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Abstract

OBJECTIVES: To investigate the impact of thoracic endovascular aortic repair (TEVAR) on longitudinal strain and assess aortic tensile
properties in order to better understand complications associated with TEVAR.

METHODS: Twenty fresh thoracic porcine aortas were harvested and connected to a mock circulatory loop driven by a centrifugal flow
pump at body temperature. Length measurements were conducted before and after TEVAR through aortic marking, high-definition
imaging and custom-developed software under physiological pressure conditions (i.e. between 100 and 180 mmHg with 20 mmHg incre-
ments). Longitudinal strain was derived from length amplitude divided by the baseline length at 100 mmHg. Three groups of stent-graft
oversizing were created (0–9, 10–19 and 20–29%). Finally, elastic properties of the aortic samples were assessed in both longitudinal and
circumferential directions through uniaxial tensile testing. Longitudinal strain was compared before and after TEVAR, and stress-to-rupture
was compared among specimens and locations.

RESULTS: TEVAR induced a longitudinal strain decrease from 11.9 to 5.6% (P < 0.001) in the stented segments and a longitudinal strain mis-
match between stented (5.6%) and non-stented segments (9.1%, P < 0.001). Stent-graft oversizing did not affect the magnitude of strain re-
duction (P = 0.77). Tensile testing showed that peak stress-to-rupture was lower for longitudinal (1.4 ± 0.4 MPa) than for circumferential
fragments (2.3 ± 0.4 MPa, P < 0.001). In addition, longitudinal fragments were more prone to rupture proximally than distally (P = 0.01).

CONCLUSIONS: This experimental study showed that TEVAR acutely stiffens the aorta in the longitudinal direction and thereby induces a
strain mismatch, while tensile testing confirmed that longitudinal aortic fragments are most prone to rupture, particularly close to the arch.
Such an acute strain mismatch of potentially vulnerable tissue might play a role in TEVAR-related complications, including retrograde
dissection and aneurysm formation. The finding that TEVAR stiffens the aorta longitudinally may also shed light on systemic complications
following TEVAR, such as hypertension and cardiac remodelling. These observations may imply the need for further improvement of
stent-graft designs.
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INTRODUCTION

The use of thoracic endovascular aortic repair (TEVAR) is increasing
rapidly, even in younger patients [1, 2]. However, this procedure is

associated with serious complications such as retrograde dissec-
tion (with a mortality of about 40%), aneurysm formation, stent-
graft induced new entry tears and rupture [3–5]. These complica-
tions might be related to different physical properties of the stent-
grafts when compared with blood vessels. Current stent-grafts are
several orders of magnitude stiffer than the native aorta [6, 7],
most notably in the longitudinal axis. Their impact on the cardio-
vascular system remains unclear. Locally, segmental aortic stiffen-
ing seems to increase wall stress in segments adjacent to the
stent-graft due to a compliance mismatch [3]. This has been
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associated with reduced wall strength and subsequent complica-
tions [3–5]. Stent-graft oversizing reduces aortic wall strength even
further [8].

In addition to a local impact, TEVAR might affect the cardiovascular
system on a systemic level. In this setting, aortic elasticity serves a crit-
ical function in damping the highly pulsatile flow coming from the
left ventricle [9], known as the ‘Windkessel effect’ [10]. Stiffening of the
thoracic aorta diminishes this effect with major implications for car-
diovascular disease development as it increases cardiac afterload and
decreases coronary perfusion [11, 12]. It has been reported that
TEVAR stiffens the aorta acutely, resulting in hypertension and cardiac
remodelling in the early and late phase [2, 13]. This phenomenon
may be referred to as cardiovascular remodelling and might deter-
mine long-term outcomes of TEVAR.

Aortic strain is an established measure of aortic elasticity and is
traditionally reported as deformation in the circumferential direction
during a cardiac cycle. This seems to diminish after abdominal endo-
vascular repair [14]. However, aortic tissue is more prone to rupture in
the longitudinal axis [15] and most intimal tears are circumferentially
orientated due to the increased longitudinal stress [16].

