated by camblding technique
(Figure 1A). Briefly, the hydrogel solution was sucked
into astainlesssteelcylindricalmold (internaldiameter:
2.1 mm) and a coaxial stainlesteel plunger (external
diameter: 1 mm) was gted into to create the internal
lumen of the conduit. Crodmking of the polymer
occurred by six freezthawing (FT) cycles (F aR0°C

for 6 h and T at room temperature (RT) for 1 h).

For uniaxial tensile tests, samples of OxPVA and
OxPVA+CNTs NCs (4 amples/group) with a free
lengthof 1 cmwerelet thawfor 1 h atRT, immersedn
phosphate buffer saline solution. The tests were
performed at strain rate of 0.5 %'sup to 50 % strain

in hydrated conditions using the Bose ElectroF®rce
PlanarBiaxial TestBenchinstrument{TA Instruments,
New Castle, USA). In view of futurim vivotrials, the
sametestwasperformedon 4 samplesof sciaticnerve

A
3

excitedfrom two SpragueDawleyrats(Authorizationn.
837/2019PR, 09 December 2019) usedcasitrols.

Results and discussion

The results of preliminary uniaxial tensile tests are
shown as
NC samples (OxPVA and OxPVA+CNTs) and for one
sciaticnervesample(FigurelB). It canbeobservedhat

the cunes , :-- of OxPVA and OxPVA+CNTs NCs
have almost superimposable trend. Moreover, the NCs
are able towithstand deformation in the physiological
strain range [3] without fracturing.

Although many studies reported an increase in the
polymerstiffnessdueto CNTsinclusion,no differences
weredetectecherecomparinghe mechanicabehaviour

of OxPVA and O®VA+CNTs. This feature may
descend from the low CNTs concentration within the
hydrogel.Previouspreclinicalstudiesdemonstratethat
OxPVA NCs guarantee structural suppant vivo,
resistingto sutureandphysiologicalloads,andallowing
morphafunctioral regeneration/recovegf thenervein
animal model of disease (gap: 5 mm) [1]. According to
the data in the present study, the absence of significant
difference in tensile behaviour after the addition of
CNTsallowsusto assumehatalsoOxPVA+CNTsNCs
would be able to provide for an adequate mechanical
behaviourin vivo.

A OxPVA B
G i — OxPVA
it 60 || — OxPVA+CNTSs
\j _ 50 | — Sciatic nerve
£ 40
. =)
OxXPVA+CNTs § 30 |

; 20
¥ 10 |
Ay 0
| |_|||.Ii 0.0 0.1 0‘250'3 04 05

Figure 1: (A) NCs optical microscope images: Cross
sectional and lateral views; (B) Uniaxial tensile
behavior of two samples of OxPVA and OXPVA+CNTs
NCs and of a samelof sciatic nerve. The blue square
highlights the range of rat sciatic nerves physiological
deformations.
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ENGINEERING SPHERICAL MEMBRANES FOR INHALATION TESTS IN THE
PRESENCE OF SYNTHETIC MUCUS

Ludovica Cacopardo, Nicole Guazzelli, Paolo Signorello, Federico Pratesi, Alessandro Corti,
Arti Ahluwalia

University of Pisa, Italy
Introduction passage and deposition from a cellular to an organ level.
Inhalation tests are fundamental for assessing drug andMoreover, the feasibility of encapsulating patieetived
substance absorption. Standarevitto models are based immune cells in synthetic mucusnay increase the
on flat 2D Semipermeab|e membranes at the |mu|d relevance of the model. |nd99d, it is know that they can
interface. Only recently some studies attempted to affect substance absorption and mucus viscosity due to the
replicate the spherical alveolar geometry [1, 2] or the formation of neutrophil extracellular traps during
presence of a mucus layer [3]. However, they still lack inflammation [3].
lung properties such as stretchability. To this end, we 2 B o
developed spherical membranes which replicate the “ i
alveolar architecture in a more accurate manner. :

Methods

2D and 3D Agaros&elatin (AgGel) membranes were
fabricated by castirying 1%5% w/v agarosgelatin
solutions in custom moulds. Mechanical tensile tests were
performed at a constant strain rate (0. A549 cells ]

were seeded (100.000/&non the membranes and in PET e e |
Transwells as control. Transcellular and paracellular Fig.1 Spherical membraned interfaced with-Bj fluidic
transport was investigated with FITCdextran and compartments and C) celtown inserts. BE) A549 cells on
rhodamine. Transepithelial electric resistance (TEER) and PET and AgGel3D membranes, F) Neutrophils in synthetic
Alkaline Phosphatase (M) release were also evaluated. mucus, G) viscosity of different materials as a function of their
The Sphencal membranes were then |nterfaced Wlth ﬂu|d|c Cpncentration. Green dotted lines indicate pathophySIologlcal
compartments (Fig.1) fabricated by stereolithographic ViScosiyrange.
printing. Different artificial mucus formulations based on
alginate with high and low molecular weight (Alg Hdan
L) and pectin were characterised with a Brookfield
viscosimeter to mimic mucus rheology. Neutrophils (1.4 ]
million/mL), derived from healthy donors, were A Timo daye)
encapsulated in the solutions or suspended in medium as o
control. Their viability was assessed witle tAlamar Blue

TEER [Q'cm?]
Rho-123 passage [%)]
H

3

- PET
= AgGel2D
= AgGel3D

7
Time [days]
b

FITC-Dex passage [%] o
2

assay. m

ReSU|tS . 9 = Time [days)

The membranes resulted highly transparent and elastic inFig- 2: A) TEER measurements;(§ FITC and Pgp passage,
the range of pathophysiological strains1(®%) [1] with D) ALP release. Different letters and * indicate statistical

an apparent elastic modulus = 1.07£0.35 MPa and failure differences (p<0.05)

stress = 0.13+0.03 MPa. Fig. 1 shows that cells adhered .

forming an uniform monolayer on AgGel membranes. anclusmn .

Moreover, AgGel3D presented lower TEER, FITC and 1hiS work presents preliminary results toward the
ALP values with respect to AgGel2D and PET controls definition of multl_scalehum-anrelevant invitro inhalation
(Fig. 2). Alg H was selected for its ability to mimic mucus SyStéms alternative to animal tests. Further tests are on
theology at low concentrations [3]. In thisngtition, the ~ 90ing fo refine the model and investigate substance
viability of encapsulated neutrophils was equal to gbsorptlon in dynamic condltlo_ns and in _the presence of
60.12+6.09% with respect to controls. Preliminary tests mmune cells encapsulated in synthetic mucus with
assessed the suitability of the device to mimic dynamic different viscosities replicating healthy and diseased
flow and breathing conditions. conditions (e.g., lung cystic fibrosis).

Discussion References

: 1. N l, JTi Eng, 128, 2021
Resuls suggested that curve subswatprovide 5 poe t P poil D0 00" )
physiological culture conditions for lung epithelial cells. 3 gymarasu et al, Mol Pharm, 19:34, 2022
Indeed, in conventional cultures, A549 typically presents 4. Gaur et al, J Cancer Ré$(4):839842, 2020
not-physiological high TEER values and ALP is known to 5. Srinivasan et al, J Lab Aut, 20(2) 126, 2015
be overexpressed in cancer [3,4]. The fluidic device can be
also conneed in different configurations replicating lung  Acknowledgements
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Introduction

In recent years, the development and validation of
immunotherapymodelsplayedanincreasinglyrelevant

role in biological research. As compared to traditional
therapies such as surgery, chemotherapy, and
radiotherapy, immunotherapy is expected to be one of
the most promising approaches to tumor treatment. [1].
In addition, the introduction of thredimensional (3D)
cellularmodelsis assistingn loweringhighfailure rates

in researchTheprimarycause®f thesefailuresinclude
partial translationanda failure to confirm experimental
conclusions gained from twdimensional (2D) in vitro
models duringn vivo animal research. In this regard,
our research seeks to develop a predictive and
experimentalin vitro model capable of providing a
controlledenvironmenfor theinteractionof cancetand
immunecells. To thatpurposewe developedanad-hoc
millifluidicdevice (MOAB-Nichoid) that combines the
primary features of two  well-established
culturing supports: the Nichoid, a nanostructured
polymeric scaffold [2], and the MOAB, a miniaturized
optically accessible bioreactor [3].

Methods

The MOAB-Nichod was realized by twphoton
polymerizing (2PP) the Nichoid scaffolds. These were
then embedded into the chambers of the MOAB with a
gluing procedure.

The design and realization of the MOABchoid was
accompanied by the development of a hydraulic circuit
that, coupled with a syringe pump, would allow the
recirculation of suspended cells through the bioreactor.
This circuit required thénsertion of adual checkvalve
and a custoamade reservoir to collect the cells
suspension and allowing its recirculatio

Finite element modelling was setup by means of
COMSOLMultiphysicssoftwaresuingthelaminarflow
andparticletracingphysicsto assesthebehaviorof the
circulating cells inside bioreactor chamber. First we
retrievedparametersuchasflow velocity, pressureand

shear stress in the bioreactor chamber; then these were

used to simulate the flow of immune cells by means of
particle tracing.

Results

Werealized14 sampleof theMOAB-Nichoid platform
consisting in three independesttambers each (Fig.1e
f). Theseallowed to perform both a functionaland a

5.
3

biological validation, confirming the feasibility and
reproducibility of immune cell recirculation
experiments through the developed bioreactor.

The first step of the validationrgcess focused on the
assessmertdf the adequatdunctioningof the hydraulic
circuit. Furtherin vitro analyses evaluated the immune
cells recirculation capability of the setup, confirming
andcompletingthe predictionsmadeon the basisof the

in silico model.

Figure 1: a. CAD of thebioreactor;b. CAD of thelid of

the single chamber with the array of Nichoids; c. CAD

of Nichoidblock; d. CAD of the singleniche; e. Picture

of the MOAB Nichoid; f. Picture of the lid of the single

chamber with the polymerized scaffold; g. SEM image
of the Nichoid block; 'SEM image of the singtéche.

Discussion

The in vitro model called MOABNichoid was
demonstrateé to be suitable for immune cells
recirculation. Furthermore, it will allow for the culture
of cellsderivedby solid cancersstandingasanoptimal
candidate for an animditee patientspecific platform
for testing the efficacy of cancer immunotherapies,
increasing the effectiveness of cancer treatment.
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Introduction

Myocardial infarction (MI) is the main cause of
mortality and morbidity worldwide. After MI, a stiff
cardiac fibrotic tissue (CFT) forms, causing a decrease
in cardiac ejection fraction [1]In vitro models of
pathological cardiac tissue arender development,
mainly exploiting cellularized hydrogels, as predictive
platformsfor preclinicalvalidation ofnewtherapieq2,

3]. However, these models are unable to faithfully
reproduce the mechanical properties of CFT. In this
work, 2D and 3D modslof earlystage human fibrotic
tissuewerepreparedhroughbioartificial scaffoldswith
biomimetic architecture, chemical composition and
stiffness.

Methods

Polycaprolactone (PCL) was used as scaffold bulk
material to reproduce tisswtiffening. CFTs with low
and high thickness were engineered from 2D random
membranes fabricated by solution electrospinning and
3D squaremeshedscaffoldspreparedy melt-extrusion
additive manufacturing respectively.Type A Gelatin

(G) was grafted on PCL scaffolds surface after- 3,4
Dihydroxy-DL-phenylalanine polymerization
(PolyDOPA), to obtain biomimetic properties.
Scaffoldsphysicachemicalpropertieswerethoroughly
investigated. Ventricular human cardiac fibroblasts (v
HCFs) were cultured on scaffolds up to 3 weeks.
Immunofluorescence  analysis and tplooton
microscopy were used to evaluate the activation into
fibrotic cell phenotype and the deposition of
pathological cardiac ECM on scaffolds.

