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Abstract

The effect of repair techniques on the biomechanics of the aorta is poorly understood, resulting in significant levels of postop-
erative complications for patients worldwide. This study presents a computational analysis of the influence of Nitinol-based
devices on the biomechanical performance of a healthy patient-specific human aorta. Simulations reveal that Nitinol stent-
grafts stretch the artery wall so that collagen is stretched to a straightened high-stiffness configuration. The high-compliance
regime (HCR) associated with low diastolic lumen pressure is eliminated, and the artery operates in a low-compliance regime
(LCR) throughout the entire cardiac cycle. The slope of the lumen pressure—area curve for the LCR post-implantation is
almost identical to that of the native vessel during systole. This negligible change from the native LCR slope occurs because
the stent-graft increases its diameter from the crimped configuration during deployment so that it reaches a low-stiffness
unloading plateau. The effective radial stiffness of the implant along this unloading plateau is negligible compared to the
stiffness of the artery wall. Provided the Nitinol device unloads sufficiently during deployment to the unloading plateau, the
degree of oversizing has a negligible effect on the pressure—area response of the vessel, as each device exerts approximately
the same radial force, the slope of which is negligible compared to the LCR slope of the native artery. We show that 10%
oversizing based on the observed diastolic diameter in the mid descending thoracic aorta results in a complete loss of con-
tact between the device and the wall during systole, which could lead to an endoleak and stent migration. 20% oversizing
reaches the Dacron enforced area limit (DEAL) during the pulse pressure and results in an effective zero-compliance in the
later portion of systole.
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1 Introduction

Aortic disease is responsible for 47,000 deaths annually in
the USA and a mortality rate following rupture of over 90%
(Zimmerman et al. 2016; Kent 2014). In cases of surgical
intervention, the 30-day postoperative mortality rate can
be as high as 53% for endovascular aortic repair (EVAR)
(Hinchliffe et al. 2006) and 48% for open surgical repair
(OSR) (Greenberg et al. 2008). Several adverse events and
postoperative complications associated with compliance
mismatch have been reported in the literature including
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thrombosis (Abbott et al. 1987), false aneurysm formation
(Mehigan et al. 1985) and cardiovascular complications
that result in the death of the patient (Nauta et al. 2017).
These figures and complications are particularly concerning
given that although the majority of patients who undergo
aortic repair are elderly, a large number of young patients
(<30 years of age) are also treated for various aortic pathol-
ogies including aneurysm and dissection (Yoneyama et al.
2019; Marder, Aird, and White 2012; Sorelius 2016; Hountis
et al. 2009; Tiryakioglu et al. 2009; Abbaszadeh, Eslami,
and Nikparvar 2019). Furthermore, a substantial cohort
exists who undergo stenting of an otherwise healthy aorta to
treat aortic transection, aorto-enteric fistula, and penetrating
aortic ulcer (Nation and Wang 2015; Lonn et al. 2010; Kotsis
et al. 2019) in young in addition to degenerative atheroscle-
rotic disease in old patients (Donas et al. 2011).

In the case of EVAR, a stent-graft (Nitinol frame and a
polytetrafluoroethylene or woven polyester graft) is deployed
intravascularly with the aim of (1) reducing of stress in an
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aorta/aneurysm wall, or (2) preventing further propagation
of an aortic dissection and removing the false lumen. Several
aortic stent-graft designs are available commercially, and in
this study, we show that our implicit effective stent mem-
brane (ESM) approach to modelling open cell and braided
stents provides similar results to lengthy explicit simulations
that are required to deal with the complex contact/buckling
issues that arise during the crimp and deployment steps of
the procedure. In the case of OSR, the diseased section of
the aorta is removed and replaced with a synthetic vessel.
The graft, generally fabricated from polyethylene terephtha-
late or Dacron, comprises of tightly woven or knitted fibres
with high tensile strength (Sarkar et al. 2006) and is sutured
(proximally and distally) to the remaining native aortic tissue.

It has not been established whether EVAR or OSR is the
superior treatment option for patients with aortic aneurysm
or dissection. A meta-analysis of 42 non-randomised studies
evaluating EVAR versus OSR for descending thoracic aortic
disease reported no significant difference between interven-
tion groups in relation to stroke, reintervention and mortal-
ity beyond 12 months (Cheng et al. 2010). A multi-centre
prospective study comparing EVAR to OSR for a cohort of
341 thoracoabdominal aortic aneurysm patients found no
statistical difference between groups in relation to 30-day
mortality or paraplegia (Tshomba et al. 2017). Most recently,
a study by Salata et al. (2019) reports no statistically signifi-
cant difference between outcomes after EVAR and OSR to
repair abdominal aortic aneurysms in the long-term mortal-
ity during more than 13 years of follow-up. What is clear,
however, is that both treatment options dramatically alter the
natural biomechanics of the aorta.

Experimental flat-plate compression and radial crimping
of commercially available grafts have been reported by De
Bock et al. (2013). Biaxial tension tests of graft materials
demonstrate that stent-grafts are up to 25 times stiffer than
the healthy aorta (Tremblay et al. 2009). Pressure inflation
tests also reveal that Dacron is significantly stiffer circumfer-
entially than native aortic tissue (Ferrari et al. 2019), while
Bustos and Celentano (2016) report a circumferential strain
of less than 3% for Dacron grafts subjected to a pressure of
240 mmHg. Singh and Wang (2015) suggest that current
commercially available stent-grafts act as a rigid non-dis-
tensible conduit and fail to replicate the natural deformation
of the aorta.

This study presents a computational analysis of the influ-
ence of Nitinol-based devices on the biomechanical perfor-
mance of a ‘non-aneurysmal’ patient-specific human aorta
(e.g. following aortic transection, aorto-enteric fistula, pen-
etrating aortic ulcer). An MRI-based subject-specific aortic
model (Concannon et al. 2020) and an aortic constitutive
law based on elastin pre-strain, SMC contractility and col-
lagen strain stiffening (Concannon and McGarry 2021) are
used as a platform to assess the alterations in the lumen
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pressure—area relationship due to clinical intervention. The
study uncovers a number of fundamentally important, and
previously unreported, insights that should be of critical
concern for device design and clinical practice. Novel com-
putational analyses reveal the effects of device oversizing
on biomechanical performance of young and old aortae. We
also uncover the importance of patient age/aortic compli-
ance, and deployment location on the clinical selection of
an appropriate graft size.

2 Model development
2.1 Mechanical behaviour of Aortic Stent-Grafts

ldentifying the reference stress-free device configuration:
Removal of the stitching which ties the Nitinol frame to the
graft material reveals that the stent is not in a stress-free con-
figuration when attached to a fully expanded Dacron graft.
Rather, removal of the graft results in a 24% increase in the
effective diameter of the stent-ring (Fig. 1a). To accurately
simulate such devices, it is important to base all calculations
on this stress-free reference state. The device diameter indi-
cated in the product catalogues is not the stress-free configu-
ration; rather, it is the diameter that is enforced by the stiff
graft material to which the stent is stitched. Throughout this
study, we refer to this configuration as the Dacron enforced
area limit (DEAL) or the Dacron enforced diameter limit
(DEDL). The fully expanded Nitinol stent geometry is taken
to be the stress-free reference configuration.