The aim of this study was, therefore, to assess the impact of TEVAR
on longitudinal strain in a controlled experimental setting, with also at-
tention to the role of stent-graft oversizing. For this purpose, we used
an ex vivo porcine aortic model connected to a mock circulatory loop
driven by a centrifugal flow pump, quantifying changes of longitudinal
strain for increasing pressure, before and after TEVAR. In addition, we
used uniaxial tensile testing to study stress-to-rupture mechanical
properties of the aortic specimens, in both circumferential and longi-
tudinal directions, to potentially identify vulnerable aortic segments.

MATERIALS ANDMETHODS

Preparation of aortas

Twenty fresh porcine aortas were harvested at a local slaughter-
house from young healthy Goland pigs (commercial hybrid, 10–
12 months, 160–180 kg). No pigs were sacrificed solely for this
study. The thoracic aortas were transported on iced 0.9% saline
solution and all experiments were conducted within 12 h from
death. The aortas were procured from the origin of the left sub-
clavian artery (LSA) to the origin of the coeliac trunk and all side
branches were ligated. Subsequently, the aortas were bathed in
0.9% saline of room temperature for 15 min.

Experimental set-up

The prepared aortas were connected to a mock circulatory loop
driven by a centrifugal flow pump (Medtronic Bioconsole BIO-
MEDICUS 550, Minneapolis, MN, USA), which allowed for controlled
intraluminal pressurization. Water was used that was constantly
heated at body temperature using a liquid heater (Nova Powerstat
Protonic®, Boise, ID, USA) to preserve the biomechanical characteris-
tics of the nitinol stents [17]. A pressure sensor (Micro Switch Pressure
Sensor 40PC Series Chart, Honeywell, Freeport, IL, USA) was coupled
to a 1/2-inch silicon tube just proximal to the connection with the
aorta. The distal end of the aorta was connected to a 3/8–3/8-inch
tube, which could move against low resistance in the longitudinal dir-
ection through a guiding half-pipe (Fig. 1). The distal 3/8-inch silicon
tube was fixed at a standard appointed location to ensure similar re-
sistance and prestretch for all aortas. A prestress of 100 mmHg was

applied for all aortas prior to diameter and length measurements,
which simulates mean aortic blood pressure in pigs [18].

Measurements of aortic dimensions and
longitudinal strain

Baseline diameters and lengths were measured manually, using an
electronic calliper and were repeated twice by the principal inves-
tigator and twice by a second investigator, to allow for intra- and
interobserver variability analysis. Medtronic Valiant stent-grafts
(Medtronic Vascular, Santa Rosa, CA, USA) were used and there-
fore aortic diameter was based on the distance from adventitia to
adventitia, as advised by the manufacturer. To capture longitudin-
al strain, black rubber dots with a diameter of 5 mm were sutured
to the superficial adventitia along the anterior side of the aorta,
starting at the origin of the LSA followed by every 5 cm distally
(Levels L1–L8, Fig. 1). Levels L1 and L8 were excluded from further
analysis because they were partly covered by the tube connectors.
The segment between L2 and L7 was considered the total aortic
length. A high-definition webcam (Logitech HD Pro Webcam C920,
Lausanne, Switzerland) was installed and fixed above the aorta and
snapshots were conducted at five different pressure moments
(i.e. 100, 120, 140, 160 and 180 mmHg). All measurements were

Figure 1: Illustration of the mock circulatory loop connected to a porcine aorta.
(A) The CFP propels the water through a soft silicon tube into the porcine aorta,
with the blue arrow illustrating the direction of flow. ‘Fixed’ marks the locations
where the tube is fixed. ‘Pressure’ shows the location of the pressure sensor.
‘Camera’ illustrates the location of the HD-camera. The ‘Output Reservoir’ is the
water reservoir that supplies the CFP. (B) ‘Pre-TEVAR’ shows the situation before
TEVAR with the Levels L1–L8 marked accordingly. ‘Post-TEVAR’ illustrates the
situation after TEVAR with ‘Stent’ marking the stented segments and ‘Total
Aorta’ the total aortic length. The proximal segment adjacent to the stent-graft
is marked with ‘Prox’, while ‘Dist’ represents the distal adjacent segment. CFP:
centrifugal flow pump; TEVAR: thoracic endovascular aortic repair.
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conducted in threefold and means were calculated for further ana-
lysis. Snapshots were taken at a resolution of 1920 × 1080 pixels.
These photos were elaborated by a custom-made program devel-
oped with Matlab (The MathWorks©, Inc., Natick, MA, USA) that
computed the distance between two consecutive dots through a
semiautomatic procedure. The program showed the user each
image of the dataset and allowed to select each dot and crop the
image. The cropped area was then converted from Red–Green–Blue
format to black-and-white format using a fixed threshold. A more
precise detection of the centre was then performed using an auto-
matic algorithm, which computed the centre of mass of a black
region on a white background. All distances and mean values were
exported into a .txt file for analysis. Longitudinal aortic strain was
then calculated as