Results

Electrospun 2D scaffoldsandom mats showed defect
free nanofibers with 127 + 38n diameter and < 1 pm
averageoresize.3D PCL scaffolds(0.7 mmthickness)
with square mesh size of 150 um showed high shape
fidelity and porosity degree. Scaffold stiffness was
higher than health cardiac tissue as measured by
surface AFM analysis in wet and dry conditions.
Immunostaining showed that scaffold surface
mechanical properties and architecture triggered the
activation of myofibroblast phenotype and fibrelile
ECM deposition. Moreove, SEM and two-photon

(5
3

excitation fluorescence showed ECM homogeneous

distribution on 2D and 3D scaffolds.
Control 2D 3D

Collagen |

c
[
20
)
5]
o

Figure 1: Immunostaining for Collaged, -1 | I -and
SMA on VwHCFs cultured for 3 weeks on
PCL/polyDOPA/G scaffolds and -Gated glass
(control). Nuclei were stained in blue with DAPI.

Discussion

2D and 3D bioartificial PCL scaffolds surface
functionalized with polyDOPA/G were prepared,
provided with CFTlike surface composition and
stiffness. They supported lostgrm culture of vHCFs,
and triggered their fibrotic activation and pathological
ECM deposition. Suclin vitro models can reproduce
patientspecific features of human cardiac fibrosis for
the testing of new regenerative therapies.
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Introduction

Selfexpandable femoral stents are employed in
diseasedfemoropopliteal arteries to provide mural
supportandpreventvessebbstructiomafterintervention
[1]. The stateof-the-art in femoral stents design is
represented by contributions that rely on minimum
modifications of a limited number of stent geomedrie
This results in high costs due to the conventional-trial
anderror design pipeline. In order to overcome the
limitations of such approaches, we propose a novel
computational framework for designing from scratch
innovative seklexpandable femoral stenty resorting

to mathematically sound optimization techniques.

Methods

A stentcanbeconsideredisahollow cylindrical device

whose exterior surface is generated through the
repetition of a 2D unit cell. Stents typically present
differences in such a unitary geometry, which, in turn,
characterizes the devices with diverse physical

properties.
STEP 1) STEP 2) STEP 3) STEP 4)
o e e o 0] m

Figure 1: Stentdesignworkfiow.

Theworkflow in Fig. 1 follows 4 stepsnhamely:

1) the use of anad hoc inverse homogenization
topology optimization enhanced by an anisotropic
mesh adaptation procedure [2]. This phase drives
the design of customized 2D unit cells that retain
some desired mechanical properties, while
imposing the minimization of the contactea
between the stent and the vessel;

2) thegeneratiorof a 3D stentgeometrystartingfrom
the optimized 2D unit cell;

3) theevaluationof structuralmechanicgperformance
of the new stent in terms of peak maximum
principal strain, radial force, foreshortening and
crimpability into the catheter [3];

4) the assessment of the stent hemodynamics
performance, by quantifying the blood flow
disturbances induced by the stent inside thesel
in terms of TimeAveraged Wall Shear Stress and
Topological Shear Variation Index [3].

e
3

Results

The design workflow is tested onto five premff
concepistentdesignsThe obtainedayoutsin Fig. 1 are
characterized by high heterogeneity in theotogy of
the unit cells and differ from the stavé-the-art shapes

employed in stenting clinical practice.
/ / N\ 7
All the generated stents feature a desirable low contact

Figure 2: Optimizedunit cellsfor stentdesign.
area between stent and vessel, and are characterized by
diverse structural and fluid dynamics properties.

Discussion

By acritical examinatiorof theresultswe concludethat
thenewcomputationalorkflow is disruptive,cost and
time-effective and capable of generating novel and
functional stent designs. In more detail, the finite
elementanalysesuggesthatonly two designameetthe
minimum requirements for usability in terms of device
crimpability into the catheter, although they differ in
terms of mechanical and fluid dynamics features. In
particular, the first design (see Fig. 2, left) exhibits: a
low value of the peak maximumrincipal strain at the
catheterdiametercorrespondingo high safetyin terms

of structural integrity; high radial force; an adequate
foreshortening at the implantation diameter.
Conversely, the fluid dynamics simulations highlight
that the lastlesign(see Fig. 2, right) isubjectto a low

risk of in-stent restenosis. As a consequence, these two
stents turn out to be promising, yet some further
explorations are needed in order to determine the best
candidateWith thisregardjt is possibleto pavetheway

to future enhancements, such as the inclusion of
structural and fluid dynamics criteria directly in the
design step 1), the introduction of manufacturability
constraints for production purposes, as well as the
optimization of the material employed rfothe
subsequent production phase.

References

1. ShlofmitzE, et al.,Circ Cardiovasdnterv,12: 1i 8, 2019.

2. FerroN, etal.,LectNotesComputSciEng,SpringerCham,
132: 211221, 2020.

3. ChiastraC, etal., JBiomech Eng]144:061002,2022.

XII Annual Meetingof theltalian Chapter othe EuropearSocietyof Biomechanics 57
September 189, 2023, Turin, Italy



5. ESE-1142023

X1l Annual Meeting of the ESBA

Day 2
Orthopedic and musculoskelete
biomechanics
Oral presentations

Torino, 19 September 2023




BIOLOGICAL EVALUATION OF BONE-LIKE SCAFFOLDS IN SIMULATED MICROGRAVITY

Federico Mochi (1,2), Eleonora Zenobi (1,2), Elisa Scatena (1,2), Luca Panizza (3), Raffaella Pecci (4),
Mario Ledda (5), Antonella Lisi (5), Costantino Del Gaudio (6)

1. E. Amaldi Foundation, Rome, Italy; 2. Hypatia Research Consortium, Rome, Italy; 3. Studio E Roma srl,

Rome, Italy; 4. National Center for Innovative Technologies in Public Health, Italian National Institute of

Health, Rome, Italy; 5. Institute of Translational Pharmacology, National Research Council, Rome, Italy; 6.
Italian Space Agency, Rome, Italy.

Introduction

Bone mass loss is a wé&hown consequence to
microgravity exposure which implies an alteration of
bone homeostasis, decrease in bonmineraldensity,

an increase in fracture risk, and a premature
osteoporotic phenotype [1]. Theodificationsinduced

by weightlessness show similarities with known
hallmarks of aged bone and it is becoming widely
accepted that microgravity induces bone phenotypic
changes comparable to those of boslated disorders
experienced on Eartfi]. In thisregard,spacecouldbe

considered an accelerated model to investigate the

mechanisms that play a key role in skeletal affections,
with the aim to refine existing therapeutic protocols
and develop new countermeasures [2].

An experimental strategy to further elucidate the
results collected so far and to provide innovative
models for space research is highly recommended,
especially if referred to lonterm space missions (e.g.
Moon, Mars) [3]. In this work, an innovative 3D
biomimetic platform composed of engineered
bonelike scaffolds [4], osteoblastizell model[5], and

a bioreactor capable of simulating microgravity is
proposed to analyze the scaffaldll interaction.

Methods

Three CAD models were designed (Meshmixer,
v.2018, Autodesk, San Rafael, CA, USA) with
different degrees of porosity to resemble the
physio-pathological morphology of human trabecular
bone (Table 1). Bonkke scaffolds were then 3D
printed employing the fused deposition modeling
(FDM) technique proceing a polylactic acid (PLA)
filament, an approved FDAaterial,andcharacterized
by means of micr@omputed tomographfmicro-CT).
Human osteosarcoma (SAES cells were seeded on
the scaffolds to evaluate the biological response in
simulated micrograwt, investigating the metabolic
activity and the inflammatory response. Microgravity
was simulated by means afotary cell culturesystem
(RCCS; Synthecon, Inc., Houston, TX, USA).

Results
The micreCT analysis showed that 3D printed
scaffolds  resemble the physipathological

microarchitecture of human trabecular bone from
different anatomic sites. The biological assays
confirmed the bioactivity and biocompatibility of the
tested scaffolds, withoinflammatoryresponsewhere

the mostporous model showed the best ealhffold
interaction (Figure 1).

S1 S2 S3
Design 53.8% 72.9% 83%
micro-CT 44.7% 62.3% 80.5%

Table 1: Comparison of designed and mi€&d
evaluated scaffold porosity

SAOS-2 TNF-a

2 N
? |

: N |

o , HE

Figure 1: a) Static cell culture; b) RCCS bioreactor
with seeded scaffolds; c) results of metabolic activity
(left panel) and ELISA biological assay (right panel).

Discussion

The results demonstrated that cell response is directly
related to scaffold morphology, being enhanced if
dealing with themostporousone.Moreover,simulated
microgravity further supported cell adhesion, viability
and proliferation. These findings suggest that
biomimetic scaffolds and microgravity culture
conditions deserve a detailed investigation as an
instructive approach to assess cell osteoagtivi
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Introduction

The direct connection between the extenplsthesis
andthep a t i memakesosseointegrateprostheses

for transfemoral amputees more advantageous thanthe c | os e

socket prostheses, which are currently tgeld
standard However, similarly to other uncemented
prosthesesheosseointegratednesare atrisk of stress
shielding and aseptic loosening. How the implant
influences the bone strain in specific regions of the
femurwasexperimentallyinvestigatednly for straight
stemmed implants [1],[2].

In order tobetter match the physiological curve of the
femoral canal, OTN implant offers a curved stem.
However theinfluenceof thecurvedimplantinfluences
on femoral bone strain has not been investigated yet.
Thus, the aim of the study was to evaluate the inmpla
stability and the load transfer of OTN implant with
Digital Image Correlation (DIC).

Material and Methods

One human cadaveric femur was obtained through an
ethically approved donation program. CT scans (slice
thickness=0.6mm, in planeesolution=0.5mm) were
performed to assess the dimension of the femoral canal
andchoosdhecorrectsizeof theimplant.An osteotomy
was performed 200mm from the condyles. An OTN
implant size 17 (Badal %,0TN) was implanted after
reaming the femoral cal to guarantee the optimal
pressfit. The proximal femur was embedded into a
metal pot, tilted as to load the femur like in the heel
strikeduringgait. A specklepatternwaspreparednthe
surface of the femur for DIC measurements, while to
track sterdbone micromotions, set of markers was
placed on the distal end of the prosthesis.

Mechanical tests were performed using a uniaxial
testing machine (Instron 8500, 10kN load cell). One
hundred load cycles (8GBIBON), corresponding to a
bending moment of 30Nrat the osteotomy level, were
delivered (Fig. 1a) [3]. A 4ameras 3EDIC system
(Aramis Adjustable 12M, GOM, 10 fps, measurement
spatial resolution 2mm) was used to measure the
displacement and strain fields on the femur and
prosthesis. A zergtrain analsis was performed to
measure the DIC precision.

The maximum principal str
two regions of interest: close to the osteotomy (ROI1)
andcloseto thestemtip (ROI2) duringthe peakload of
eachcycle. The elasticmicromotionsweremeasureds

the inducible displacement of the stem with respect to
the bone within each cycle. The permanent migrations
accumulated throughout the test were measured.

5.
3

XII Annual Meetingof theltalian Chapter othe EuropearSocietyof Biomechanics
September 189, 2023, Turin, Italy

Results

The random error was smal
principalstrainsin ROI1 weresmallerthanthosefound

to the stem tip
respectively(Fig.1b).Induciblemicromotionsalongthe
longitudinal axis were around 100um and stable
throughout the test. Permanent migration of 2um was
measued along the longitudinal axis.