We begin by performing a simulation of the crimp and
deploy of a Nitinol stent-graft (SG) ring, using the inbuilt
Abaqus/Standard Superelastic shape-memory material defi-
nition (Auricchio and Taylor 1997). The material param-
eters and values are presented in Table 1, and the stent-graft

Table 1 Nitinol parameters and values applied to SG model (inbuilt
Abaqus Superelastic Shape-Memory material formulation (Auricchio
and Taylor 1997))

Parameter Description Value

E, Austenite Young’s Modulus 53,001 (MPa)

V, Austenite Poisson’s Ratio 0.3

E, Martensite Young’s Modulus 21,500 (MPa)

Vin Martensite Poisson’s Ratio 0.3

£ Transformation Strain 0.038

o-i Start of Transformation Loading 434 (MPa)

o-l’f End of Transformation Loading 500 (MPa)

O'f; Start of Transformation Unloading 210.3 (MPa)

"zE/ End of Transformation Unloading 138.7 (MPa)

GE‘L Stgrt of transformation stress in compres- 434.0 (MPa)
sion

g{; Volumetric Transformation Strain 0.038
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Fig.1 a By removing the stitches that attach the NiTi stent rings
to the graft material, we can observe that the diameter of the stent
expands by a further 24%, to the true stress-free reference configura-
tion. In vivo, the DEAL prevents the implant from returning to this
reference configuration. b A finite element model of the stent graft
(SG) is created and crimp and deploy steps are simulated. ¢ The
RF-D relationship of the SG model is recorded, and the effective stent
membrane (ESM) model is created and subjected to the same dis-
placement boundary conditions. Calibration of the parameter values
of the ESM constitutive model results in an identical RF-D response

geometry is based on the commercially available Valiant
Captivia system (Medtronic Vascular, Santa Rosa, CA, USA)
with an unloaded stress-free (reference configuration) diam-
eter of 30 mm. The finite element model and close-up of the
mesh are shown in Fig. 1b. The full stent graft radial force
(RF) versus device diameter (D) history during the crimp
and release/deployment cycle is presented in Fig. 1c. The
experimental results of Zhou et al. (2019) are also super-
imposed for comparison, which together highlight several
key features of the crimp/deploy process. During crimping,

throughout the crimp and deployment steps to that of the full stent-
graft model. The reference configuration (point Z) is the configura-
tion of the stent once it has been removed from the Dacron graft.
Both the SG and ESM are then crimped to the internal diameter of
the delivery sheath. During the deployment step, the implant expands
until the Dacron enforced area limit (DEAL) is reached, after which
the implant has essentially a zero-compliance due to the stiffness of
the Dacron (point Y). The experimental test results of (Zhou et al.
2019) are superimposed for comparison (EXP)

the device initially reduces its diameter according to the
austenitic device radial stiffness (DRS). At a given diam-
eter (in this case ~ 17 mm), the stent begins transformation
from austenite to martensite at localised regions. Further
crimping results in a lower apparent DRS until the maximum
crimp diameter is reached. Subsequent release/uncrimping/
deployment initially results in unloading with a DRS which
differs from the initial loading DRS due to (1) the presence
of martensite, and (2) geometric deformation of the device.
At a diameter of ~9 mm, transformation from martensite to
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austenite begins and again the DRS is considerably lower
until such a diameter that the phase transformation is com-
plete, after which the curve follows the initial austenitic DRS
back to the stress-free reference configuration.

The description above, however, related to Fig. 1 does
not consider the effect of the DEAL. The Dacron graft (once
stitched) prevents the SG from ever returning to the stress-
free reference configuration. During the crimp phase, the
graft does not play a role mechanically as it is in a buckled/
wrinkled state. During deployment, this is also the case, until
the DEAL is reached (after which the DRS of the system
significantly increases to give an effective zero-compliance).
Figure 1c highlights the operational range of the device
which starts at point X (the constrained SG diameter due to
the Dacron), follows the load/unload curve to Y (the point
at which the deal is reached during unloading), but never
back to Z (the stress-free reference configuration). As a con-
sequence, it is important to note that at a diameter below
the DEAL, the reaction force experienced by the artery is
due to the SG; however, at a diameter above the DEAL, the
reaction force of the stent is only transferred to the Dacron
and not to the artery. In Fig. 1c, the effective DRS history
is shown, where Ea represents the austenitic phase, E, the
transformation loading phase, E,, the martensitic phase, and
E, the transformation unloading phase. The diameter-change
during transformation loading, in addition to the radial force
at start of transformation loading (RF;) and start of transfor-
mation unloading (RF,), is also highlighted.

Homogenised effective stent membrane (ESM) model-
ling approach for efficient analysis of graft performance:
Owing to the considerable computational cost of model-
ling complex geometric details of stent-graft geometries
(e.g. braided stent designs or closed cell stent designs), we
next present a homogenised stent-graft model that can be
calibrated such that the radial force (RF) versus diameter
(D) relationship is identical to that of a full stent (SG)
model described above. A phenomenological constitu-
tive law is developed and implemented in a user material
subroutine (UMAT) so that the following features of a
full device are replicated: the initial high-stiffness regime
during loading; the low stiffness loading plateau; the ini-
tial unloading regime; the low stiffness unloading plateau.
For the remainder of this paper, we refer to this homog-
enised device modelling approach as the effective stent
membrane (ESM). The graft material only contributes
mechanically once the DEAL is reached; during the crimp
and deployment (up until the DEAL is reached), the graft
is in a wrinkled/buckled state between the stent struts.
Due to the extremely high stiffness of the graft material
(2.9 GPa (Santos et al. 2012)), negligible axial deforma-
tion is incurred over the crimp/deploy step and hence, we
prescribe an effective device Poison’s ratio of zero to the
ESM. A cylindrical orientation defines the circumferential,
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axial and normal direction of each M3D4 membrane ele-
ment. As part of the current study, we demonstrate that
this computationally efficient ESM approach can be used
as a preliminary design tool in the development/validation
of stent graft performance based on the required/meas-
ured effective radial force—diameter characteristics of the
device.

In addition to the commercially available stent-graft
described above and shown in Fig. 1c, we also consider in
subsequent analyses two other stent-graft sizes to investi-
gate the effects of oversizing on the pressure—area relation-
ship of the aorta. As discussed later, we model stents of
sizes 22, 26, and 30 mm. Similar RF-D curves are gener-
ated for 20, 40, and 60% oversizing cases.