Longitudinal strain ¼ L� L0
L0

where L is the final length at given pressure and L0 is the length at
baseline (100 mmHg).

Stent-graft implantation

The size of the stent-graft was based on the diameter at the level
10 cm distal to the LSA (Level L3, Fig. 1). To study the impact of cir-
cumferential stent-graft oversizing, the aortas were divided into
three groups of 0–9% (n = 7), 10–19% (n = 7) and 20–29% (n = 6) of
oversizing. Mean longitudinal strains per oversizing group were
compared before TEVAR to ensure homogeneity between groups.
Medtronic valiant stent-grafts were loaded and deployed by

a custom-developed loading and deployment system, directly
following the pre-TEVARmeasurements. Stent-grafts were implanted
with sizes 22–22–150, 24–24–150 or 26–26–150 mm, according to
the appointed oversizing rates. The implanted stent-graft extended
from the segments between L3 and L6 (Fig. 1). Proximal and distal
landing zones were confirmed manually.

Tensile testing

Uniaxial tensile testing was conducted after the experiment to
study elastic properties of the porcine aortas. The specimens were
preserved in a refrigerator at �7°C prior to the tensile testing
(time of delay 1.5 ± 0.8 days). Three zones of interest were distin-
guished in the excised descending thoracic aorta, i.e. proximal,
central and distal (Fig. 2A). Both circumferential and longitudinal
bone-shaped fragments were cut with a standardized specimen
cutter. Tensile tests were performed with the MTS Insight Testing
System 10 kN (MTS System Corporation, Eden Prairie, MN, USA)
equipped with a 250 N load-cell, and by the ME-46 Video
Extensometer (Messphysik, Fürstenfeld, Austria). Peak values of
both stress and strain were computed from stress–strain curves
recorded during the mechanical testing.

Statistical analysis

Statistical analysis was performed with SPSS statistical analysis
software (SPSS 22, Inc., Chicago, IL, USA). Data are shown as fre-
quencies, percentages, mean ± standard deviation, as appropriate.
Values identified as outliers by Grubb test (α = 0.05) were
excluded from the analysis. Shapiro–Wilk test was conducted to

Figure 2: Specimen and results of uniaxial tensile testing. (A) Specimen location and orientation. (B) Bone-shaped specimens. (C) Bar diagrams of aortic mean peak
stress-to-rupture as function of zone and orientation. (D) Top panel shows aortic specimen under stress. Bottom panel shows rupture of the specimen. Circ: circumfer-
ential aortic wall orientation; long: longitudinal aortic wall orientation.
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test the normality of data distribution. Statistical significance was
evaluated with two-tailed paired t-tests, Pearson product–
moment correlation or one-way analysis of variance. Repeatability
of aortic diameter measurements was analysed with Bland and
Altman’s difference against mean analysis. Statistical significance
was set at the level of P < 0.05.

RESULTS

Pre- and post-TEVAR longitudinal strains are presented in Table 1.
Time between pre-TEVAR and post-TEVAR measurements was
0.6 ± 0.2 h.

Prethoracic endovascular aortic repair aortic
dimensions and longitudinal strain

The mean thoracic aortic length from the LSA to the coeliac trunk
was 325.5 ± 29.1 mm and the mean aortic diameter at the level of
the proximal landing zone was 20.5 ± 0.9 mm. More detailed aortic
dimensions can be found in Supplementary Table 1. Time of delay
between harvesting of the aorta and the initiation of the experi-
ment was 7.1 ± 2.6 h and the water temperature was 37.2 ± 0.2°C.
Before TEVAR, we observed a significant positive linear correlation
between pressure and longitudinal strain (r = 0.91, P < 0.001).
Maximum strains were 11.9% in the prestented segments and
11.4% in the total aorta, observed at 180 mmHg (Fig. 3).