£ 3
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Figure 1:(a) Experimental setup (front view, with the
femur mounted upsiedown). ) Color map showing
thedistributionof maximunprincipal strains( Udnjhe
femur, in RO1 and ROI2.

Discussion

The 3D strairdistribution showed how the insertion of
the OTN implant leads to a high strashielding at the
distal region of the femur and a strain concentration
proximally (atthestemtip level). Thestraindistribution
obtained is comparable to those reported previous
study of straighstemmed implants [1]. The inducible
micromotions and permanent migrations were both
lower thanthe micromotionscritically inducingfibrous
tissue formation [4]. This suggests that this prosthesis
reached a satisfactory prefss condition and the
primarystabilizationIn orderto generalizehefindings,
further mechanicah vitro tests will be carried out.

References
jtal. (

[i] detfzggg JAnn. omec'jvEBB'Ylneasur ed in

3] W. C C.Leeetal. (2008),Med.Eng.Phys.
[4] R.M.Pilliar etal (1986),Clin. Orthop.

Acknowledgements

Study funded by INAIL (PRI®LR-P5OsteoCustom). The authors
thank G.Cavazzoni for the valuable support.

60

ROI 2:



OSTEOSYNTHESIS OF THE PUBIC SYMPHYSIS: EXPERIMENTAL-
NUMERICAL COMPARISON BETWEEEN TWO FIXATION SYSTEMS

Alessandra Aldieri (1), Dario Carbonaro (1), Alessandro Aprato (2), Mara Terzini (1), Cristina Bignardi (1)

1. Polito®'°Med lab, Department of Mechanical and Aerospace Engineering, Politecnico di Torino, Torino, Italy; 2.
Department of orthopaedics and traumatology, University of Turin, CTO, Torino, Italy.

Introduction

Pelvic fractures, which often result from highergy
trauma, cannvolve disruption of the pubic symphysis.
In these cases, adequate reduction and fixation of the
symphysis are crucial for restoring stability and
alignment of the pelvic ringl]. Open reduction and
internal fixation with plates has become the preferred
standard of care due to its lower rate of complications
compared to the other possible approaches [2].
Nevertheless, implant failure rates between 12% and
31%, lossof reductionof 7% to 24%,andrevisionrates

of 3% to 9% have been reported in the literat[3].
Recently, a dynamic fixation approach employing the
Endobutton CL device (Smith & Nephew, Memphis,
TN, USA) has been proposed for reduction of pubic
symphysis diastasis [4]. The aim of this study was to
compareheefficacyof theEndobuttorCL and theplate
reduction techniques for the treatment of opeok
pelvic fractures. Experimental tests were conducted to
measureheperformancef thedevicesandto assesthe
validity of afinite elemen{FE) modeldevelopedvithin

this study.

Methods

A total of nine Sawbones pelvis samples were tested:
threein anonreducedpenbookfractureconfiguration,
threewith the EndobuttonCL reductionandthreewith

the platefixation. The boundaryconditionsfor thetests

are shown in Fig. 1a. Aompressive uniaxial load was
applied on the sacrum under displacerrmonitrolled
conditions at 1 mm/min speed up to 3000 N. Nine
markerswereplacedonthes p e ¢ i suréacesn@their
displacementtrackedduringthetest(GOM Correlate).

FE models were developed to reproduce the
experimental tests. Elastic isotropic mechanical
propertiesvereassignedo trabeculaandcorticalbone
(0.155 and 10 GPa respectively), and to the 316L steel
plate (210 GPa). The sacroiliac joints and the
experimentaboundaryconditionsatthe acetabulavere
replicated through kinematic constraints and spring
elements properly calibrated based on the experimental
tests.The Endobuttordevicewasmodelledby meansf

rigid spheres connected by springs.

Results

The Endobutin reduction allowed the highest pubic
symphysis opening at the maximum load of 3000 N,
with anaveragef 5.76 + 0.15mm.While thefractured
specimens yielded an opening®02 + 0.76 mm, the
plate reduction showed a very limited symphysis
opening 0.61 + 0.30 mm). Pelvis stiffness, computed
astheratio betweenthe force registeredat the sacrum

5.
3

and the crosshead displacement, was only slightly
higher in the case of plate fixation than in the case of
Endobutton fixation §82.46 + 65.27 N/mm against
612.56 = 28.97 N/mm) when computed at 500 N.
Nevertheless, the former showed a 75% increase of
stiffness at 2000 N, while the latter showed a more
modeststiffnessincreasegqualto 44%.The FE models
achieved a good agreement with the@eriments when
looking at the displacement of nodes equivalent to the
markers tracked experimentally (Fig 1b).

b) In silico twin
3
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= =
A . o \[497 £2 IE
( ! i 278 % 4
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Figure 1. a) in vitro testing of fractured and fixated
pelvis; b) horizontal displacement of fractured FE
model with comparison of numeric@lack lines) and
experimental displacements (gray bands) of the two
symphysis markers (M1 and M2).

Discussion

The Endobuttorfixation allowed amuchhigher degree
of mobility compared to plate fixation. For relatively
low loads it proved to be stiff enongo guarantee the
diastasis stabilityiNevertheless, abeload increased
allowed increased flexibility compared to the plate
fixation. The validated FE model will be employed to
reproduce more complex physiological loading
conditions in order to fuhier compare the two fixation
techniques.
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Background

Bonesd tumor met astasis i
incidence(approximatelyonethird of all cancers)being

the proximal femur the most common site. Osteolytic
metastasemaycauseathologicafracturesof thebone,

in which case life expectancy is less than one year
following the fracture [1]. This work aimed at
developing a framework for the assessnmanpatient
specific risk of fracture using finite element method
(FEM) simulations, which would assist in surgical
planning and optimized prosthetics design.

Materials and methods

Left and right femuref a female patient (agé7 years

old, weight: 60 k) with a proximal bone tumor were
automatically segmented from the CT scan using
Simfini Software [2] (Figure 1, left). Higlrder
volumetric tetrahedral meshes were generated from the
segmentations (approximately 70k elements each) and
material propertie were computed from the CT
HounsfieldUnits (Figurel, center).For eachgeometry,

we performed a FEM simulation with the Mechanical
APDL modulusof Ansys2022 R2, using the following
boundary conditions. The most distal slice of the mesh
wasfixed by imposing0 displacemenonall thedegrees

of freedom of all nodes. A force was applied on the
femoral surface in the direction defined between the
headcenterandtheintercondylamotch.Themagnitude

of theforcewascomputedas2.5timestheweightof the
patient(1470N) andit wasdistributedamongthenodes
within an 11 mm diameter circle on the top of the
femoral head. Maximum total displacement and

FEM simulation
N (

Femur segmentation Quantitative results

Strain energy i

Displacement

it ok )
Figure 1: Workflow consisting of: femur automatic
segmentation from the CT scageneration of the 3D
high-order tetrahedral mesh and FEM simulation to
obtain quantitative results.
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maximumcompressiorstrain(E3) wereassessedyeing
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Results

Simulations were performed using an Intel Core i7
11370H processor @3.30 GHz, with 32 GB of RAM.
Table 1 shows the maximum total displacement and
maximum compressiostrain (E3) for the left andright
femurs.An increasednaximumcompressiorstrainwas
observed on the right femurd@d14 S vs-3863 US),
correspondingo thelocationof thetumor,evidencinga
highrisk of fracture.The obtainedvaluesareconsistent
with the literature [3], wherexvivo validation of the
FEM simulations was conducted.

Femur Max.displacement Max.compression
[mm] strain (E3) [uS]

Left 5.58 -3863

Right 5.84 -4414
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Tablel: Maximumtotal displacemenand compression
strain (E3) obtained for both femurs.

Conclusion

In this work, we performed FEM simulations of the
femurs of a patient with boneancer, showing an
increased compression strain on the tumorous femur,
which is a sign of high fracture risk. Adequate surgical
planning is crucial in these types of tumors, given the
short survival after pathological fractures. The
information extracted rom a CT scan allows the
generation of 3D bone models, which can be then used
to simulatevirtual implantationof prostheticsassisting
surgeons in the decisianaking process. Further work
should be done to achieve optimized patigmecific
prostheticsdesign, allowing the fabrication of long
lasting implants.
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SEGMENTATION OF THORACIC AORTA 3D PC-MRI DATASET THROUGH
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Introduction

Phase contrast magnetic resonance imaging (PC
MRI) is amodernnonionizingimagingtechnique,
capableof providingfunctionalandmorphological
information, as well as supporting computational
modellings. Segmentation of 3D FMRI is
usuallya complexandtime-consumingprocessin
the literature, several studies leveraged neural
networks (NN) to perform segmentation by using
large mage datasets [1]. However, the complex
data posprocessing and limited availability of
patientsdé images for FNesScur v pur puoevs mund the
training of the NN challenging. This work aims ~ Figure 1: Comparison among different experiment
investigating the feasibility of a pipeline for ~ rePorting the average, and best results. The ground

. . . truth is displayed in green, and the predicted
generatingyntheticthoracicaortaPGMRI datato segmentation is in red
expand the limited dataset of patispecific '
imagesthusimprovingtheaccuracyof neuralNN

_ Results
even with a small real dataset.

No Synth Synth.so Synth. 00 Synthgeso

Average DS

Best DS

Table 1 shows a DS value of 0.83 for synthetic
augmented experiment with respect to thé "Yw & 0

Materials and Methods case (DS = 0.65) and a significative reduction in the
Synthetichigh-resolution(HR) 4D velocityimages standardieviation(SD). A higheraccuracy ana better
werecreatedcby analysing250 computationafluid target reconstruction are also visible in Figure 1.

dynamic velocity (CFD) maps from two different
scanners (Philips and GE). To generate -igh

Method Volume_R Volume S DS SD

fidelity low resolution (LR) images, a specific No_Synth 40 0 0.65 0.10
pipeline was developed. First, a statistical shape  Synthoso 40 50 0.81 0.05
model [2] was used to synthesinew artificial Synthsonoo 40 100 0.83 0.03
geometries so that improving data numerosity and  Synthiorzso 40 250 0.82 0.02

variability. Secondly, transient CFD simulations  Tablel: DICE scoresN.B: Volume_R= Realvolumes,
were performed in OpenFOAM by prescribing ~ Volume_S = Synthetic volumes
patientspecificboundaryconditions:a 2D velocity

profile at the inlet, and a-8ement Windkess$e Discussion and Conclusion

modelat eachoutlet.Next, afastFouriertransform Results suggest the advantages of adopting synthetic
(FFT) was performed with a highequency data augmentation for the 3D-Net such as the ability
truncation and addition of zemean white to increase the dataset in terms of numerosity and

gaussian noise [3]. Finally, an inverse FFT was variability, thus improving the segmentation accuracy.
applied to revert data to the spatial domain and
final volumeswereobtainedusingthePCmagnetic References
resonance angiography (RMRA) formula. A 1. Berhanestal, MagnResonMed, 84(4):22042218,2020.
specific 3D UNet was set up and trained with ~ 2- ScarpoliniMA etal, ESBITA, p.13,2022.