2.2 Artery constitutive model and capturing in vivo
nonlinearity

The constitutive model for the aorta employs a rule of mix-
tures approach where each component of the wall under-
goes the same strain, but the stresses are additive, and the
sum of constituent densities equals unity. The constituents
of the wall explicitly modelled include collagen, elastin,
SMCs, and ground-matrix. A bilinear strain energy func-
tion describes the strain stiffening behaviour of fibrillar
collagen under tension

» 0 e<0
col = Vjc(ol * (kle) * (acol ®acol) 0 <e< &
(kle +k2(e —€,)) * (ag ®acol) g <e

(o3

ey
where V{ o 1s the volume fraction of collagen in the wall, k; is
the initial stiffness of collagen, k, is the secondary stiffness
of collagen, ¢, is the transition strain, € is the strain, and a_,,
denotes the current direction of deformed collagen fibres
with respect to the circumferential axis of the artery, where
a., = Fa?  (F=deformation gradient, and @’ _ is the direc-
tion of undeformed collagen fibres in the reference configu-
ration) (Concannon and McGarry 2021). Elastin fibres may
also contribute to the anisotropy of the vessel with a mean
directionality defined by a,,,. The elastin fibres also exhibit
a constant pre-stretch (4, = 1.6) and stiffness and to allow
contraction of the vessel such that the stress is

Ccla = Vﬁla* ((\/14_(3_ 1+Ae) *ke> * (aela®aela)' (2)

The model parameter 4, is the pre-stretch of the elastin
component in the initial undeformed configuration. /1, is the
elastin fibre anisotropic invariant, i.e. the square of stretch
of an elastin fibre (I,, = (a, - Ca,y, ), where C is the right
Cauchy—Green tensor). As described above for collagen,
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a,, = Fagla. For anisotropic invariant of the typel,,, we
use full invariant rather than the isochoric invariant. This is
necessary for reasons outlined in our previous paper (Nolan
et al. 2014). Vga is the volume fraction of elastin in the
wall, and k, is the stiffness of elastin. A linear relationship
between I,, and Cauchy stress is supported by the experi-
mental evidence of (Aaron and Gosline 1981; Gundiah et al.
2009), where a linear stress—stretch relationship is observed
for I,, =2 (extension of 100%) for an elastin fibre. In each of
the simulations presented here, I,, is less than 1.5 indicat-
ing that that we are comfortably within the linear regime
for elastin.

We also incorporate the active component of the wall as
represented by o,,,.. The contractile stress generated by a
single SMC (o,,,) is 25 kPa (McGarry et al. 2009). SMCs
also contribute to the anisotropy of the vessel through a

Osme = V{mc * (Uact * (asmc ® asmc)) (3)

where Vzmc is the volume fraction of SMCs in the wall, o
is the active stress of an individual SMC and a, = Fagmc.

Finally, the stress in the isotropic ground-matrix can be
defined as:

act

: Mo (& 17 2J

O = Vo | 2 (B=300) + =0 = 1) @)
J3 3 D,

where V{nm is the volume fraction of matrix in the wall, y,

is the shear modulus, and D is related to the bulk modulus
of the ground-matrix. B is the isochoric left Cauchy—Green
tensor, I, is the trace of the isochoric left Cauchy—Green
tensor, J is the determinant of the deformation gradient, and
I is the identity matrix. Throughout this study, we assume a
circumferential alignment of collagen, elastin and SMC:s fol-
lowing extensive analysis which highlights that anisotropy
and vessel layer heterogeneity have a second-order effect on
the pressure—area relationship. For further information, the
reader is referred to Concannon and McGarry (2021).
Figure 2 provides an overview of the key features of the
MRI/FEA framework that is critical to the following study in
terms of predicting in vivo deformation using our histologi-
cally motivated constitutive law. Firstly, Fig. 2a(1.) depicts
a reference configuration constructed with an area A.. (2.)
An equilibrium zero-pressure configuration is computed,
whereby the cross-sectional area of the vessel reduces to
A., such that the internal tensile circumferential stress due
to elastin pre-stretch and SMC contractility is in equilibrium
with the compressive circumferential stress generated in the
matrix. 3.) The lumen pressure is increased from zero up to
the peak systolic value (117 mmHg). The pressure increases
through a sub-physiological pressure regime (SPPR). At the
diastolic pressure, P4, (73 mmHg) the computed lumen area
is denoted A,. The pressure is then increased through the
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Fig.2 Overview of the key features of the MRI/FEA framework
that is critical to the following study. a 1. A reference configura-
tion is constructed with an area A.. 2. An equilibrium zero-pressure
configuration is computed, whereby the cross-sectional area of the
vessel reduces to A, such that the internal tensile circumferential
stress due to elastin pre-stretch and SMC contractility is in equilib-
rium with the compressive circumferential stress generated in the
matrix. 3.) The lumen pressure is increased from zero up to the peak
systolic value (117 mmHg). The pressure increases through a sub-
physiological pressure regime (SPPR). At the diastolic pressure, Pg,
(73 mmHg) the computed lumen area is denoted A4. The pressure is
then increased through the physiological pressure range (PPR) up to
the peak systolic value, P, (117 mmHg), at which point the computed
area is denoted A,. b The model is shown to accurately capture the
spatially varying MRI data simply by calibrating the spatially varying
volume fractions of the constituents (Viol, Vzla, V:mc), and the transi-
tion strain of the collagen. ¢ In this study, we investigate the effects of
stenting on the biomechanics of the healthy (Young) aorta, in addi-
tion to an artificially aged (Old) aorta. By reducing the volume frac-
tion of elastin by 10% and reducing the collagen transition strain by
0.15 in accordance with the experimental studies of (Hosoda et al.
1984 and Vande Geest and Vorp. 2004), we obtain the ‘Old’ aorta
which exhibits a stiffer and less nonlinear response across the physi-
ological pressure range compared to the young aorta

physiological pressure range (PPR) up to the peak systolic
value, P, (117 mmHg), at which point the computed area is
denoted A,. As illustrated in the pressure—area curve above,
based on our MRI measurements, the PPR is characterised
by a high-compliance regime (HCR) up to a transition pres-
sure, P,, followed by a low compliance regime (LCR) up
to the peak of systole. In Figure 2b, the spatially varying
pressure—area relationships along the length of the aorta can
then be predicted by altering the volume fractions of the
wall constituents, mainly collagen, elastin and SMCs, as well
as the collagen transition strain (g,). Excellent agreement is
observed between the predicted volume fractions of wall
constituents along the aorta and histological investigations
by the same authors on cadaveric aortae (Concannon et al.
2019). In this study, we investigate the effects of stenting on
the biomechanics of the healthy (Young) aorta, in addition
to an artificially aged (Old) aorta. By reducing the volume
fraction of elastin by 10% and reducing the collagen tran-
sition strain by 0.15 in accordance with the experimental
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studies of (Hosoda et al. 1984 and Vande Geest and Vorp.
2004), we obtain our ‘Old’ aorta (Fig. 2c) which exhibits a
stiffer, almost linear response across the physiological pres-
sure range compared to the young highly compliant and non-
linear aorta. We observe an A /A ratio of 1.1 (where A, and
A, indicate the cross-sectional area at systole and diastole),
which compares favourably with the experimental study of
Hallock and Benson (1937) who found an A/A;=1.09 for
the 71-78-year-old cohort. For comparison, the same study
reports an A /A =1.39 for the 20-24-year-old cohort, com-
pared to an A /A =1.42 in our healthy 26-year-old male
volunteer.