Post-thoracic endovascular aortic repair
longitudinal strain

After TEVAR, longitudinal strain between 100 and 180 mmHg de-
creased in both the stented segments (11.9 vs 5.6%, P < 0.001) and
the total aorta (11.4 vs 7.0%, P < 0.001, Figs 3 and 4). Maximum lon-
gitudinal strain of the segment proximal to the stent-graft decreased
after TEVAR, while this did not change in the distal segment (Fig. 4).
After TEVAR, a mismatch in longitudinal strain was observed be-
tween the stented (5.6%) and non-stented adjacent (i.e. proximal
plus distal) segments (9.1%, P < 0.001, Fig. 5). In addition, the

positive linear correlation between longitudinal strain and pressure
was reduced after TEVAR at 120 mmHg (r = 0.86, P < 0.001), and
continued to be significant for all higher pressures (Fig. 3).

Oversizing and longitudinal strain

Before TEVAR, homogeneity of longitudinal strain was confirmed
between the three stent-graft oversizing groups in the total aorta

Figure 3: Longitudinal strain as function of pressure. (A) Longitudinal strain of
the stented segments as function of pressure, pre- and post-TEVAR. (B)
Longitudinal strain of the total aorta as function of pressure, pre- and
post-TEVAR. TEVAR: thoracic endovascular aortic repair.

Figure 4: Longitudinal strain per aortic segment, pre- and post-TEVAR. Mean
peak longitudinal strain at 180 mmHg per aortic segment. The location of the
stent-graft is marked accordingly. Dist: distal segment; Prox: proximal segment;
TEVAR: thoracic endovascular aortic repair.

Table 1: Longitudinal strain as function of pressure per
aortic segment

Aortic segment Pressure
(mmHg)

Pre-TEVAR,
longitudinal
strain (%)

Post-TEVAR,
longitudinal
strain (%)

P-value

Total aorta 100 0.0 ± 0.0 0.0 ± 0.0 –

120 2.0 ± 0.9 1.4 ± 0.5 0.002
140 5.1 ± 1.8 3.3 ± 1.2 <0.001
160 8.5 ± 2.3 5.2 ± 1.9 <0.001
180 11.4 ± 3.0 7.0 ± 2.6 <0.001

Stented segments 100 0.0 ± 0.0 0.0 ± 0.0 –

120 2.0 ± 0.9 0.9 ± 0.5 <0.001
140 5.3 ± 1.7 2.2 ± 1.2 <0.001
160 8.9 ± 2.3 3.8 ± 1.9 <0.001
180 11.9 ± 3.1 5.6 ± 2.7 <0.001

Proximal segment 180 9.1 ± 3.9 8.3 ± 3.4 0.02
Distal segment 180 11.8 ± 3.4 10.2 ± 3.6 0.06

Continuous data are presented as the means ± standard deviation.
TEVAR: thoracic endovascular aortic repair.
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(P = 0.60) and in the stented segments (P = 0.55). Post-TEVAR, lon-
gitudinal strain did not differ significantly between oversizing
groups in both the total aorta (P = 0.77) and the stented segments
(P = 0.57, Table 2).

Tensile testing

Following the strain experiments, the aortas were incised along the
posterior wall so that the stent-graft could be removed without
damaging the aortic tissue of the anterior side. Anterior aortic speci-
men was then used for uniaxial tensile testing since these fragments
were not interrupted by spinal side branches. Figure 2 demonstrates
the results of the tensile testing. These data confirmed homogeneity
of the aortic mechanical responses among all aortas, with longitu-
dinal and circumferential peak stress-to-rupture of 1.4 ± 0.4 MPa
(coefficient of variation = 31.0%) and 2.3 ± 0.4 MPa (coefficient of
variation = 16.2%), respectively. Peak stress-to-rupture was signifi-
cantly lower for the longitudinal than for the circumferential frag-
ments in all three zones (Fig. 2C). Additionally, we found lower
stress-to-rupture in proximal longitudinal fragments compared with
distal longitudinal fragments (P = 0.01), while circumferential frag-
ments showed equal stress-to-rupture in all three zones (P = 0.61).

