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Abstract

OBJECTIVES: Current endografts for thoracic endovascular aortic repair (TEVAR) are much stiffer than the aorta and have been shown to
induce acute stiffening. In this study, we aimed to estimate the impact of TEVAR on left ventricular (LV) stroke work (SW) and mass using a
non-invasive image-based workflow.

†Presented at the American Heart Association Scientific Sessions, Anaheim, CA, USA, 12 November 2017.
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METHODS: The University of Michigan database was searched for patients treated with TEVAR for descending aortic pathologies (2013–
2016). Patients with available pre-TEVAR and post-TEVAR computed tomography angiography and echocardiography data were selected.
LV SW was estimated via patient-specific fluid–structure interaction analyses. LV remodelling was quantified through morphological meas-
urements using echocardiography and electrocardiographic-gated computed tomography angiography data.

RESULTS: Eight subjects were included in this study, the mean age of the patients was 68 (73, 25) years, and 6 patients were women. All
patients were prescribed antihypertensive drugs following TEVAR. The fluid–structure interaction simulations computed a 26% increase in
LV SW post-TEVAR [0.94 (0.89, 0.34) J to 1.18 (1.11, 0.65) J, P = 0.012]. Morphological measurements revealed an increase in the LV mass
index post-TEVAR of +26% in echocardiography [72 (73, 17) g/m2 to 91 (87, 26) g/m2, P = 0.017] and +15% in computed tomography angi-
ography [52 (46, 29) g/m2 to 60 (57, 22) g/m2, P = 0.043]. The post- to pre-TEVAR LV mass index ratio was positively correlated with the
post- to pre-TEVAR ratios of SW and the mean blood pressure (q = 0.690, P = 0.058 and q = 0.786, P = 0.021, respectively).

CONCLUSIONS: TEVAR was associated with increased LV SW and mass during follow-up. Medical device manufacturers should develop
more compliant devices to reduce the stiffness mismatch with the aorta. Additionally, intensive antihypertensive management is needed
to control blood pressure post-TEVAR.

Keywords: Thoracic endovascular aortic repair • Stroke work • Cardiac remodelling • Computational modelling

INTRODUCTION

Thoracic endovascular aortic repair (TEVAR) is the treatment of
choice for descending thoracic aortic aneurysms [1]. Because of
its superior early and mid-term outcomes over open surgery, the
use of TEVAR is rapidly increasing [2]. The treatment range for
TEVAR is extending with endografts deployed more proximally
into the aortic arch and in younger patients [3–5]. Current endog-
rafts are made of materials much stiffer than the native thoracic
aorta [6, 7]. These materials enhance the durability and reduce
the risk of type IV endoleaks, but they stiffen the aorta. The aortic
compliance serves a critical function to reduce the impedance
and workload of cardiac ejection [8]. The healthy aorta stiffens
with age, and this process is accelerated by smoking, high choles-
terol, hypertension and genetic predisposition. Aortic stiffening is
known to play a significant role in cardiovascular disease devel-
opment and progression [8, 9]. Several preclinical studies have
reported on acute stiffening of the aorta following TEVAR, result-
ing in acute elevated pulse pressure, hypertension, reduced cor-
onary perfusion and eventually heart failure [10, 11]. These
findings have been confirmed by computational studies using
simplified blood flow models [12]. More recently, a clinical study
revealed left ventricular (LV) remodelling in a mixed population
of thoracic and abdominal aneurysm patients treated with endo-
vascular repair using ultrasonography data to assess changes in
aortic pulse wave velocity and myocardial mass [13].

The present study aimed to elucidate the impact of TEVAR-
induced acute aortic stiffening on LV stroke work (SW) and mass
using patient-specific fluid–structure interaction (FSI) analyses and
image-based measurements of cardiac remodelling from echocar-
diography and computed tomography angiography (CTA) data.

MATERIALS AND METHODS

The University of Michigan Adult Cardiac Surgery database was
retrospectively quarried for patients treated with TEVAR for the
descending aortic aneurysms between 2013 and 2016. The fol-
lowing inclusion criteria were used: available pre-TEVAR and
post-TEVAR echocardiography and CTA data. The exclusion crite-
ria were aortic dissection, prior surgical or endovascular aortic
repair, prior open-heart surgery, atrial fibrillation and echocar-
diographic ejection fraction of <50%. Approval was obtained
from the institutional review board (HUM00112350), and the

need for informed consent was waived. Information on demo-
graphics, medical and surgical history and clinical outcomes was
retrieved.