2.3 Comparison of ESM and Stent-Graft on Artery
Compliance

The solution procedure for the FE simulations is as follows.
As described in (Concannon and McGarry 2021), the equi-
librium zero-pressure configuration due to elastin pre-stretch
and smooth muscle cell (SMC) contractility is computed.
The internal lumen surface is then loaded to a diastolic pres-
sure of 73 mmHg. The SG and ESM are then crimped to the
internal diameter of the delivery sheath. Deployment of the
SG and ESM is simulated by simply removing the crimp
boundary condition. As the implant expands, it comes into
contact with the vessel wall, leading to a further increase in
the vessel diameter until an equilibrium deployed configu-
ration is achieved, whereby the outwards radial force of the
device and the lumen pressure is in equilibrium with the
inwards force due to the circumferential tensile stress in the
stretched contractile artery wall. Finally, the lumen pressure
is increased to the systolic value of 117 mmHg. As shown in
Fig. 3, results for the SG and ESM models are compared in
terms of the maximum principal stress (S) distribution in the
artery wall, and in terms of the pressure—area relationship
post-deployment. The ESM simulation exhibits an approxi-
mately uniform distribution of stress in the peri-implant
artery wall. The SG simulation exhibits a similar stress state,
but with higher stress concentrations in the regions where
the struts directly contact the artery. The pressure—area
curves computed for the SG and ESM are extremely similar.
Both models predict that the lumen area is ~ 53% higher than
the untreated artery at diastolic pressure, and ~24% higher
than the untreated artery at peak systolic pressure. This
indicates that the ESM model provides sufficient accuracy
for assessment of a device induced compliance alteration.
The ESM approach does not, however, provide a detailed
description of stress concentrations in the vessel wall due to
complex geometries of stent struts. It should be noted that
in the open-cell stent design considered here, a low per-
centage of the overall device area consists of stent struts,
generating high concentrations of stress in the regions of
strut-vessel contact. In contrast, braided stent designs, or
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closed-cell designs, such as those shown in Fig. 4a, b, are
commonly used for aortic repair. The high area fraction of
strut coverage for such designs suggests that the ESM mod-
elling strategy will provide a very accurate description of the
stress distribution in the vessel wall, in addition to accurately
predicting of the effective vessel compliance.

Both the SG and the ESM models predict that the char-
acteristic bilinear shape of the pressure—area relationship of
the untreated aorta is eliminated following deployment of
the device. Instead, a linear pressure—area curve is obtained
following device deployment, the slope of which is similar
to the slope of the low compliance regime (LCR) of the
untreated artery in the systole pressure range. Analyses
reveal that the primary effect of deployment of the Nitinol
stent is to expand the artery so that collagen fibres are in the
high-stiffness regime throughout the entire cardiac cycle.
The fact that the device does not significantly alter the pres-
sure—area slope from the native LCR slope can be explained
by considering the circumferential stress—strain path com-
puted during the crimp-deployment history of the device,
as shown in Fig. 3b. As the device is deployed (from its
crimped state), it initially reduces its strain at a high modulus
(the value of which is primarily governed by the martensite
modulus of the NiTi stent). However, when the device
reaches its equilibrium configuration at the diastolic pres-
sure, it deforms along the “unloading plateau”, which has
an extremely low effective circumferential tangent stiffness
of ~0.07 MPa. The device unloading profile remains on this
plateau up to the point of maximum systolic pressure. Given
that the effective tangent modulus of the artery in the LCR
is~1 MPa, the insertion of the device does not significantly
change the effective compliance from the native vessel LCR.
Rather, the only significant effect of the device is elimination
of the native vessel high-compliance regime (HCR) during
diastole. Once again, we emphasize that this occurs sim-
ply because the device stretches the collagen in the vessel
wall into a high-stiffness regime for the entire cardiac cycle.
The stiffness of the device becomes significant only if the
DEAL is reached during physiological loading, in which
case the device becomes extremely stiff compared to the
native vessel, and the effective compliance of the treated sec-
tion becomes zero for part of the cardiac cycle. In Sect. 2.4,
we investigate the critical issue of device over-sizing and the
selection of an appropriate DEAL.

In Fig. 5, we present a comparison of the SG and ESM
models deployed in a subject-specific FE model of the aorta.
This patient-specific mesh was generated using MATLAB
(R2017b, MathWorks Inc., Natick, MA) and GIBBON
(Moerman 2018), by sweeping a mesh containing the aortic
lumen boundary points at 10 planes along the aortic cen-
treline (Fig. 5a), both of which were determined from a 4D
Flow MRI scan of a young healthy volunteer (Concannon
et al. 2020). Regional wall thickness was interpolated to each
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Fig.3 a Flow chart for solution procedure. (1.) The unloaded refer-
ence configuration of the artery. (2.) The contractile elements within
the arterial wall result in a reduction in area and a new equilibrium
configuration. (3.) Diastolic pressure of 73 mmHg is applied to the
internal lumen surface. (4.) The SG/ESM is crimped to the inner
sheath diameter of the delivery device. (5.) The SG/ESM is deployed
into the artery, which remains under the diastolic pressure load, and
a new equilibrium area is reached. (6.) The system is pressurised
with a pulse pressure to bring the total applied lumen pressure to
117 mmHg. b Circumferential stress versus strain plot for the ESM
model shows that the device come in contact with the arterial wall
at (1) along the ‘unloading plateau’, which results in an increase in

Pressure (mmHg)

the diastolic equilibrium area (2). By applying the pulse pressure,
the NiTi behaviour follows the high compliance stiffness of the
unloading plateau, which is significantly less than the LCR stiffness
of the aorta. ¢ Both models (ESM and SG) predict that the lumen
area is~53% higher than the untreated artery at diastolic pressure,
and ~24% higher than the untreated artery at peak systolic pressure.
As the effective compliance of the implant is negligible compared to
the high stiffness of the low compliance regime (LCR) of the aorta,
a similar slope is observed in the pressure—area relationship between
the untreated LCR and the area increase due to the pressure pulse
post-implantation
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Fig.4 Available treatment
options for aortic disease. a,

b Endovascular aortic repair
(EVAR); ¢, d open surgical
repair (OSR). a A schematic

of the EVAR procedure where
a stent-graft is deployed intra-
vascularly to the disease site
(Figueroa and Zarins 2011). b
Postoperative CT scan showing
proximal aortic and distal aortic
stents (Sultan and Hynes 2014).
¢ A schematic of the OSR
procedure where the healthy
aorta proximal and distal to the
diseased site are clamped, the
diseased portion is cut open and
a synthetic graft is sutured into
the native vessels proximally
and distally (Figueroa and
Zarins 2011). d Perioperative

image of OSR of infrarenal
aorta with Dacron graft (Baila
et al. 2016)

node along the aortic mesh based on the histological study
by Concannon et al. (2019) resulting in a highly structured
model comprised of ~42,000 C3D8 elements. (This mesh
size was found to give a converged solution in terms of com-
puted spatially varying nonlinear compliance with three ele-
ments through the thickness of the aortic wall.) The in vivo
nonlinear aortic compliance was captured using the physi-
cal based constitutive law outlined in Sect. 2.2 (Concannon
and McGarry 2021) with the following material parameter
values: k; = 0.2 MPa, k, = 1.0 MPa, k, = 0.035 MPa, 1, =
1.6,V =0.20-0.50, V/, = 0.18-0.35, V. = 0.20-0.27,
g,=0.15-0.38, u, = 0.10-0.80, 6,., = 25 kPa. We assume
that the fundamental material properties that describe col-
lagen (k;, k,), elastin (k,, 4,) and SMCs (o,,) do not change
as a function of location along the aorta. Rather we assume
that the volume fractions of collagen (Vf 01), elastin (Vf ),

ela
SMCs (V{mc) and matrix (Vfn ) may vary spatially based on

at
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previous experimental evidence. The model is primarily

calibrated by altering Vf o V£ la,V{mc, and the transition strain
(g,), ensuring a unique parameter set.