Intra- and interobserver variability

The intraobserver repeatability coefficient (RC) for diameter mea-
surements of observer 1 was 2.45, and 2.01 mm for Observer

2. Differences of the measurements were smaller than the RCs
and linear regression analysis was non-significant (P = 0.46 and
P = 0.32, respectively), indicating good intraobserver agreement.
The interobserver RC was 1.35 mm. Differences of the measure-
ments between both observers were smaller than the RCs and
linear regression analysis was non-significant (P = 0.06), indicating
acceptable interobserver agreement.

DISCUSSION

This experimental study investigated the impact of TEVAR on lon-
gitudinal strain through an ex vivo porcine model and assessed
stress-to-rupture with uniaxial tensile testing. The experiments
were conducted in a controlled environment using fresh porcine
thoracic aortas connected to a mock circulatory loop, while creat-
ing different groups of stent-graft oversizing.
We observed a significant decrease in longitudinal strain after

TEVAR in the stented segments (from 11.7 to 5.6%, P < 0.001). As a
result, a longitudinal strain mismatch was observed between the
stented and non-stented aortic segments. Our observed longitu-
dinal strain before TEVAR was 11.4% between 100 and 180 mmHg.
This agrees with a recent study by Krüger et al. [19] who found
length changes of �10% using a similar set-up and with in vivo
data of Bell et al. [20] that showed longitudinal strain ranging from
7 to 9% in the proximal aorta of the adult. However, these studies
did not evaluate longitudinal strain after TEVAR. To our knowl-
edge, the impact of TEVAR on longitudinal strain has not yet been
reported.
Another main finding was that the thoracic porcine aortas were

most prone to rupture in the longitudinal axis (P < 0.001), in par-
ticular in the proximal zone close to the arch (P = 0.01). This new
finding may yield insight into the pathogenesis of TEVAR-related
complications, such as retrograde dissection that typically occurs
at the proximal end of a stent-graft.
Our observations are clinically relevant as they suggest that

TEVAR causes acute segmental stiffening, which may increase wall
stress in the adjacent segments [3]. Several authors proposed that
such locally altered stress between the stent-graft and the aortic
wall may be responsible for severe TEVAR-related complications
such as retrograde dissection, stent-graft induced new entry-tear,
aneurysm formation, rupture, endoleaks and stent-graft fractures
and infolding [3–5, 21]. Our results showed a significant mismatch
of longitudinal strain between the stented and non-stented aortic
segments after TEVAR (Fig. 5). Such a mismatch may lead to the
following mechanisms:

(i) Repetitive pulsatile friction between the stent-graft and the
aortic wall, at both the proximal and distal end, which may
cause traumatic lesions to the aortic wall or the stent-graft [21].

(ii) Increased wall stress along aortic segments adjacent to the
stent-graft, at both the proximal and distal end, because of an
increased impedance due to the stiffened stented segments [3].

Furthermore, we found that the strain mismatch between the
stented and non-stented segments enlarged with rising pressure,
potentially increasing the risk of aortic dissection and aneurysmal
dilatation. This finding might have implications for clinical practice
as it stresses the importance of strict blood pressure control in
patients treated with TEVAR to minimize the strain mismatch. This
supports the suggestion of others that perioperative hypertensive
episodes might increase the risk of retrograde dissection after TEVAR
[22], in particular in dissected aortas due to a weakened aortic wall.

Table 2: Longitudinal strain per oversizing group

Aortic segment Oversizing
group (%)

Pre-TEVAR,
longitudinal
strain (%)

Post-TEVAR,
longitudinal
strain (%)

P-value

Total aorta 0–9 12.3 ± 3.5 7.6 ± 3.3 0.002
10–19 11.0 ± 2.7 6.7 ± 2.6 0.001
20–29 10.7 ± 3.0 6.7 ± 1.9 0.001

Stented segments 0–9 12.8 ± 3.5 6.5 ± 3.5 <0.001
10–19 11.9 ± 2.6 5.4 ± 2.6 <0.001
20–29 10.9 ± 3.2 4.9 ± 1.8 0.001

Continuous data are presented as the means ± standard deviation.
TEVAR: thoracic endovascular aortic repair.