. . . . 3. FerdianE etal, Front.Physics138,2020.
different combinations of real and synthetic data
namely "Y' £4@ o 59 W €4Q 11 0¥W €48 u.2 N Acknowledgements
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A NEW 3D-DERIVED INDEX TO PREDICT THE DEFORMATIONAL
BEHAVIOR OF AORTA IN FENESTRATED EVAR
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Background

The introduction of fenestrated endografts (fEVJAR
enabled endovascular treatment of shatked,
juxtarenal, and suprarenal abdominal aortic aneurysm
(AAAs) [1]. Endograft implantation in the target
visceral vessels (TVVs) influences arterial angle and
curvature after fenestrated EVAR positioning [Bhis
alteredanatomycould potentiallykink the stentedarget
vessel and strain the endograft, thus leading to- post
operativecomplicationghatrequirereinterventiong3].
The exacinfluence of endograft implantaticon aortic
anatomy and the endograthanges after complex
endovascular treatments remain unknown [4].

The aim of the study is to analyze the morphological
changes of the aortic and TVVs anatomy after fEVAR
endografting, using thregimensional (3D) virtual
modelingandanovelindexcompuedon 3D anatomical
reconstructions.

Materials and Methods

For the study, a total of 11 patients who underwent
fEVAR atIRCCSAziendaOspedalierdJniversitariadi
Bologna were selected. The cases were divided into:

il nstabil it ypatiengsrpoesepting(pest 6 ) :

EVAR typelll endoleakverified atfollow-up imaging;
fiControl o group (n=5):
endoleak at followup.

Computed Tomography Angiography (CTA) scans of
the patients were digitally processed generate 3D
reconstructions of the aortic anatomy using D2P®
software (Oqton, San Francisco, California, US). For
bothgroupsthe3D modelwasreconstructeatthe pre-
operative stage (1), at the immediate postperative
stage (T), and at 312 monthsfollow-up (T1). The
central lumen line (CLL) for the aorta (AO) and the
TTVs were automatically extracted fratime 3D model
(Figure 1).

©  Control points on the Aorta

o Control points on the Target
Visceral Vessel (TVV)

QO 3D Angle

Figure 1: 3D model reconstruction with extracted CLL
for AO and TTVs, and the calculated AWV angle.

Then, each CLLwas sampled via control points,
identified with x,y,zspatial coordinates. All automatic
processing wasnplementedn 3DSlicer software. The
anglebetweenthe AO andthe TVV of interest(AO-

(5
3

pa
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TVV angle,U Wascalculatecdbetweertwo straightines
passing through two selected control points of the AO
and TVV (Figure 1), for all 11 patients at,TTo, T1.

Results

Theendografimplantationintroducesa variationin the
amplitude of the AGTVV angle. In the Control group,
an increase iamplitude from the preperative (Tp) to
the immediate postperative stage ¢J is always
followed by afurtherincreasen amplitudeat follow-up
(T41). Similarly, adecreasat T, alwayscorrespondso a
further decrease at;T(Figure 2a). Converselynithe
Instability group, a variation in AQVV angle
amplitude from T, to To is always followed by a
variation in the opposite direction at {Figure 2b).
The percentage variations of the A®V angle
obtained for all patients in the two groups egported
in Figure 2.

Control Group
100 100

Instability Group

% Variation of 3D Angle

ti . o %o on_ Yomoonon e
Figure 2: Percentage variations of the AKYV angle
from T, (reference) to gand T.

Discussion

This work has defined a new method of evaluating the
deformational behavior of the aortic anatomy after
fEVAR. We have introduced the automatic calculation
of theanglebetweerthe AO andTVVs startingfrom 3D
reconstructionsbtainedfrom patientimaging.Thenew
3D-derived angle is attributable to a clearly different
behaviorfor thetwo groups:amonotonousscendingr
descendingrendfor the Controlgroup,andaninverting
trendovertime for the Instability group.Thesefindings
suggest the rol¢hat the AGTVV angle may have in
predicting instability, therefore in optimizing patient
surveillance protocols. As major limitations: the study
reportresultsfrom a smallsamplesize;only onetype of
fEVAR endograft was considered; and tifoe follow-

up CTA is not standardized for all patients.
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BEYOND THE STANDARD: HOW DO THE CHARACTERISTIC OF THE
AORTIC CONDUIT AFFECT THE PERFORMANCES OF HEART VALVES
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De Gaetano (1)
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Introduction

Whenapproachindhe designandtestingof anewheart
valve prosthesis, the first step is the 1SO 5840:2021[1];
in this Standard all needed information for-gtmical

and clinical trials is provided. In particular a pulsatile
test is required to assess the hydrodynamic
performances of the valve. Whiteveral requirements
arelistedtherei s aduideonwhich characteristicthe
conduits replicating the vessels should have. In the
authors opinion this could be particularly inappropriate

the pulsatiletest.Fromthe agingtestwe concludedhat
tests shouldbe carriedbut in5 days maximunto avoid

the alteration of properties.

From the pulsatile test emergedittkize introduction of

the Valsalva sinuses led to a decrease in regurgitation
(Table 1), and an increase in MSPD. The compliance
instead provoked a decrease in the MSPD and,
consequently, of the EOA (Table 2), but led to an
increase in regurgitation.

for the conduit downstreathe aorticvalve that should Regurgitation Mechanical Polymeric Biological
model the aorta but is often reduced to a straight and Standard 14.49 6.46 12.65
rigid conduit. This work concernstself with modifying
this conduit to introduce first the geometry, o
characterized by the Valsalva sinuses, ar?d thenythe Rigid sinuses 8.60 5.57 13.50
ascending aortadés compli ancc,eompliant

sinuses 19.77 8.93 18.49
Methods

To obtan theaorticphantonBD printing wasexploited.

In orderto print a physiologicallike conduitacomplete
characterizationvas performedon the selectecElastic

50 A resin from Formlabs. The characterization
includedbutwasnotlimited to: tensiletestson samples
differently orientedduringprinting, cyclic test,swelling
andagingtests.

A previouslydevelopedgulseduplicator(Figurel) [1],

was modified implementingthree different types of
conduit downstream of the aortic valve: rigid and
straight conduit, rigid conduit with Valsalva sinuses,
compliant conduit with Valsalva sinuses. The pulsatile
testswereperformedon thesethreedifferentsetups;in
each set up a mechanical, a polymeric, and a biological
valve were tested.

RCR

Implementation f e
System Ventricular
block P

Mitral Vaive
housing Reservoir

Figure 1: Schematic representation of the pulse
duplicator used in this work

Results

From the materialcharacterization we found that a
conduitwith 1.82mmthicknessvould showthecorrect
compliancethis conduitwould alsobeableto withstand

e
3

Table 1: Regurgitation results for each of the tested
conditions

EOA Mechanical Polymeric  Biological
Standard 0.79+0.09 1.35+0.21 1.13+0.23
Rigid 4574001 1.47+029 1.08+0.08
sinuses
Compliant 0.90+0.11 1.10+0.11 1.04+0.36
sinuses

Table2: EOAresultsfor eachof thetestedconditions.

Discussion

We proved thefeasibility of fabricating an aortic
phantom with 3D printing even if the tindependent
behavior remains a major drawback of this material.
The presence of the Valsalva sinuses introduced, as
expectedrom theory,theformationof vortexeshataid

the closure of the valve, reducing regurgitation. The
increase in MSPD can be explained by the fact that, in
orderto keepthediameterdownstreanthe sinusesat 34

mm and respect the anatomical ratios, the diameter
upstreanthesinusess of 27 mm.Whenthecompliance

is introduced, the effect is mitigated from the
deformabilityof the conduit.Sincethe conduitdeforms

and recoils at each cycle, during recoil a backflow is
generated, increasing regurgitation of the valves
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VORTICITY TRANSPORT IN ABDOMINAL AORTIC ANEURYSMS WITH
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Introduction into vortexringstransportednsidetheexpansiormregion

by theexperiencegressurggradient.Suchvortexrings
undergo stretching and tilting along the systolic
deceleration phase and bregk in smaller vortical
structuresin diastole in the distal part of AAA sac in
correspondence of the greatest ILT growth over time
(grayarrowsin Figure1A). Thevorticity in the AAA at
baselineexhibitshigherstretchingandswirling strength
than at followup, suggesting that thosgiantities may
have contributed to AAA growth (Figure 1B).

Local blood flow disturbances play a key role in
progressiorf the AbdominalAortic Aneurysm(AAA),
because they &t transport of biochemicals and fluid
wall interactions [1]. Therefore, a multitude of
hemodynamic quantities has been proposed over the
years to provide biomechanical markers of AAA
evolution.However theseproposedjuantitiesoftenfail

in predicting aneurysm wall pathophysiology and
remodelingandin discriminatingrupturerisk basedon

hemodynamics. These results suggest that a different A g\ e o e 2 5
perspective to explore richness of fluid structures in § ' p 9 2
AAAs is needed. Starting from the observation that the K e ’
dynamics of largescale vortices dominates the AAA ’ 4y o

hemodynamicsye proposeathoroughcharacterization

of the complex vortex structures produced and
transportedn the AAA, aimingatidentifying vorticity-
based quantities to be tested as potemtiatkers of

° HN
AAA progression, based on longitudinal data. : L’ y . y‘

Methods Aei g

. . B) Vortexroll-up Vor :Lxmunp Vortexroll-up Vortex break-up
Thelumenandtheintraluminalthrombug(ILT) of three e o
AAAs with their two years followup were T rotowp 300 _ iy
reconstructed from G$can data. CFD was used to a0
numerically solve the governing equations ddid
motion, using the finite element opeource code
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SimVascular [2]. The results from CFD simulations Time (s) Time (s)
were used to quantify the vorticity transport equation: Figure 1: A) Volumetric maps and B) tishéstories of
2 oino Wo 1) the volumeaverage value of swirling strength and

. : . - stretching in a AAA model and its twears followup.
where¢ is the velocity vectorp is the vorticity vector 9 by P

ands is thekinematicviscosity. The materialderivative

of the vorticity is given by the contribution of a Discussion

stretchingerm (first termon theright side),quantifying In this study, a vortity transporbased analysis is
the vortex lengthenindue tovelocity gradients, andf proposed on computational hemodynamics models of
a term quantifying vorticity diffusin due to viscosity AAA, aiming at deciphering their intricate

(second term on the right side). The vortex dynamics hemodynamic& alongitudinalinvestigationA deeper
was here analyzed also in terms of the local swirling  understandingndinterpretatiorof vorticity transporin

strength { ) AAAs could contribte to elucidate the role of flow
disturbances in ILT formation, platelets dynamics, and
Results inflammatory mechanisms [3], and in general of those

hemodynamicslriven processes underlying AAA
progression, potentially improving risk assessment and
the clinical maagement of AAA patients.

Examples of instantaneous volumetric maps of the
vorticity stretching term after systolic peak astdmid
diastolearepresentedh Figurel togethemwith thetime-
historiesof the volumeaveragevaluesof the stretching
term and of the swirling strength for one explanatory Refere_nces )

model and its tweyears followup model. Both at 1. Arzani, A etal., PhysFluids,24(8),2012

baselineand at follow up, the AAA inflow jet rolls up 2. Updegroveetal, Ann. BiomedEng,45(3):525541,2016
3. Biasetti,etal., J.R. Soc.Interface,8:14401461,2011
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TOWARD A NEW PRINTABLE AND CUSTOMIZABLE AIRWAY STENT

JusUs Zurita Gabasa (1), Carmen Sanchez Matas (2), Cristina Diaz Jiménez (3), José Luis Lépez
Villalobos (4), Mauro Malveé (1)

1. Public University of Navarre (UPNA), Pamplona, Spain; 2. Department of Thoracic Surgery, University

Hospital 6La Pazb, Madr i

d, Spai n; 3Ramplosay $paim; 4.i - n de

Department of Thoracic Surgery, University Hospital 6 V 2 rdgl & o ¢ 2Sewuila, Spain

Introduction

Tracheobronchial stents are tubular scaffolds used for
enlarging a constricted airway. However, their
placement is affected by several clinical problems.
These prostheses should be easy to be inserted and
eventually removed; they should avoid migration and
be biocompatible [1]. Additionally, they should adapt
to the airway and possibly be customizable e t
patient [2]. In this sense, the three dimensional (3D)
printing offers new opportunities that could help the
clinics allowing rapid prototyping and fabrication of
imagebased and patiespecific anatomical shapes
[1]. The goal of this work is to simula and fabricate a
new customizable and printable tracheobronchial
prosthesis. With this aim, we proposed a parametric
numerical tool capable of analysing the importance of
each single parameter.