In the patient-specific case, a longer stent graft consist-
ing of four stent rings, is considered. Figure 5b, d shows
the maximum principal stress (S) plotted along the aorta
for both the SG and ESM simulations, respectively. The
ESM model provides a reasonable approximation of the
stress state in the vessel wall, compared to the SG model.
The volume-averaged mean values of maximum principal
stress, (o¢ ), and strain, (¢ ), in the vessel wall in the

maxP maxP
stented region are found to be similar for models of the
stent graft (o> ,=0.239 MPa; "% . =0.257) and ESM

maxP

(Uilvfxp= 0.246 MPa; é::fxp =0.231). However, as shown in
Fig. 5b, the ESM model does not capture localised concen-
trations, as observed for SG simulations. Once again, as

shown in Fig. 3c, both devices provide similar predictions
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of the altered pressure—area relationship following implan-
tation. As was the case in the idealised cylinder models
described above, the device is found to stretch the subject-
specific artery wall in the circumferential direction so that
the collagen is stretched beyond the transition strain (g,) at
all times during the cardiac cycle. This results in the elimi-
nation of the HCR of the pressure—area curve. Once again,
the effective compliance of the stented section is extremely
similar to that of the native vessel during systole because the
device follows the relatively low unloading plateau during
the increase of the lumen pressure from diastole to systole.
The comparisons presented in Figs. 3 and 5 suggest that the
ESM modelling approach provides a reasonable approxima-
tion to the predicted behaviour of a full stent model—even
for the low density open-cell geometry considered here.

2.4 Effect of implant oversizing and positioning
on compliance

We next use the validated ESM modelling approach to inves-
tigate the influence of device over-sizing, device positioning,
and native vessel age on the post-implantation changes in the
aortic pressure—area relationship.

Influence of Oversizing—Model development: The effect
of EVAR device oversizing on the pressure—area relationship
at Plane 6 (mid descending thoracic aorta) is investigated
using the subject-specific aortic model. Clinical guidelines
recommend 10-20% oversizing for aortic stent-grafts (Sher
and Tadros 2017; van Prehn et al. 2009). Here, we consider
three device designs in which the Dacron enforced diameter
limit (DEDL) exceeds the diastolic vessel diameter by 20,
40 and 60%, as illustrated in Fig. 6. Based on commercially
available designs, in all cases the diameter of the stent stress-
free configuration is taken to be 24% greater than the Dacron
graft (i.e. the DEDL). Table 3 shows the diameter of the
stress-free stent configuration, the DEDL and the crimped
diameter for the three device designs under consideration.
The crimp diameter is based on the use of a standard com-
mercially available 22F delivery system (Ramanan et al.
2015). In all cases, the crimped device is deployed at sec-
tion 6 of the subject-specific aortic model, where the vessel
area is 184 mm? at the diastolic pressure of 73 mmHg and
247 mm? at the peak systolic pressure of 117 mmHg. For
each of the three stent designs, FE simulations of crimping
and deployment are performed to determine the RF-D rela-
tionship. Corresponding ESM models are then calibrated to
replicate the stent RF-D relationship (Table 2) and deployed
in the subject-specific artery.

Influence of Oversizing—Results: Figure 6a shows the
post-implantation pressure—area curves at section 6 of the
subject-specific aorta for the 20, 40 and 60% oversized
devices. The DEAL for each case is also indicated on the
figure. Nearly identical pressure—area curves are computed

for all three designs, the only difference being that the 20%
design reaches the DEAL at a pressure of 93 mmHg, after
which the compliance is effectively zero. Post-implantation
areas at the start of diastole and end of systole are listed in
Table 3 for all three devices. The finding that the biome-
chanical outcome is essentially independent of the degree
of device oversizing can be understood by considering the
device effective circumferential stress—strain history during
crimping and deployment, as shown in Fig. 6d. While the
60% oversized device reaches the highest compressive strain
during crimping, as expected, all three devices are com-
pressed to a strain that extends beyond the loading plateau.
Therefore, all three devices follow the same unloading curve
during deployment in the vessel. Furthermore, at the new
diastolic equilibrium state, all three devices have reached
the unloading plateau. Therefore, while the device diastolic
strain is sensitive to the degree of oversizing (i.e. position
along unloading curve), the circumferential stress of each
device is similar, so therefore the effective radial force and
the diastolic vessel diameter are similar for all three cases.
Finally, all three devices remain on the unloading plateau as
the pressure is increased to the end-systolic value. Therefore,
the effective stiffness of the device is extremely low com-
pared to the vessel, and the slope of the pressure—area curve
throughout the cardiac cycle is essentially equal to the native
vessel LCR slope for all three device designs.

The influence of the DEAL should be emphasized. As
described above, the 20% oversized device reaches the
DEAL at a lumen pressure of 93 mmHg, so the device
becomes effectively, infinitely stiff and the vessel area
remains constant as the pressure is increased to the peak-sys-
tolic value (i.e. the compliance is near zero in this regime).
We recommend that the device should be sufficiently over-
sized so that the DEAL is not reached during physiological
loading and a zero-compliance regime does not occur, as
is the case for the 40% and 60% oversized devices. Exces-
sive oversizing (>60%) may have two negative drawbacks:
(1) the device may not reach the unloading plateau when
deployed, in which case it will exhibit a higher tangent
stiffness and the effective vessel compliance will be lower
than the native LCR; (2) the device may not fit in a stand-
ard delivery catheter, or it may fracture during crimping.
However, insufficient oversizing may be catastrophic. As an
example, we illustrate in Fig. 6 that the DEAL associated
with a 10% oversized device is lower than the lumen area
during systole. This presents a significant risk of endoleak
and device migration.