Patient-specific computational modelling of
haemodynamics

FSI techniques were used to simulate aortic haemodynamics,
including interactions between blood, aorta and endograft using
validated computational tools [14]. Patient-specific simulations
were performed pre-TEVAR and post-TEVAR. Each simulation
required the following: (i) a 3-dimensional model of the aorta
and its side branches; (ii) stiffness properties of the vessel walls
and endografts and (iii) the boundary conditions describing in-
flow and outflow waveforms.

Computational models of thoracic aorta, coronary arteries and
the supra-aortic arteries were created from CTA data using the
cardiovascular modelling software CRIMSON [15]. The workflow
for this procedure is illustrated in Fig. 1. Figure 2 presents the
pre-TEVAR and post-TEVAR geometrical models.

Wall thickness and stiffness were assigned to the different ves-
sels using literature data, values and references that are reported
in the Supplementary Material, Table S3. Figure 3 shows stiffness
maps of the pre-TEVAR and post-TEVAR aorta for patient 4. The
aortic wall thickness and stiffness were specified along the centre
lumen line in all models. Pre-TEVAR, the thickness and stiffness at
the level of the descending aortic aneurysm were set to 4.0 mm
and 2.56 MPa, respectively, rendering a structural stiffness (i.e.
the product of thickness and stiffness) of 10.2 MPa�mm. Post-
TEVAR, thickness and stiffness at the level of the endograft were
set to 2.8 mm and 55.2 MPa, respectively, rendering a structural
stiffness of 154.6 MPa�mm. This is more than 15 times stiffer than
the region of the aneurysm in the pre-TEVAR models.

Boundary condition specification and
parameterization

As invasive pressure measurements of the LV were not available,
we developed a workflow to estimate the LV end-diastolic pres-
sure–volume (PV) relationship using image-based computational
modelling. A 2-step approach was adopted to assign inflow and
outflow boundary conditions. First, a preliminary FSI simulation
was performed using aortic inflow duplex-Doppler
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Figure 1: Patient-specific models of the thoracic aorta and its side branches were constructed from computed tomography angiography data. First, centre lumen lines
were selected in each artery. Then, 2-dimensional segmentations were made along the centre lumen line, delineating the vessel walls. The individually segmented
arteries were combined through an automated lofting and blending process, completing the 3-dimensional geometry. This geometry was then discretized into a high-
ly refined finite-element mesh.
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echocardiography data to calculate the PV relationship in the aor-
tic root. Then, these simulation results were used to calibrate a
lumped-parameter heart model [16] that enabled quantification of
LV SW. In the following, the methods of performing the prelimin-
ary simulation and constructing the heart model will be reviewed.

The pre-TEVAR and post-TEVAR cardiac outputs and inflow
waveforms were derived from transthoracic duplex-Doppler
echocardiography measurements at the LV outflow tract and
imposed at the aortic root of the corresponding computational
model. We did not have direct measurements of the flow and
pressure waveforms at the side branches of the aorta. Therefore,
we used the 3-element Windkessel models to represent the re-
sistance and compliance of the distal vascular bed for each

branch [17]. The parameters of the Windkessel models were it-
eratively tuned to match reported literature data on flow splits
[18] and patient-specific brachial cuff blood pressure measure-
ments that were taken at rest during the preoperative and
follow-up office visit. Of note, the blood pressure measurements
were routinely taken by the same staff, ensuring similar condi-
tions between the consecutive measurements. The following flow
splits were assigned as percentages of cardiac output: the bra-
chiocephalic trunk 18%; the left common carotid artery 8%; the
left subclavian artery 8%; the left coronary artery 4%; the right
coronary artery 2% and the descending aorta 60%. If the left sub-
clavian artery was over-stented during TEVAR, the left common
carotid artery would be assigned 16% of the cardiac output.

Figure 2: Pre-TEVAR and post-TEVAR geometric models for all patients. Finite-element mesh sizes are reported in millions of elements. TEVAR: thoracic endovascular
aortic repair.

Figure 3: Left: distribution of the aortic and the endograft stiffness. Right: reduced order models were attached to the inflow and outflow sections of the 3-dimensional
computational model. The parameters of the Windkessel, heart and coronary models were tuned to match the patient-specific flow and the pressure data. The pa-
tient-specific left-ventricular elastance function (E(t)) describes the pressure generation in the heart model. In the coronary circulation, extravascular myocardial com-
pression is modelled by broadcasting the left ventricular pressure to each coronary model [16] (orange arrow). TEVAR: thoracic endovascular aortic repair.
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Numerical values of pre-TEVAR and post-TEVAR Windkessel
models for patient 4 are reported in the Supplementary Material,
Tables S4 and S5.