Methods

The baseline stent model created with théause tool

is shown in Figure 1a and 1b. The outer surface of the
tube was designed with an additional upward
reinforcing structure that is similar to the typical X
pattern of the metallic stents. The geometfyhe stent
has been parameterized in order to study the effect of
each single geometrical feature on the mechanical
properties. Through modulating the different
parameters in fact, the radial stiffnress and the
mechanical strength of the stent can be imalaied.
Briefly, the inner radius, the stent thickness, the
dimensions of the reinforcing fibres and their
orientation can be changed. The in house code
produces an input file for Ansys Mechanical (Ansys
Inc., Canonsburg, PA, USA) in which the numerical
analysis is carried out (Figure 1b).

Results

In Figure 1b, the stiffness of selected prosthesis
configurations is compared. The plotted curves
illustrate that different radial stiffness can be obtained,
modulating the different parameters in which the
proghesis has been designed. For example, for a fixed
configuration of the external fibres, the stiffness of the
prosthesis with a thickness of 0.75 mm (black line with
squares)can be obtainedwith a reducedthicknessof

0.5 mm and a thicker fibre bottom width of 2 mm.
Additionally, the same stiffness could be also obtained
using a fibre bottom width of 3 mm and a ratio
between upper and bottom fibre thickness of 0.5 (green
line with triangles). The computationalresults were
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validatedby meansof a parallelexperimentalvork that
includes the production of selected stent configurations
using the 3D printing technology (Figure 1c and 1d),
their compressiveaestusingan AdvancedDigital Force
Gauge (MecmesinSlinfold, UK) and their numerical
simulation.
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Figure 1: a) and b) baseline model and main
parameters; b) numerical analysis for obtaining the
mechanical properties; c¢) optimized geometrical
models; d) 3D printed prostheses.

Discussion

Progress towards the customization of commercial
airway stents has been made in the recent years.
However, the offered personalization is related only to
few dimensions under request to the fabricant. In many
cases, the use of customized comrisrprosthesis
could be a good compromise, but frequently this is not
sufficient [1]. The methodology proposed in this study
offers the possibility of addressing some of these
limitations. For instance, the thickness of the stent can
be reduced by adequgtencreasing the external fibres
thickness. This aspect has important applications to the
stent design, as the obstruction and mucus plugging is
one of the more frequent problems after the surgery
and it is caused by the thickness of the prosthesis.
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Introduction

The thoroughunderstandingpf vascularadaptation
processesn atherosclerosisind restenosidgs lacking.
Multiscale agentbased modeling frameworks,
integratingboth continuum and discreteapproaches,
haverecentlyemergedspromisingmechanobiological
modelsto capure the multiscale and multifactorial
network of events underlying those diseases, which are
characterizedy the interplay betweenbiomechanical
forces, cellular behavior, and molecular pathways [1].
Ourresearclgrouphasrecentlydevelopedamultiscale
agentbasednodelingframework,which hasbeenused

to study atherosclerosis [2], restenosis after
percutaneousgransluminalangioplasty(PTA) and in-
stentrestenosig3,4]. Herein, a novel patientspecific
framework of restenosisafter PTA is proposedto
capturetheremodelingorocessn responséo the PTA-
induced damage and perturbed hemodynamics.

Methods

Figure 1 shows the main steps of the developed
multiscale framework of restenosis following PTA,
applied to gatientspecific diseased femoral artery for
a follow-up time of 2 months.

Input
3D diseased SFA

PTA module

Hemodynamics
module

Tissue remodeling
module
Output

New vessel geometry

Figure 1: Multiscaleframework

Theframeworkconsistof aPTA, ahemodynamicsand

a tissueremodeling module. Within thBTA module, a
finite element analysis of balloon expansion was
performed and the pe8ITA arterial configuration and
damage were determined. Hyperelasticity was
considered to model the arterial wall tissues [5] and a
damage model with element deletion ®&gy was
implemented to simulate the damage and arterial wall
laceration experienced during the intervention. Within
the hemodynamics module, steegtgte computational
fluid dynamicssimulationswvereperformedandthewall
shear stress (WSS) wasmputed. Within the tissue
remodelingnodule,(i) a2D agentbasednodel(ABM)
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of 11 evenlyspaced crossections simulated cellular
dynamics driving the arterial wall remodeling in
response to the PFduced wall damage and pest
operativeWSS,and(ii) the 3D arteriallumengeometry
was reconstructed from the ABM outputs. After 1
month, the hemodynamics and tissue remodeling
modules were coupled to update the WSS input to the
cellular activities.

Results

Figure2 showsdetailsof the damageandWSSmaps at

day 0, driving the 2Znonth ABM evolution of 3
explanatoryesseplanesThe ABM atday0 embedded
thedamageinduced laceration. Amnonth 2, the intimal
growth was mainly observed at regions with elevated
damagdevelsandlow WSS: thelacerationserefilled

and a median restenosis of 25% was obtained at 2
months, with the greatest reduction in lumen area
occurring during the first pogiperative month.

Damage day 0

WSS day 0

ABM day 0 ABM month 2

. Plaque
Int-med

B Adv
Figure 2: Arterial wall remodelingollowing PTA

Damage [-] WSS [Pa]
_— - ' -
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Conclusions

By showing the apptiation of the framework to the
study restenosis following PTA in a patiesgecific
scenariothis work demonstratethe potentiality of this
hybrid, multiscale, multifactorial and systems biology
approacho capturehemechanobiologicainechanisms
underlying vascular adaptation.
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Introduction

Transcatheter aortic valve implantation (TAVI) is
increasingly used to treat patients with severe aortic

stenosigAS) who aredeemednoperableor athigh risk

for surgical aortic valve repair. Thus, even in the
absence of concerns about transcatheter aortic valve

(TAV) durability, a substantial proportion of

contemporary TAVI patients are expected to live
sufficiently long to experience the degeneration and
c ameasuredf of 3¢ whilec 80 s+ 18% fot -Bases ,

failure of TAV. I n t he

therapeutic option for the treatment of structural TAV

degeneratiomarelimited to openheartsurgeryandredo
TAVI (or TAV-in-TAV) [1].

This studyaimedto developacomputationaframework
to simulateTAV -in-TAV asclinically performedn one

patient with early failure of the implanted device.
Patientspecific computational modelling was carried
out to determine structural metrics of delivered devices

while a parametrianalysisof theimplantationdepthof
thesecondlAVI procedurevasperformedto assesthe
impact of the relative device position [2].

Materials and methods

A 68-years old gentleman with severe AS was initially

treated with a 23nm SAPIEN 3 Ultra TAV at IRCCS
ISMETT in 2019. After 3year from TAVI, the device
failure wastreatedby redo TAVI with a 29-mm Evolut
Pro device.

PreTAVI CT images were processed in Mimics (v.21,
Materialize, Belgium) to reconstruct the aortic root

anatomy and calcific plaques using sexatomatic
thresholding Sincenativevalveleafletwerenot clearly
visible atCT scanaparametrianodellingapproaciwas

adopted generate the leaflet geometry using anatomic
Rhinoceros
(Rhinoceros v.7, McNeel & associates, USA). Once
segmented regions were obtained, they were ndeshe
using ICEM meshing software (v2021, ANSYS Inc.,

measurements and the CAD tool

USA). NeeHookean modelsiere adopted for both the

aortic valve and native valve leaflets. The calcification
had a lineakelastic model. Geometrical models of-23

mm SAPIEN 3 Ultra and 2ehm Evolut PRO deve

frames were obtained by reverse engineering of micro

CT images. Numerical analysis of the redavi

procedure was developed in Abaqus/Explicit (v2021hf7,

Dassault Systémes, USA) using masaling.
A parametric analysis of the TAWM-TAV procedure

wascarried out by varying the implantation depth and
respect to the baseline model.

device size with
Eccentricity and expansionindexes were calculated
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from bothTAVI CT andredoTAVI CT imagesandthen
comparedo thosepredictedby computationahnalysis.

Results

Expansion index was used to quantify the level of

agreemenbetweerFEA andCT images.Predictionsof

expansionndexwerein goodagreementvith CT-based
measurements (ie, (ie, 120.8 = 10% for -Qased
measured of S@ersts 96.5+ 14%for numericalbased

measured of Evolut Pro versus 79.2 + 21%
numericalbased measured of Evolut Pro).

Figure 1 illustrates the TAVWh-TAV deformed
configurations for the four scenarios witfifferent
implantation depth or device overexpansion.

(A) (8) ©) (D)

Figure 1 (A) referencelTAV-in-TAVasdoneclinically, (B) low
redoTAVI, (C) high redeTAVI and (D) TAMNn-TAV
overexpansion.

Discussion

To the best of our knowledge, this is the first

computationastudyevaluatinghestructuralmechanics
of TAV-in-TAV. We first simulated the TAMN-TAV

according to the implantation depth and device size
indicated by the Heart Team, and then carried out a

parametric analysis varying these device patarse
Futurecomputationaflow studieswill beundertakerio
explore whether the parametricathgrived TAW-in-
TAV shapesnayleadto coronaryflow obstructionand
thus adverse events.
Moreover,simulationswvereusedto exploretheefficacy
and safety of TAVI in young and highisk patients,
which are not conventionally treated with TAVSs.
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Introduction

Thoracic Endovascular Aortic Repair (TEVAR) is a
minimally invasive technique used to treat various
thoracic aortic pathologies, such as aneurysms,
ulcerationspr dissectionslt hasdemonstrateduperior
patient outcomes in comparison to open surgiqadire
since the Food and Drug Administration (FDA)
authorized the first stergraft in 2005 [1].

In the literature, computational models are widely
adopted to analyze the behavior of stgrafts in the
postTEVAR scenario, as they can provide valuable
insights into device performance and aid clinicians in
their decisioamaking. This study aims to employ a
validatedfinite element(FE) methodologyto reproduce
the TEVAR procedurewith acommerciaktentgraft on
patientspecific aortic anatomies. The outcana the
simulations are also compared with sherm (<3
months) postoperative CT data.

Methods

Based on a previously validatetethodology from our
laboratory [2], FE models of commercial Valiant
Captivia stengrafts (Medtronic Inc.) were generated.
Experimental crimping tests were performed on the
deviceto calibratethe shapememoryNitinol (stent)and
fabric PET (graft) mateai parameters and to validate
thedevicemodels.The stentwasdiscretizedwith beam
elements and the graft with triangular membrane
elements. The TEVAR procedure was validated in
idealizedandpatientspecificrigid aortasby comparing

the FE simulationesults with an athoc experimental
setup (performed under CT). The same numerical
methodology was then applied to reproduce the -stent
graft implantation in four patiergpecific aortic
anatomiesegmentedrom preoperativeCT imaged3].