Figure 7 shows the effect of implant deployment on the
pressure—area relationship in the human aorta proximally
(7(a)) versus distally (7(b)). At the proximal section, the
effective compliance of the vessel post-implantation is simi-
lar to the LCR of the native vessel. It should be noted that the
native vessel at this proximal section is the most compliant
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«Fig.5 a Finite element mesh generation directly from MRI dataset.
Heterogeneous wall thickness (t) is implemented based on histology
data from Concannon et al., (2019). b-d Comparison of SG and ESM
models in a subject-specific aorta. b Deployment of the SG results in
stress concentrations in the regions where the struts directly contact
the artery wall. ¢ Both the SG and ESM models show a similar pre-
diction of the implant-induced compliance alteration on the pressure—
area relationship. d The ESM simulation exhibits more uniform dis-
tribution of stress in the peri-implant artery wall; however, the level
of stress is similar to that of the SG model

in the aorta. Therefore, the elimination of the extremely
high-compliance diastolic regime following device implan-
tation results in a significant reduction in lumen area change
during a cardiac cycle (AA =202 mm? for the native vessel,
versus AA =28 mm? post-implantation, representing an 86%
reduction). Simulations also reveal the critical importance
of device oversizing in highly compliant proximal sections:
as shown in Fig. 7, the DEAL for a 20% oversized device is
lower than the end-systolic area of the native vessel, indicat-
ing a high risk of endoleak and migration. A 40% oversizing
is required for this compliant proximal section.

Figure 7b shows the simulated behaviour for the distal
section of the aorta. The compliance of the native vessel
at this section is the lowest in the aorta. In this case, a 20%
oversized device does not reach the DEAL and the stented
vessel exhibits a compliance similar in value to the native
LCR for the entire duration of the cardiac cycle. In this case,
the reduction in area change during the cardiac cycle is not
as significant as the effect proximally (AA =38 mm? for the
native vessel, versus AA =13 mm? post-implantation, rep-
resenting an 65% reduction).

The relationship between vessel compliance and device
design is further elucidated in Fig. 8, in which we simu-
late age-related arteriosclerotic stiffening of the aorta by
reducing the volume fraction of elastin by 10% through-
out the entire vessel (see Eq. 4 in our constitutive law in
(Concannon and McGarry 2021)), based on the histological
study of Hosoda et al. (1984). We also reduce the transi-
tion strain at which collagen stiffening occurs (see Eq. 3 in
(Concannon and McGarry 2021)), based on reported bio-
mechanical testing of aged and young aortic tissue (Vande
Geest and Vorp 2004). The stiffened aortic pressure—area
relationship for Plane 6 is shown in Fig. 8a. Compared to
a healthy “Young’ tissue, the ‘Old’ aorta does not exhibit a
bilinear pressure—area curve under the physiological range
of lumen pressures due to the reduction of the collagen
transition strain, i.e. an LCR-type regime occurs through-
out the entire cardiac cycle. The reduction of elastin also
increases the zero-pressure reference area, further adding to
the linear shape of the pressure—area curve and the overall
reduction in vessel compliance. For such a stiffened artery,
the insertion of a stent-graft does not significantly alter the
pressure—area curve of the vessel. The stiff vessel is already

in the high-stiffness collagen regime, so the area change and
compliance change effected by device insertion are negli-
gible, again because the deployed devices operate on the
unloading plateau of the RF-D curve. In this case, a 20%
over-sizing is sufficient as the DEAL is not reached during
the cardiac cycle.

3 Discussion and concluding remarks

This study presents a computational analysis of the influence
of Nitinol-based devices on the biomechanical performance
of the aorta. Specifically, the influence of device implanta-
tion on the pressure—area curve of the vessel is analysed.
The study uncovers a number of fundamentally important,
and previously unreported, insights that should be of critical
concern for device design and clinical practice.

1. The Nitinol stent-graft device expands the artery wall
into a new equilibrium configuration which exceeds the
transition strain of the vessel, meaning that the artery
is now in the low-compliance regime (LCR) where the
high stiffness of straightened collagen fibres governs the
mechanical behaviour of the wall, and the high-compli-
ance regime (HCR) at diastolic pressure is eliminated.

2. The stent-graft unloads from the crimped configuration
during deployment and operates along the unloading
plateau between diastole and systole. The direct effec-
tive stiffness of the implant is negligible compared to the
high stiffness of the artery wall in the LCR. As a result,
the pressure—area relationship post-stenting between
diastole and systole follows that of the local LCR slope
of the aorta.

3. Provided the Nitinol device increases its diameter suf-
ficiently during deployment so that it reaches the unload-
ing plateau, the degree of oversizing has a negligible
effect on the pressure—area response of the vessel. Each
oversized device considered in this study is found to
exert approximately the same radial force because all
devices reach the unloading plateau. Additionally, the
radial compliance (the slope of the radial force-diameter
curve) on the unloading plateau is negligible compared
to the LCR slope of the native artery.

4. We show that 10% oversizing based on the observed
diastolic diameter in the mid descending thoracic aorta
results in a complete loss of contact between the device
and the wall during systole, which could lead to an
endoleak and stent migration. 20% oversizing reaches
the Dacron enforced area limit (DEAL) during the pulse
pressure and results in an effective zero-compliance in
latter portion of systole.

5. Our study suggests that oversizing is more important
proximally, while stiffer distal vessels do not require
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Fig.6 a The effects of ESM oversizing on the pressure—area rela-
tionship in Plane 6 of the human aorta. In each case, the 20% (red),
40% (green) and 60%(blue) oversizing results in any area gain due to
pulse pressure to follow the secondary stiffness slope of the aorta. b
In the case of 20% oversizing, the DEAL is indicated by the dashed
red line, below which the pressure—area response follows the second-
ary stiffness of the aorta. Once the DEAL is reached, no further area
gain is incurred for any further increase in pressure (as indicated by
the change in slope of solid red line at~93 mmHg). ¢ Finite element
contour plot of max. Principal logarithmic strain (LE), highlighting

as much oversizing. The implanted section follows the
local LCR slope for the entire cardiac cycle, and as a
result, the effective compliance change in diastole is
more pronounced in proximal sections where the differ-
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similar strain levels at the deployment site for each degree of oversiz-
ing. This can be explained by considering the device effective circum-
ferential stress—strain history during crimping and deployment d. In
each case, the diastolic equilibrium configuration lies on the unload-
ing plateau where the stiffness of the Nitinol is negligible compared
to that of the secondary stiffness of the native aorta. With the applica-
tion of the pulse pressure, each degree of oversizing remains on the
unloading plateau and therefore exerts approximately the same radial
force on the arterial wall

ence between the HCR and LCR of the native vessel is
greatest.

6. Device deployment in a pathologically stiffened (‘Old’)
artery (in which the collagen transition strain and elastin
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Table 2 Pa.ramet.er s for ESM Parameter Description Value

model deployed into patient-

specific aorta E, Effective device radial stiffness (austenite phase) 0.60 (N/mm)
ﬂm Effective device radial stiffness (martensite phase) 0.50 (N/mm)
El Effective device radial stiffness (transformation loading phase) 0.10 (N/mm)
Eu Effective device radial stiffness (transformation unloading phase) 0.07 (N/mm)
RF; Device radial force at start of transformation loading phase 10.5 (N)
RF,, Device radial force at start of transformation unloading phase 6.20 (N)

Table 3 Geometrical parameters

Reference Configura- DEDL (mm) Crimp diam- Post-Operative dias- Post-Operative
for th? 20%’ 40% and 60% tion Diameter (mm) eter (mm) tolic Area (mm?) systolic area
oversized implants (mm?)