Figure 5: Longitudinal strain mismatch. Post-TEVAR, a mismatch in longitudinal
aortic strain is observed between the aortic segments adjacent to the stent-graft
compared with the stented segments. TEVAR: thoracic endovascular aortic repair.
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During each cardiac cycle, the heart pulls the proximal aorta
downwards, forcing it to stretch longitudinally [16, 20]. Stiffening
of the descending thoracic aorta after TEVAR seems to limit this
stretch, causing an increase in in vivo longitudinal strain in the seg-
ments proximal to the device (unpublished data). In vivo, the
thoraco-abdominal aorta is proximally fixed to the heart, the
supra-aortic vessels and the ligamentum arteriosum, and distally
to the visceral arteries and the iliac bifurcation. Such a double-
ended fixation forces the total thoraco-abdominal aorta to extend
similarly before and after TEVAR. In our experimental set-up, the
aortas were also double-ended fixed and prestretched; however,
the distal end was allowed some freedom to be able to extend. As
a result, we observed a shorter total aortic length after TEVAR
when compared with before TEVAR (at 180 mmHg: 268.2 vs
280.3 mm, P < 0.001). This might explain why we did not observe
an increase of longitudinal strain in the adjacent segments in this
study. Further in vivo imaging studies are warranted to investigate
changes in strain in segments adjacent to stent-grafts.

Uniaxial tensile testing showed that peak stress-to-rupture was
lower for the longitudinal than for the circumferential fragments.
These data support the study of Khanafer et al. [15]. But surprising-
ly, we also observed that longitudinal aortic tissue was more
prone to rupture in the proximal zone than distally, while this was
not the case for circumferential tissue (Fig. 2). This new finding
implies that thoracic aortic tissue is more vulnerable for an acute
increase of longitudinal wall stress than circumferential wall stress,
in particular in proximal segments. This observation may clarify
why most intimal tears are circumferentially orientated, as this is
most likely the result of longitudinal intima failure [15, 16], and
might indicate vulnerability of the proximal descending aorta.

Stent-graft oversizing did not determine the magnitude of lon-
gitudinal strain reduction, in our set-up. Nevertheless, we did
observe a trend of increased longitudinal stiffening and severe
oversizing (Table 2). Such aortic stiffening after severe oversizing
might support the observation of Sincos et al. [8] who showed that
device oversizing increased the risk of rupture. However, further
studies are warranted to investigate the association between over-
sizing, longitudinal stiffening and rupture.

Stent-graft induced aortic stiffening as demonstrated by our
experiments, is likely to have negative systemic effects since aortic
stiffness is an established predictor of cardiovascular mortality
[9, 11]. Acute aortic stiffening is also associated with important
histological vascular wall changes, such as increased collagen-to-
elastin ratio, with elevated risk of cardiovascular disease [3, 10].
Therefore, stent-graft induced stiffening may actually be consid-
ered as extremely accelerated ageing of the cardiovascular system,
leading to acute aortic stiffening and increased cardiac afterload.
These findings suggest that current stiff stent-grafts might be more
harmful on the long-term than currently realized. In particular ex-
tensive stent-graft coverage might, hypothetically, have a pro-
found impact. It may therefore be advisable to minimize the
length of stent-graft coverage, if possible, to decrease adverse car-
diovascular effects. However, this remains to be elucidated.

To improve long-term outcomes of aortic disease, we suggest
that future studies should focus on the pathophysiology of TEVAR
associated complications as well as on development of more
elastic stent-grafts. Large in vivo studies using dynamic imaging,
such as electrocardiogram-gated computed tomography or mag-
netic resonance imaging, are required to clarify the association
between TEVAR and cardiovascular remodelling. However, such in
vivo imaging studies on the highly pulsatile thoracic aorta are asso-
ciated with out-of-plane motions and cardiac/respiratory artefacts