The aorta is moelled as an isotropic hyperelastic
material, andhewall prestressiueto blood pressure is
consideredThevesselvasdiscretizedn ANSA (BETA
CAE System) with thretayersof tetrahedral elements.
Postoperative CT images were used to determine the
appropriate device size and landing zone for each
patient.As furthervalidationto assesshe quality of the
simulation, a comparison of the simulation results with
the stent segmented from sht@tm postoperative CT
scan was performed.

The simulations were carried out using the explicit FE
LS-Dyna solver (Ansys Inc.).

Results

Fig.1-a. shows the four aortic anatomies reconstructed
from preoperative CT images using VMTK (Orobix
Srl.). For eachanatomy the lastinstantof the patient
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specific FE simulations (deployed configuration) and
thecomparisorbetweerthestentreconstructetfom CT
images and the simulated one are reported in fig.1
and kc., respectively.

Globally, theopeningareaerrorsbetweerthe simulated
and segmentedtent configurations are below 10%,
lower with respect to other literature studies in which
errors reached 30% [4].

a. Anatomy reconstruction

b. TEVAR simulation results for each patient Ansvs]|
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Figure 1: (a.) aortic anatomies segmented from
preoperative CT images; (b.) TEVAR simulation
outcomes for each anatomy; (c.) Overlap ¢fet
simulation results (red) with stent segmented from
postoperativeCT (grey).Maxandminerrorsin opening
areas of each stent strut are reported.

Discussion

The proposed methodology follows the V&V40
guidelines to develop higfidelity stentgraft modes
and TEVAR simulations: after proper material
calibration and simulation validation, the applicability
of the model for patiergpecific simulations is proved
[3]. The comparison of the simulation results with the
stent reconstructed from postoperative @Tfages
reveals that the numerical model can predict the short
term outcome of the TEVAR procedure with good
accuracy, given the uncertainties of the biological and
clinical data.This suggestshatthenumericaimodelcan
beemployedduringthepreproceduragblanningphaseas

it can help in understanding the outcomes of the
procedure in a realistic scenario before the actual
clinical intervention.
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Introduction

Since theintroduction of surgical meshes for the
treatment of abdominal wall hernia, these devices have
provedto bemorereliablethandirectsuturerepair(1,2].
Nevertheless, many questions still arise on how the
properties of surgical meshes influence the cueof

the surgical procedure. Among them, morphological
propertieqi.e. poresizeandporosity)playacrucialrole

in the processes of host integration and mesh
encapsulatiof3,4]. Severalmethodshaveattempted to
calculate these parameters, howevesmputational
techniques appear hopeful as they are-aestructive
anddonotdeformmeshesiuringmeasurementslespite
computing a 2D porosity [5].

By presentingapreciseandreproduciblemageanalysis
protocol,this work aimsto standardizéhe computation

of textile and effective porosity of surgical meshes.

Methods

An experimentaketup wasdesignedo acquireimages

with a sufficient quality for the subsequent
postprocessing step (Figure 1). A holder and a bubble
level maintain the camera pendicular to the mesh; a
ring light allows constant lighting conditions; a
calibration columris usedto calibrate thesystem ana
mesh support distances the mesh from the background
to enhance the contrast. The last two components were
3D printed for ase of reproducibility.

Black
cardboard

|

NN Calibration
SSES  column

Figure 1 Experimentaketup for imageacquisition.

Thealgorithmfor subsequentostprocessingrascoded

on MATLAB (version R2021b) and includes four
phases: (1) calibration, (2) image binarization (Figure
2a)andoptimization(sequencef dilatationanderosion
functions, Figures 2b and 2c), (3) manual cropping and
mask correction (Figure 2d), (4) textile (ratio between
the area occupied by pores and the total area of the
mesh) and effective (considers only thoseges with
Feret diameter greater than 1 mm as effective in
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reducing scar formation) porosity computation. The
algorithm was embedded in a free to use software
(poreScanngr and tested on meshes from different
manufacturers. The computing parameters wened
using one heavy mesh and one light mesh, because of
the differentexposureconditionsbetweerthetwo mesh
types. Seven samples were finally acquired from 22
different surgical meshes (7 heavy, 6 medium, 9 light)
andtheintrasubjectoefficientsof variation(CVs) were
computed.
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Results

The intrasubject CVs computed on 22 meshes of
different grammage varied between 0.23% and 6.44%,
with a median of 1.16%, confirming the protocol
repeatability. Additionally, a usability test was
conducted on th@oreScannersoftware by selecting
five individualswho wereinstructedto readthemanual
andcalculatethe porositiesof two specificimages.The
intersubject CV ranged from 0.52% to 1.75%.

Discussion

Thelack of internationaktandards&ndsharedorotocols
among researchers presents a major challenge in
studying surgical meshes. Therefore, it is crucial to
establish new methodologies that are easy to replicate,
enabling research groups to compare their results
effectively. This work aims to meet ith need by
proposing a reproducible protocol for textile and
effective porosity assessment, supported by a
MATLAB -based software that is available for free.
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Introduction

Bioresorbable stents are a promising alternative to
permaneninetallicdevicessincethey naturallydegrade
and provide vessel support only for the required time,
thus avoiding drawbacks in the lotgym. Despite the
promising results, several design impements still
need to be addressed due to the lower mechanical
properties of polymeric bioresorbable stents in
comparisorto metaldeviceq 1]. Mathematicaimodels
were investigated for charaeizing the mechanical
behaviorof metalbraidedstents howeverthesemodels
were inadequate to predict the properties of polymer
stents due to the excessive simplification of the model
assumptions [2]. In this setting, a finite element (FE)
basedramework is presentedor theoptimizationof the
geometry of bioresorbable braided stents in relation to
their mechanical performance and associated clinical
effectiveness.

Materials and Methods

The procedure applied for the stent optimization
consisted of the following stepsi) (parametric FE
modellingof the stent[3] by consideringour geometric
parameteréi.e.,numberof wiresn, diameterof the stent

Ds, diameterof the wire d andbraidingangleU) (Fig 1a);

(i) FE analysis of the stent crimping with
Abaqus/Explicit(Fig 1b) andevaluationof threeoutputs

to measure the device mechanical performance: the
radial force at implantation diameter, to determine the
stent scaffolding capability, the foreshortening,as
indicatorfor the precisedeviceplacementandthe peak

wheretheradialforce @ -@andtheforeshorteningtare
the two contrasting optimization objectives;is the
vectorof the designparametersthe maximumprincipal
stress'Q § ~is accounted as a constraint related to the
material yield limit [2]; O is the design space,
accounting for the manufacturing constraints.

Results

Fifteenoptimal designcandidatesvereidentified, lying
ontheparetofront representeth Fig.1c.Feasiblestress
values below the yield limit were obtained for all the
optimaldesigncandidatesRadialforcevaluesof the FE
simulations showed a good agreement with
experimental studies conducted on the same polymeric
bioresorbable stents [2], thgsoving the reliability of

the numerical model and optimization approach.

O

Figure 1: (a) Stent geometry parameters; (b) crimping

maximum principal stress, as a measure for the risk of simulation; (c) pareteoptimal design solutions.

structural failure of the devicejii( design parameter
samplingsimulationsusingthecentralcompositedesign
scheme; iy) generation and validations of polynal
surrogate modelsf the three outputsy) identification

of optimal stents design candidates by conducting a
multi-objective optimization (nowominated sorting
genetic algorithm II) with respect to the four design
parameters and three ltputs. The optimization can
be mathematically summarized as:
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Optimaldesign  n__ Ds(mm) d(mm) u()
1 44 4.5 0.1 60
15 48 4.7 0.1 69
Table1: Geometricalfeaturesof two optimal candidates
Discussion
A validated computational framework for the

optimization of the mechanical performance of
bioresorbable braided stents was developed within this
study, contributing both to accelerate the device design
phaseandto increasdheeffecivenesof thetreatment.
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Introduction

Nitinol bone staples showed to be a safe and effective
optionfor internalfixation, demonstratingvensuperior
characteristics in terms of usability, surgery timel an
postsurgery recovery time compared to traditional
stainlesssteel staples [1]. Nitinol staples recover their
initial shape after being inserted into the predrilled
holes, either owing to the supelastic or to the shape
memory proprieties of Nitinoli., supetelastic and
shapememory Nitinol staples, respectively) to pull the
fracturedbonestogether and apply a compressive force
[2]. Despite the promising clinical results of both types
of staples, most biomechanical investigations have
focused on lsapememory devices. Few studies have
beenconductedn superelasticstaplesin this context,

this study combines experimental tests and finite
element (FE) analysis to assess the mechanical
performance of commercially available Nitinol staples
and detanine their unique supezlastic properties,
which are influenced by specific thermuechanical
processing operations [3]. The ultimate goal is to
develop a better understanding of the mechanical
characteristicef thesedevicedor successfuireatment.

Methods

The two commercially available supelastic Nitinol
bone staples (Arthrex, USA and Johnson & Johnson,
USA) shown in Fig. 1A (staples 1 and 2) were
investigated. An experimental fepoint bending test
wasconducted aB87°Cto characterize¢heir mechanical
response by fixing each staple within two blocks (Fig.
1B), according to the standard AST6417 for the
testing of metallic bone staples. The tensile testing
machine E3000 (Instron, USA) was adopted to apply
three cycles ofdisplacements (rate 0.5 mm/s) and to
measurdghe generatedorce.Fig. 1C showstheadopted
experimental set up, indicating (1) the custorade
temperaturecontrolled bath, (2) the foypoint bending
apparatusnd(3) the stapledixing blocks.Geometrich
modelsof the staplesvereobtainedby micro computed
tomography. FE models replicating the experimental
tests were implemented in Abaqus Standard (Dassault

Staple 1 100 —

.’—\

Staple 2

e
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Figure 1: (A) Two commercially available staples; (B)
Testing scheme; (Experimental setip.

SystemesR). Thesuperelasticconstitutivemodelwas
adoptedor theNitinol andin absencef materialdataa
FE-based material calibration framework was
developedo deducehevaluesof theconstitutivemodel
parameters.

Results

Fig. 2 showsthefour-pointbendingtestcurvesobtained
bothexperimentallyandnumerically(usingthematerial
calibrationframework).Theforcesof staplesl and2 in

the implantation configuration (legs and the bridge
forming an angle of 90%ere experimentally found to
be 68.4 N and 84.8 N, respectively (Fig. 2). The FE
modelapproximatedvell theexperimentaturves(R? >
0.99) and the obtained Nitinol parameters differed
between the two staples, indicating a different thermo
(r;r}echanical preessing an%)chemical composition [3].
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Figure 2: Experimental and numerical foppoints
bending curves of (A) staple 1, (B) staple 2.

i unloading
—_—

Discussion

The results of this study highlighted the different
mechanical response of the two investigated staples,
which are attributed to a combination of different
geometry andnaterial characteristics. In the future, the
calibrated FE staple models can be used to support
device design, avoiding time and cost associated with
prototypemanufacturingandtesting,andto optimizethe
geometry and material characteristics, improving the
effectiveness of the treatment.
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Introduction

In recent years, innovative materials have been
developed to mimic the lightweight and strong
characteristics found in biological systems like bones,
honeycombs, sponges, and wood. These materials are
characterized bg porousmicrostructureghatalternates
betweersolid andvoid. At thesametime, theemergence

of innovative manufacturing techniques, such as 3D
printing, has facilitated the production of cellular
materialsin variousfields especiallyn healthcardl,2]
where the additive manufacturing isnerging as an
efficientproductionmethodfrom differentpointof view
(e.g., cost, environment) [3Pn the othehand, the8D
printing manufacturing can take a long time for
production depending on material (e.g., rigid or
flexible), infill pattern and pnting parameters. The
proposedstudydefinesa computationabpproactbased

on FEM to optimize the infill pattern, the printing
parameters and material distribution with the aim to
reduce the production time.