20% 22.0 18.4 7.1 248 273
40% 26.0 214 7.1 250 275
60% 30.0 24.5 7.1 252 276

content are both decreased) does not strongly alter the
lumen pressure—area curve. Furthermore, oversizing of
the device has a negligible effect on the lumen pressure—
area curve.

Following EVAR, the Nitinol implant expands the artery
wall into a new equilibrium configuration whereby the out-
wards radial force of the device and the lumen pressure is
in equilibrium with the inwards force due to the circumfer-
ential tensile stress in the stretched contractile artery wall.
In this configuration, where the circumferential strain of the
vessel wall exceeds the collagen transition strain, the artery
operates in the low-compliance regime (LCR) throughout
the entire cardiac cycle. The high stiffness of the stretched/
straightened collagen fibres governs the mechanical behav-
iour of the wall in both diastole and systole. Furthermore, as
the implant unloads from the crimped configuration during
the deployment step, it operates along the unloading pla-
teau between diastole and systole, and therefore, the direct
effective stiffness of the implant is negligible compared to
the high stiffness of the artery wall in the LCR. As a result,
the pressure—area relationship between diastole and sys-
tole follows that of the local LCR slope of the aorta. The
deployment of the device merely expands the vessel diam-
eter so that collagen in the vessel wall is in the high-stiffness
regime throughout the cardiac cycle and the compliance of
the vessel itself is decreased during diastole. Several studies,
both in vivo and in vitro, report that the deployment of self-
expanding stent-grafts reduces aortic wall compliance (Mor-
ris et al. 2016; Nauta et al. 2017; Vernhet et al. 2001; Back
et al. 1994). However, to the author’s knowledge, this study
is the first to report the fundamental mechanism by which
this occurs, and the first to report that device deployment
alters the compliance only at low pressures during diastole.

Clinical guidelines recommend 10-20% oversizing for
aortic stent-grafts based on the vessel diameter (Sher and
Tadros 2017; van Prehn et al. 2009). However, we show in
(Concannon et al. 2020) that in the native aorta exhibits an
area change between 15 and 65% from the start of systole
to the end of systole. Other studies report similar levels of
in vivo area change during a cardiac cycle (Sonesson et al.
1994; Sugitani et al. 2012; Ferruzzi and Humphrey 2013;
Kim et al. 2019) providing substantial evidence that clini-
cians cannot be certain that a 10% oversized device will
maintain contact with the aortic wall throughout the entire
cardiac cycle. Further uncertainty is introduced through
the routine use of non-cardiac-gated imaging modalities
for preoperative planning and device sizing, in that it is not
known whether the pre-intervention imaging of the vessel
shows the configuration at diastole or at peak systole, or at
an unknown intermediate lumen pressure. The size of the
stent-graft relative to the vessel diameter presents a signifi-
cant design challenge. As outlined above, undersizing may
lead to the DEAL, beyond which essentially negligible area
increase is incurred for a given increase in pressure due to
the extremely high stiffness of the Dacron graft. Addition-
ally, undersizing can also lead to an inadequate seal resulting
in endoleak and/or migration. Oversizing overcomes these
obstacles; however, it also has drawbacks in terms of graft
folding/buckling. One possible solution may exist in replac-
ing the stiff Dacron material with a more compliant material
that strains and unstrains with the deformation of the system;
however, extensive experimental/computational analysis on
such a next generation device would be necessary.

Provided the Nitinol device increases its diameter suf-
ficiently during deployment to reach the unloading plateau,
the degree of oversizing has a negligible effect on the pres-
sure—area response of the vessel, as approximately the same
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Fig.7 20% oversized stent-graft in the a proximal aorta and b distal
aorta. Pre-operative pressure—area relationship is indicated by open
circles and dashed line (fitted). Dotted line indicates the DIAL when

radial force is generated by each device. The radial com-
pliance (the slope of the radial force—diameter curve) on
the unloading plateau is negligible compared to the LCR
slope of the native artery; therefore, the device itself does
not significantly contribute to the overall compliance of the
section. Rather, the device merely stretches the collagen in
the vessel wall into a straightened stiff configuration, thus
eliminating the HCR associated with wavy collagen in dias-
tole. Our study provides an explanation for the observations
of an experimental study by Nauta et al. (2017), where por-
cine aortae were connected to a mock circulatory loop and
the radial strain was recorded following the deployment of
three oversized stent-grafts (0-10%, 10-20%, and 20-30%).
Experiments revealed that the device oversizing does not
significantly affect the vessel radial strain.
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the stent-graft is fully expanded, and no further area increase can be
incurred for a given increase in pressure

Insufficient device oversizing has catastrophic conse-
quences including device migration and endoleak, resulting
in pulsation, dilation and rupture of the aneurysmal wall
(Chuter 2002). We show that 10% oversizing based on the
observed diastolic diameter in the mid-descending tho-
racic aorta results in a complete loss of contact between
the device and the wall during systole. Our study suggests
that significant oversizing is critical in proximal regions
where the compliance of the native vessel is highest. Our
findings are supported by the results of a clinical trial con-
ducted by Donas et al. (2019) who found that patients who
received stent-grafts that were oversized by 14-20% had
higher incidences of Type la (proximal) endoleaks requir-
ing reintervention than patients that were oversized by
22-30%. Furthermore, the Eurostar data report that the rate
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of endoleak decreases as the degree of oversizing increases
from 0-20%, after which it is reported to plateau (Chuter
2002). Our study suggests that a higher plateau of oversizing
(>20%) is appropriate for vessel sections that exhibit higher
compliance, e.g. cases where devices must be deployed in
proximal sections, or cases where devices must be deployed
in younger subjects.

To the best of the author’s knowledge, this is the first
study to report the Dacron enforced area limit (DEAL), and
its implications on vessel biomechanics. The role of the
graft is to: (1) de-pressurize the aneurysm wall leading to a
reduced risk of rupture; (2) hold the stent rings together; and
(3) act as a conduit for blood and pressure transfer. When
the device is being deployed, the graft itself does not con-
tribute mechanically until the DEAL is reached due to it
being in a crimped/buckled configuration which provides no
outwards radial force. Once the DEAL is reached, however,
the high stiffness of the Dacron material (~3 GPa) results in
an effective zero-compliance of the device, whereby negli-
gible area increase will occur for a given pressure increase.
Guan et al. (2016) report no significant difference in the
diameter change of Dacron stent-grafts between the mid-
ring region (where the struts are sutured to the Dacron)
and inter-ring region (space between two consecutive axial
stent rings) when subjected to an internal pressure, indicat-
ing the Dacron material governs the mechanical response of

the device once the DEAL is reached. Overall, the authors
report a 0.02-mm radial displacement following the appli-
cation of internal lumen pressures up to 150 mmHg. It is
worth noting that there is no DEAL on braided stents, and
the proposed ESM methodology should be extremely suit-
able for modelling such devices where the Nitinol is uni-
formly distributed throughout the device with a higher area
fraction than the open-cell design chosen here. Owing to the
extensive computational costs in modelling braided stents,
the ESM method may provide an alternative approach in
clinical-based finite element modelling of devices where
speed of simulation is critical.