[20, 23]. Therefore, we aimed to first assess the impact of TEVAR on
longitudinal strain in a controlled experimental set-up, avoiding
artefacts and allowing for aortic tissue marking to overcome
out-of-plane motions.
It is reasonable to assume that more elastic stent-grafts might

reduce aortic stiffening, adverse cardiovascular remodelling and
strain mismatches, with potential favourable long-term outcomes.
Currently, stent-grafts with longitudinal connection bars are
designed to be stiff in the longitudinal axis to offer better fixation
through the spring-back effect. However, it is exactly this spring-
back force that might induce bird-beaking and the formation of
intimal tears [4, 5]. Longitudinally, more elastic stent-graft designs
with less spring-back force, dedicated to aortic dissection, should
be considered. A first modification of the Medtronic stent-grafts
was the elimination of the longitudinal connecting bar from the
earlier design (Medtronic Talent), which was thought to be re-
sponsible for longitudinal stiffness and the spring-back effect.
However, on the basis of this study, further longitudinal elasticity
might be advised for future stent-graft designs to better fit the
compliant aorta, with the aim of improving clinical outcomes in
patients managed with TEVAR.

Study limitations

We acknowledge that the use of porcine aortas is an important
limitation of this study. Nonetheless, porcine aortas are regularly
used in cardiovascular research [19, 24], since their mechanical
properties are comparable with those of young humans, and
because they are much more widely available than human cadav-
eric samples. But, a porcine aorta is certainly more elastic than a
diseased, often atherosclerotic, adult human aorta. However, we
were not able to find data on longitudinal strain in diseased, de-
generative, calcified human aortas. Moreover, we have so far not
found a reproducible technique to modify the mechanical prop-
erties of aortic specimens that addresses the in vivo elastic
modulus of aged diseased human aortas properly. Therefore, care
should be taken when translating our results to the clinical prac-
tice. Further research focused on in vivo imaging studies of dis-
eased adult aortas is necessary to make the step from the
laboratory to clinic. Second, we used a non-pulsatile mock circula-
tory system, which allowed for a highly controllable experimental
setting for our study purpose. However, we acknowledge that with
this non-pulsatile set-up, we neglected inertial effects of pulse
waves, which might have led to underestimation of in vivo
strain. Nevertheless, experimental non-pulsatile mock circulatory
models have widely shown to provide a valid strategy for the
initial investigation of novel concepts regarding aortic elasticity
[25]. Moreover, our observed strain rates were comparable with
pulsatile ex vivo experimental data and in vivo patient data [19, 20].
Another drawback in this experimental study was the use of

non-thrombotic blood analogue. Circulating a thrombotic agent,
however, rapidly leads to clotting since there are no epithelial
cells to inhibit this. Therefore, just like other ex vivo haemodynam-
ic studies [19, 24], we used water, which sufficed for our main goal;
imposing a stable intraluminal pressure. In addition, non-
thrombotic fluid does not have relevant influence on the high-
speed condition of the aorta [26].
It must also be noted that our findings only apply for Medtronic

Valiant stent-grafts, which have interrupted stents. Other stent-
graft designs, such as those with continuous stents, might show
different rates of longitudinal strain. However, this was out of
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scope for this study, which primarily focused on a first quantifica-
tion of the impact of TEVAR on longitudinal strain. Lastly, our data
on longitudinal strain in the segments adjacent to the stent-graft
may not totally represent the in vivo condition. After all, the in vivo
aortas are fixed by multiple elastic side branches, which most
likely have a different impact on the adjacent segments than the
fixations in our ex vivo set-up. Future in vivo studies are therefore
warranted to further elucidate dynamic changes of the total thor-
acic aorta following TEVAR.

CONCLUSION

Our experimental study found that TEVAR acutely stiffened the thor-
acic aorta in the longitudinal direction. This resulted in a longitudinal
strain mismatch between stented and non-stented segments. Uniaxial
tensile testing demonstrated that thoracic aortic tissue is more prone
to rupture in the longitudinal than the circumferential direction, in
particular close to the arch. Such an acute strain mismatch of poten-
tially vulnerable tissue might play a role in TEVAR-related complica-
tions, including retrograde dissection and aneurysm formation. The
finding that TEVAR stiffens the aorta longitudinally may shed light on
systemic complications following TEVAR, such as hypertension and
cardiac remodelling. This initial study on the impact of TEVAR on lon-
gitudinal strain may serve as a base for future investigation on the
interaction between aortic stent-grafts and cardiovascular biomech-
anics and might contribute to future stent-graft design.

SUPPLEMENTARY MATERIAL

Supplementary material is available at EJCTS online.
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