Materials and Methods

A computational tool &s been developed integrating a
numerical homogenization and a topological
optimization implemented in ANSYS Academic
Research Mechanical. In detail, a computational
homogenization has been implemented to simulate the
mechanical properties of the infill ofhe insoles.
Different infills have been investigated in terms of
mechanical properties and printing performance (e.g.,
speed and accuracy). The calculated constitutive
properties havbeen assignetb the insolesgeometries
and different loadingscenarios have been analyzed
regarding therapeutical and use framework. With the
results of these structural simulations, several topology
optimization analyses have been performed, aiming at
minimizing the compliance of the frontal part of the
insole, whie reducing its mass under a specified
threshold. The objective of this study was to find a
possibledistributionof masghatallowsto minimizethe
material use and printing time while retaining an
acceptablstructurakresponseuringtheinsertionpha®

of the insole into the shoe.

Results

Sincetheaim of thiswork is to optimizethe production

of 3D printed insoles, the distributions of material are
evaluated addressing different loading conditions.
Neverthelessthe main resultconcernsthe producton

5.
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time of theinsoles.As anexample, irFig. 1 depictsthe

optimal material distribution for a loading condition
replicating the insertion of the insole in the shoes.
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Figure 1: Optimal material distributions for a loading
condition replicating the insertion of the insole in the
shoes.

Discussion

In thiswork, acomputationaprocedurds developedn
order to investigate different infill patterns on the
mechanical performance of 3D printed flexible insoles.
Moreover, the printing time can be reduced optimizing
the material distribution in the insoles. The developed
computationatool canbeusedfor differentorthopaedic
devices making more effective the 3D printing
production.
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Introduction

Chemotherapy is a significant therapeutic option in
oncology. Usually, patients are subjected to this
treatmenfor ameantime of 6 to 9 monthsduringwhich
chemotherapy cycles are administered every three
weeks [1]. Due to the continuous venous access,
throughout this time vessel integrity may be
compromised by repeated venous access [2], [3]. To
prevent this complication, in the last years total
implartable venous access port have been developed;
amongthesedevicespneof themostusedis Porta-cath
which is implanted subcutaneously under the clavicle.
This device is composed by a reservoir from which
drugs are delivered through a catheter into a big vein,
suchasthe subclavianDrugsareperiodicallyloadedin

the reservoir through subcutaneousedations without
therequiremento locatea vein. Dueto its position,the
device is visible through the skin. This fact raises
concerns in patients about the risk of damaging the
device or the surrounding tissues during the practice of
sport.Theaim of this studyis to simulatetheinteraction
between the Po#cath and the surrounding tissue
during normal implantation and under the impact of a
ball duringthe practiceof exerciseao evaluateghe safety

of the device and the possibility of lesions fime
surrounding soft tissue.

Methods

A patientspecific human torso model was obtained
through segmentation process of-€dans of a patient
whoreceivedport-a-cathimplantation Within thetorso,
parts corresponding to skin, muscle, borestilage,
whereasnternalorganswereneglectedA cadmodelof

the portacath was created with the software
Solidworks and correctly positioned inside the torso in
correspondencwith the CT imagesof the patientpost
implantation as shown in Figural
Thetorsowasdiscretizedwith tetrahedraklementsaand
thecomponentsnodelledaslinearelasticmaterialswith
mechanical properties obtained from literature [4].
Onthecontrary the port-a-cathwasconsidereasrigid.
The simulation waperformed in two steps. In the first
step, the implantation of the device was simulated by
consideringheinteractionof the devicewith themuscle
and the skinln a second step, an impact with a soccer
ball at 20 m/s recreating a shut of a young fodtbal
player [4] was considered. Different impact angles
were investigated ranging from a direct frontal impact
to a shallow angle impact. [8]. All simulations were
performedasexplicit usingthe Finite Elementsoftware
ANSYS-LsDyna

e
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Results

Theresultsindicatethattheareaof influenceof theport
a-cathaftertheimplantationis limited to a smallregion
aroundtheport-a-cath,with themaximumstresdocated

at the muscle (see Figure 1b). A frontal impact of the
ballincreaseshepeakstressaroundtheportaby afactor

of 16 and was found to be located at the muscle. The
simulations also show that other tissues, such as bone
and cartilage, were not excessively stressed by the
impact of the ball even in presence of the portacath.

b)

a)
Figure 1: a) Torsowith differentpartsandtheport-a-cath; b) von
Mises stresses [MPa] during the hit of the ball

Theaveragestressn themusclesurroundinghedevice
was extractedduring the impact phase resultingin a
maximumpeakstresof 0.22MPa,which resultslower
than the threshold of 0.26 MPa for muscle damage [9].

Discussion

Theresultsshowedno damagéo thetissuesaroundthe
deviceonapatientspecificgeometrygiving proofof the
safety of t he device
activities.
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Introduction

Realtime robustupperlimb joint kinematicsdescription

is a central point for several applications such as
telerehabilitation and clinical evaluation. The use of
wearable sensors (IMUs) together with stat¢he-art
sensor fusion algorithms represents a convenient
solution to unobtrusively monitorthe subject
performance in realorld environments. However, for
long acquisitions (e.g., ~10 minutes), errors in joint
angle estimates increase with time due to orientation
drift thus affecting joint kinematics reliability. The aim
of thiswork is two-fold: i) to proposea multi-segmental
model of the upper limb compliant with the guidelines
of the International Society of Biomechanics (ISB), ii)
to propose a redlme optimization framework for the
IMU -based joint kinematics estimation by settisg;

hoc model constraints based on both the physiological
joint limits and the knowledge of the performed
movement. The accuracy of the shoulder and elbow
constrained kinematics was tested on one subject
equipped with two IMUs during a 1fiinuteexercise.

Methods

A threesegment chain was designed following the
DenavitHartenberg robotic convention to model the
upperlimb includingthetrunk, theupperarm (UA), and

the forearm (FA). The shoulder and elbow joints were
modeledasthree( «fd, d3) andtwo ( £andds) degrees

of freedom, respectively, following the ISB axis
sequenceT hecarryingangleds wasmodeledasa fixed
andsubjectspecificparameterOnehealthysubjectwas
equipped with two IMUs on the UA and FA and asked
to draw acontinuous path with a pencil over a printed
page on a horizontal surface while seated. Four
reflective markers were also placed on each IMU to
providethe orientationreferencelMU andmarkerdata
wererecordedor tenminutesat 100Hz. Beforethis, the
offset of each gyroscope was subtracted from angular
velocity readings. Experiments were repeated eight
times with eight pairs of IMUs to test the method
robustness to different IMU noise. For each tistep,

the joint angles were obtained in an optimizat
framework by minimizing the difference between the
orientationpredictedusingtheupperimb modelandthe
corresponding orientation computed using the sensor
fusion algorithm [1] without magnetometer whose
parameter was optimally tuned [2]. In addition, the
optimal ( ddb, d5, ds, andds) solutionhadto satisfytwo

set of constraints. The first defineldetextreme values
for each d based on the
second was determined exploiting the a priori task
specificknowledge In fact, duringthe entirerecording

e
3

P Prohding o

the elbow and wrist positions remained on a limited
portion of space. Eors were computed as root mean
square differences between the reference joint angles
andthoseobtainedthroughthe optimizationframework
with andwithout applyingthe constraintsyespectively.

Results

Average err©nskd deagidtaifidd r d
with (without) the constraints over the eight repetitions
amountedo 10.9(13.0),6.4(7.5),3.9(3.9),14.4(16.4),

5.4 (5.7), respectively. The average execution time to
perform ~62000 iterations amounted to 9.42 ms.

Top view

CZ) Revolute joint
——> UA axis

TA axis

UA segment

FA segment

a

Null length segment 02

04

y (m) x(m)

Figure 1: (left) the ISBupper limb model. (right) the
boxesepresentheelbowandwrist volumeconstraints;
the pointcloudsrepresenthecorrespondingelbowand
wrist positions estimated during the trial.

Discussion

By exploiting the knowledge of the performed
movementtheconstraintsapplicationallowedto reduce
both shoulder and elbow angular errors by around 12%
and 11%, respectively, thus limiting the impact of the
IMU orientation errors on the estimated joint angles.
The execution time lower than the sdmg period is
suitable for a reatime joint kinematics computation.
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Introduction

General Movements Assessment (GMA) is a -non
invasive reliable assessment for identifying risk of
neurological impairment in infants [1]. General
Movementq GMs) arespontaneoumovemenipatterns
evident up to 2@veeks of age; they involve the whole
bodyin a variablesequencef arm,leg, neckandtrunk
movementsGMA is performedthroughdirector video
observation by a licensed operator, resulting in a
qualitative description of motor performance of the
infants. These aspects limit widespread objective and
guantitative evaluations [1].

Recently, technological approaches aiming at automated
or technologyassisted GMA have surfaced [2]. Video
based approaches remain authentic to theimuasive
characterof the classic GMA and guarantee potential
easy and widespread clinical applications [2].
Video-based automatic GMA generally consists of i)
automatic tracking of body segment kinematics, ii)
metrics extraction, and iii) performance classification.
The poper initial tracking of segmental kinematics is
the prerequisite for reliable metrics extraction and
resultingclassification;unfortunately, wherromparing
thefew availablestudieq?2], exploitingmainly stateof-
the-art opensourcesoftwarefor automaedtracking[2],

no standardcanbe identified for video acquisitionand
processing.

The presentwork aimsto fill this gap,investigatingthe
influence of video acquisitionsettings(i.e. frame rate
and resolution) and processing(e.g. reconstruction
model, accuracy thresholding, filtering, and
interpolation)on resultingkinematics,aswell ason a set

of assessmemhetricsfrom previousstudieq3].

Methods

Experimental protocolAs part of an ongoing research
study, 81 infants at risk ofneurodevelopmental
impairment(pretermnewbornswith gestationahge<32
weeksand/orbirth weight<1500g) wererecruitedatthe
Neonatal Unit of IRCCS AOU Bologna (ethical
approval n° EM1222020_76/2013/U/Sper/AOUBO).
Videos of GMs wereollected at term equivalent age,
using,easeof usein aclinical settingby clinical staff, a
commercial video camera (GoPRO Hero 9), at 240fps,
and 1920x1080p resolution. Video collection was
performed following GMA guidelines [1].

Data analysis Kinemdics of body segments was
extracted using OpenPose [2] (predefined Body25, 25
landmark5, and MPI, 15 landmarks, models) and
DeepLabCut [2] (athoc defined 14 landmark model),
having been used in previous studies. For the
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implementation of DeeplLabCutad-hoc model,
influenceof the numberof trainingiterationswastested

for 200k, 400k, 600k, 800k, and 1M iterations.
Computational time and percentage of missing
reconstructed points were analysed for basic
performance assessment.

Percentage of points with confidence above 95%,
distanceof markertrajectoriedor increasinghumberof
trainingiterations,andspectrablndysis wereperformed

to assess influence of video resolution and sampling
frequency, and model training iterations on trajectory
reconstruction.

Influence of model training iterations, filtering, and
interpolationon resultingevaluationmetrics(i.e. range,
covered distance, velocity and jerk mediated over 1s
windows) was tested for processing assessment.