The effects of longitudinal pre-stress were investigated
previously (Concannon and McGarry 2021). As can be
observed in the abovementioned study, the in vivo nonlinear
compliance curves can be captured with a similar degree of
accuracy for the homogeneous and trilayered wall models
(with an axial stress component). As the behaviour of the
wall follows the local LCR slope due to straightened colla-
gen (k,) (which is the same between both models), it can be
appreciated that longitudinal pre-stress will not significantly
alter the results. The focus of this study was to investigate
the effect of stent-graft deployment on the radial deforma-
tion of the aorta, which lead to crucial insights in terms of
device—vessel interactions. As described previously, follow-
ing deployment, the implanted section follows the behaviour
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of the local low compliance regime (LCR) during the entire
cardiac cycle. As a result, the effective change in diastole
following device deployment is more pronounced in proxi-
mal sections than in distal sections distally. This is the case
simply because the difference between the HCR and LCR
is found to be highest in proximal sections. This finding is
supported by the experimental study of Nauta et al. (2017).
Furthermore, clinical studies report incidences of cardiac
events in 34-45% of patients that undergo stenting of the
thoracic aorta (Conrad et al. 2017; Beach et al. 2017; Bis-
choff et al. 2016; Martin et al. 2008). Such incidences are
considerably lower in abdominally stented patients 6-12%
(Atti et al. 2018; Blankensteijn et al. 1998; Barakat et al.
2015; Dakour Aridi et al. 2018). The findings of our com-
putational investigation may provide an explanation for such
clinical outcomes by demonstrating that proximal device
deployment results in a more pronounced change in effec-
tive compliance in diastole that is the case for distal device
deployment.

Our results show that device deployment in pathologically
stiffened arteriosclerotic (‘Old’) arteries results in a less pro-
nounced effect on the pressure—area curve than the healthy
control case. Furthermore, oversizing has a negligible effect
on the pressure—area curve as the baseline stiffness in the
old aorta is higher resulting in an almost identical diastolic
equilibrium configuration following deployment. This result
provides an explanation for the observation by Nauta et al.
(2017) that the radial strain is similar both pre- and post-
stenting in a naturally stiffer abdominal aorta. It should be
noted that older aortae are generally wider and more tortu-
ous, which was not accounted for in this model. We simulate
the arteriosclerotic aorta by altering the material compliance
based on previously published histological evidence. Future
studies should focus on material characterization of older
patients preoperatively, followed by stent-graft deployment
simulations to investigate this effect in more detail.

Several experimental studies, in addition to clinical tri-
als, show that stent-grafts increase the pulse wave veloc-
ity (PWYV) of the aorta (de Beaufort et al. 2017; Kadoglou
et al. 2012, 2014; Liam Morris et al. 2013; Van Noort et al.
2018), which is an independent risk factor for cardiac failure
(Ben-Shlomo et al. 2014). Importantly, the Windkessel effect
is diminished following stenting (Nauta et al. 2017; Belz
1995), and increased PWYV has been directly linked to car-
diac death via a complex cascade of increased pulse pressure
(Benetos et al. 1997), increased left-ventricular afterload and
decreased coronary flow (Spadaccio et al. 2016; Zacharoulis
et al. 2007), and ultimately left ventricular hypertrophy (Kim
et al. 1995; Morita et al. 2002).

We have demonstrated that the key biomechanics of
the problem can be uncovered by coarse-graining the
device geometry. It should be noted, however, that even if
all anatomical complexities of the vessel and geometrical
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complexities of the stent are eliminated by simulating a sim-
plified ESM device in a perfectly axisymmetric cylindrical
vessel, an analytical solution cannot be identified due to the
complex nonlinear material behaviour (collagen strain stiff-
ening, SMC contractility, elastin pre-stretch, Nitinol phase
transformation) and finite deformations. In our patient-spe-
cific finite element model, we also incorporate heterogeneity
in mechanical properties, in addition to contact mechanics
at the device—vessel interface.

Thoracic endovascular aortic repair (TEVAR) and
abdominal endovascular aortic repair (EVAR) are associated
with reduced early perioperative morbidity and mortality
compared to open surgical repair. However, this early gain
is diminished at long-term follow-up, primarily due to an
upsurge in cardiovascular complications, mainly related to
the graft material (Sultan et al. 2019; Sultan, Acharya, and
Hynes 2020; Hynes et al. 2020; Sultan, Concannon et al.
2020). The failure of synthetic grafts to simulate the natural
biomechanics of the aorta results in a cascade of haemo-
dynamic and biological shifts that disturb cardiovascular
homeostasis (Sultan Barrett et al. 2020a, b, c¢; Sultan et al.
2015; Hynes et al. 2020). Currently available aortic stent-
grafts have been implicated in the development of acute
systolic hypertension, elevated pulse pressure, and reduced
coronary perfusion (Sultan, Acharya, and Hynes 2020; Sul-
tan, Concannon et al. 2020; Hynes et al. 2020; Sultan Bar-
rett et al. 2020a, b, c). However, there is little insight in the
surgical community about adverse cardiac remodelling after
aortic stenting. Aortic interventionalists focus on the mor-
phological adaptation of the endograft to the aortic wall and
follow-up is purely focused on maintaining stent-graft posi-
tion and avoiding expansion of the aortic sac. They continue
to pursue these goals even if it means further interventions
with additional endograft components, stenting or coiling,
despite the resultant deleterious effect on cardiac, cerebral,
renal and mesenteric haemodynamics. Medical device com-
panies should contemplate that endografts significantly alter
ventriculo-aortic interactions due to the mechanisms out-
lined in this paper. Contemporary endografts are not fit for
purpose, especially in younger patients who have endografts
implanted to treat thoracic aortic trauma near the heart (Sul-
tan et al. 2019; Sultan Acharya and Hynes 2020; Hynes et al.
2020; Sultan, Concannon et al. 2020).

In this study, the effect of stent-graft deployment in a
patient-specific aorta is investigated, where mechanical
properties of the vessel are calibrated from (Concannon et al.
2020) and (Concannon and McGarry 2021). Our simulations
demonstrate that the degree of oversizing should be tailored
given the age of the patient and the deployment location
relative to the heart, and we highlight the significant issues
associated with insufficient oversizing and reaching the
DEAL. In each case, stenting does not alter the local LCR
of the aorta, provided the new diastolic equilibrium point
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is along the unloading plateau. The mechanism by which
stenting alters the vessel compliance is uncovered and results
from the outward radial force of the device stretching the
collagen fibres beyond their transition point in the in vivo
nonlinear pressure—area curve, such that the aortic wall loses
its HCR and operates only in the LCR throughout the entire
cardiac cycle postoperatively. The test-bed developed in this
study can be used to design the next-generation devices and
to guide clinical intervention so that post-operative com-
plications including device migration and cardiac mortality
can be reduced.
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