Results

Due to double processing time and lperformance in
trajectoryreconstructiorOpenPosewasexcludedfrom
further analysis after basperformance assessment.
After 400K iterationsreconstructedrajectoriegesulted
to reach a plateau in terms of stability, completeness,
and number of values above 95% confidence.
Both filtering and interpolation resulted to critically
affect evaluation mtrics.
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Figure 1: trajectoryjerk mediatecbver1swindowover
time: a) for raw trajectory over 95% confidence; b)
60Hz filtered trajectory over 95% confidence; c)
linearly interpolated trajectory over 95% confidence.
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Discussion

Preliminary analysis highlighted the critical role of
video acquisition settings and processing on
reconstructed kinematics and, even more, on the
resulting evaluation metrics. The finalization of the
analysis will provide evidenebased criteria for the
definition of a reliable methodologic approach for the
automaic assessment of GMs.
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Introduction

Translesionapressure gradient during hyperemia is a
fundamental clinical parameter to evaluate the
functional severity of coronary artery disease (CAD),
being associated with adverse clinical events [1]. Its
measurement is performed in the distal part of the
coronary artery, thereby reflecting the cumulative
pressure losses along the whole vessel [2]. Automatic
pullback pressure measurements allow quantifying
pressurdéossesalongthevesseldifferentiatingthe CAD
functional pattern in focal or diffuse [2]. In addit to
pressure gradients, wall shear stress (WSS) profiles are
associated with plaque progression and destabilization
[3], and with adverse clinical events [4].

In this study, a combination of (1) invasive pressure
pullback measurement, (2) angiogragiaged WSS
obtained with computational fluid dynamics (CFD)
simulations, and (3) plaque phenotype characterization
based on optical coherence tomography (OCT) was
adopted to unveil possible relationship between CAD
functional patterns, WSS, and plaque phepety

Methods

A total of 105 coronary arterieswith flow limiting
lesions, identified by distal fractional flow reserve
(FFR) lower than 0.80, underwentpressurepullback
measurement and angiograpbgsed WSS analysis. A
subset of 51 vessels was analyzechv@XCT pullback.
FFR motorized pullback tracings (Volcano R100,
Volcano Corporation) during maximal hyperemia were
used to obtain the pressure pullback gradient (PPG), a
non-dimensionalcontinuousquantity, ranging from 0
(diffuse CAD) to 1 (focal CADJ2]:

_ 1 b owd hiQ o

PPG= 3 yooyYa; i Q-'(; (1 ﬁ)»; (1)
whereMaxPPGommwas defined as the maximum PPG
over a 20 PHRessd @sntiet differences
betweerFFRvaluesobtainedatthe ostiumof thevessel
andat the mostdistalanatomicalocation,thelengthof
functional diseaselLsp as the length with FFR drop
00.0015 per mm, andyptwae t
derived from the motorized pullback pressure tracing.
3D vessel models were reconstructed from two
angiographigrojectionsat least30° apart. Lesiongnd
mid segment (i.e., the segment of the lesiorengtithe
severityis maximal)wereidentified usingan automatic
approach.The anatomicseverity was characterizedn
terms of percentageareastenosis(%AS). Then, CFD
simulationswere performedon reconstructed 3Dessel
models using a finite elementbased code (CAAS
Workstation WSS software, Pie Medical Imaging).
WSS vector field was characterizedn termsof time-
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average/VSS(TAWSS)andtopologicalshearvariation
index(TSVI) [4], which accountdor variability of WSS
contraction/expansion action on the endothelium along
the cardiac cycle. TAWSS and TSVI values were
averageaverthemid segmenbf thelesion [4]. Finally,
plague composition analysis [5] was performed
acquiring OCT pullbacks of 75 mm length. For the
statistical analysis, odd ratios (OR) were obtained from
the exponential of the standardized correlation
coefficients of generalized linear mosel

Results

Focal lesions (PPG above median value of 0.67)
presented significantly lower distal FFR, higher %AS,
TAWSS and TSVI (p<0.001 for all). Focal lesions
presented a lower fibrous cap thickness with respect to
diffuse ones (p=0.005). PPG was asseciatvith the
presencef thin-capfibroatheroma(OR 2.85,p=0.029)

and plaque rupture (OR 4.94, p=0.002). A significant
associatioremergedetweenTAWSS andthe presence

of macrophages (OR 1.15, p=0.018), TSVI and plaque
rupture (OR 1.01p=0.024), TSVI and the presence of
cholesterol crystals (OR 1.01, p=0.041).

Discussion

Thefindingsof thisstudy,schematizeth Fig. 1, support

the hypotheses that: (1) the hemodynamic profile is
different in patients presenting with focal and diffuse
CAD; (2) this different hemodynamic profile is also
associated with different plague phenotype; (3) focal
CAD andhigherTAWSSandTSVI areassociatedvith

high risk plaque phenotypes. These results, combined
with previousobservation$2,4], makefocal lesionsthe
favourite candidates to revascularization interventions.
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Figure 1: interplaybetweercoronaryhemodynamics
and plague composition in diffuse vs. focal lesions.
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Introduction

Peripheral arterial disease (PAD) is the third cause of
cardiovascular morbidity [1]. Surgical (i.e. bypass)
and/or endovascular approaches (i.e. stenting) are
employedto restoreimpairedbloodflow resultingfrom

the pathologyRestenosis, i.e. an abnormain&rowing

of the treated blood vessels, is a common negative
outcome of these procedures. Altered haemodynamics
plays a role in its progression. The integration of
haemodynamic variables, arisifgppm computational
fluid dynamic (CFD) simulations, and routinely
collected information has the potential to predict when
re-occlusion occurs. However, the accuracy of such
predictivetoolsrelieson the quality of the clinical data.
Dataavailability (i.e. computedomography(CT) scans

and Doppler ultrasound (DUS) images) tends to be
fragmentedasthetimingsof DUS andCT imagingmay
differ. In this work, we assess the impact of applying
different (in time) patienspecific boundary catitions
(BCs) - obtained from the DUS images on
haemodynamiindicesandhenceascertairthatreliable
informationis obtainedo predictrestenosisccurrence.

Methods

CT scans and DUS images of three patients suffering
from PAD who underwenbypass or stenting were
obtained from VA Connecticut Healthcare Systems,
West Haven, USADUS images acquired at the same
time and at heterogeneous time points with respect to
CT scans acquisition were considered as inlet BCs.
P at i wegsdlssedereconsructedandpatientspecific
CFDanalysesvereperformedollowing Colomboetal.
workflow [2]. Haemodynamic indices related to
restenosis (i.e. TimAveraged Wall Shear Stress
(TAWSS), Oscillatory Shear Index (OSI), Relative
Residencdime (RRT) and Topalgical SheaVariation
Index (TSVI)) were computed. The differences in the
haemodynamic indices with respect to those obtained
whenCT scansandDUS matchin time werequantified,

and the ability to capture regions subjected to altered
haemodynamic valuegas assessed.

Results

Fig.1(a) shows the % differences in spatially averaged
TAWSS index along the bypass length with respect to
the reference case for one patient. Fig.1(b) shows the
regions subjected to low TAWSS (restenosis marker).
These were identiid by imposing as critical threshold
the T tertile of the TAWSS distributions for every
appliedBC. The TAWSSindex maybe underestimated

or overestimate@longthe bypasdength.However,no
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significant differences were observed in the depicted
critical regions for restenosis [3].

TAWSS differences (%)

a) -40 -20 0 20 40

359
704
105
=140
E 1751
<210
£ 2459
280
© 3159
© 350
& 385
420
0 4554
490
525
560
595

b) TAWSS (Pa) | o TAWSS
O] threshold

T oUs 2 ioloweup | DUS Matching | DUS G pior| DUS 20 prir

Low TAWSS
thesshold 153 166 195 21

e

s DUS 2M follow-up

a - = x 2"
a3 < Matching DUS
e

DUS 6M prior
s

- DUS 12M prior

Figure 1: a) Differences (median value in bold) in
TAWSSndiceswith respectto thereferencecasealong
thebypasdengthwhen2-monthg2M) follow-up, 6- and
12-monthg(6M,12M)prior DUSto CT scanacquisition
are applied;b) luminal regionssubjectedo low TAWSS
for examined inlet BCs.

Discussion

In summary potentialcritical areador restenosisanbe
identified even from fragmented data if critical
thresholds are computed based on singleibliigtons.
Although the haemodynamic values along the bypass
may be incorrectly estimated when DUS images do not
match CT scans in timeritical areas forestenosis are
still reliably identified. Further analysis of the entire
dataseis currentlyin progresgo supportheseindings.
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Introduction

Computational Fluid Dynamics (CFDs) is a well
established technique to analyze blood flow of the
thoracicaorta(TA) andits correlationwith pathological
conditions[1]. However,standardCFD simulationsare
based onhe rigid wall hypothesis, so vessel structural
properties are neglected. The mechanical behavior of the
arterialtissueis animportantindicatorof the functional
andstructuralchangesvithin thevesselwall [2]. In this
perspective,  Fluibtructure  Interaction  (FSI)
simulations consider wall compliance, but demand
extensive computational resources and additional
informationonthevessewall difficult to bedefinedin-
vivo. Recentlymesh morphing techniques gmesented

as promising tools to cope with the aorta wall changes
[1, 3]. Nevertheless, they are limited to the ascending
aorta and show some intrinsic discontinuities. The aim
of this work is to develop and implement a new tool
which employs mesh morphingcteiques to set up
movingboundarie<CFD simulationsfor theassessment

of the hemodynamics of the TA and estimate the aortic
stiffness from iAvivo patientspecific images.

Methods

From ECGgated CT images of five subjects we
performedasegmentatioprocessthrougha U-netdeep
neuralnetwork[4]. Thisallowedto reconstructfor each
patient, ten 3D models of the TA, corresponding to
different phases of the cardiac cycle. Then, we applied
an inhouse nofrigid registration algorithm to morph
thebaselinaneshonthegeometrie®f theotherphases.
Firstly, the morphed meshes, together with a spline
interpolation, were used to obtain the TA wall
displacement for the whole cardiac cycle. This
displacement was included in the setup of a moving
boundary CFD simulation(CFDmorpr) in AnsysFluent®

and used by the solver to handle the volume mesh. In
addition to the developed procedure, we performed a
standard CFD simulation (Ckp for the baseline
configuration of the TA to compare hemodynamic
results. Secondly, the meshes were employed in a
workflow for the assessment of the aortic wall stress,
strainandstiffnesg5]. We evaluatedhecircumferential
strainastheratiobetweersectionatontouengths.The
vessel wall behaviouvas assumed as membranal and
linearized undethe physiologicalpressurdoad. Under

t hese assumptions, t he
modulus (B) was obtained according to Laplace

Results

The proposed tool replicated the TA ipat-specific
deformations and wall motion throughout the cardiac
cycle, without significantly decreasing mesh quality.
Velocity (U) distributions showed differences between
the two simulation strategies (Figure l1a), as well as the
main wall shear stress|ased hemodynamic parameters.
Moreover, the CFBoph was able to model flow
waveform shift occurring along the aortic lumen.
Finally, the presented method revealed heterogeneous
stiffness  distributions, with differences between
ascending and descendingtdigs (Figure 1b).
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Figure 1: Velocitymagnitudeat differentTA sectionsat
maximum acceleration time (a) and dstribution (b)

Discussion

The mesh morphing tool represents a worthwhile
strategy for moving boundaries patiepecific CFD
simulations, overcoming the main limitations of
standard CFD and FSI approaches. Additionally, it is a
valid method for the neinvasively local estimationfo
the aortic wall mechanical properties.
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