The heart model

A lumped-parameter heart model including diodes and inductors
to represent the mitral and the aortic valves, a pressure source
representing the left atrial pressure and a volume-tracking pres-
sure chamber representing the left ventricle was then calibrated
and coupled to the inflow face of all aortic models (Fig. 3). The
compliance and contractility of the pressure chamber are defined
by a time-varying elastance function (E(t)) [16]. Patient-specific
pre-TEVAR and post-TEVAR elastance functions were computed
from the PV relationship at the aortic root in the preliminary sim-
ulations. When the aortic valve is open, the aortic root pressure
provides an approximation of the LV pressure. The diastolic part
of the elastance function was completed by assuming an expo-
nential decay following the aortic valve closure to 5% of the peak
elastance [19], followed by an exponential systolic rise until the
aortic valve opening [19, 20]. Pre-TEVAR LV end-diastolic volume
(EDV) was estimated for each patient using age, gender and body
surface area (BSA) data [21]. As there is no significant change in
BSA post-TEVAR, LV EDV was estimated from the echocardiog-
raphy data using the modified Simpson’s rule [22] as follows:

Post� TEVAR EDV = Estimated Pre� TEVAR EDVjBSA

� Post� TEVAR EDV

Pre� TEVAR EDV

� �
jModified Simpon0 s rule

Estimated LV EDVs were compared with electrocardiographic
(ECG)-gated CTA data whenever available. If the discrepancy be-
tween estimated and ECG-gated CTA ratios of post-TEVAR and
pre-TEVAR EDV was larger than 5%, the ECG-gated CTA data were
used. Numerical values of the lumped-parameter heart model for
patient 4 are reported in the Supplementary Material, Table S6.

The coronary model

We used lumped-parameter models to represent the vascular
beds of the left coronary artery and the right coronary artery
(Fig. 3). The heart model enabled tracking of the LV pressure
throughout the cardiac cycle. The LV pressure was broadcasted
to a lumped parameter model of the left coronary artery to re-
produce diastolically dominant coronary flow waveforms [16]. As
the right ventricle operates at a lower pressure than the left ven-
tricle, the LV pressure broadcasted to the right coronary artery
coronary model was scaled down to 33%. These lumped-
parameter models enable to capture the essential features of the
coronary flow waveforms and, therefore, their impact on the
ascending thoracic aortic haemodynamics.

Computations

Blood was modelled as an incompressible Newtonian fluid with
a density of 1060 kg/m3 and a dynamic viscosity of 4.0 mPa.
Computations were performed using the CRIMSON flow solver
on 80 cores at the University of Michigan High Performance
Computing Cluster ConFlux. Typical computational time was 80 h
per cardiac cycle. After the FSI simulations reached cycle-to-

cycle periodicity and successfully reproduced patient-specific
pressure and flow data within 5% margins, pre-TEVAR and post-
TEVAR LV PV loops were generated from the heart models and
the SW was calculated.

Cardiac remodelling

Changes in the LV mass were measured from pre-TEVAR and
post-TEVAR echocardiography and ECG-gated CTA image data.
Echocardiography examinations were performed by an inde-
pendent operator. The LV mass (g) was calculated from the end-
diastolic LV dimensions as follows [22]:

LV mass = 0:8 � 1:04 LVIDþ PWT þ SWT½ �3 � LVID3
n o

þ 0:6;

where LVID = LV internal diameter (mm), PWT = posterior wall
thickness (mm) and SWT = septal wall thickness (mm).

In patients who had undergone ECG-gated CTA examinations,
volumetric measurements of the LV myocardium were taken in
the diastolic phase of the cardiac cycle, at 75% of the R-R interval
using the automatic image processing tools in Vitrea (Vital
Images Inc., Minnetonka, MN, USA) (Fig. 4). The LV mass was cal-
culated from the product of the LV myocardial volume and the
density of the myocardial tissue (1.04 g/cm3) [23].

Statistical analysis

Analysis of the data was performed using the SPSS Statistics ver-
sion 24 (IBM, Armonk, NY, USA). Continuous data are presented
as mean (median, interquartile range). Comparisons between
pre-TEVAR and post-TEVAR data were made using the Wilcoxon
signed-rank test. Correlations were made using the Spearman’s
rank correlation coefficient. No correction was performed for
multiple testing. All the statistical tests were 2-sided, and P-values
<_0.05 were considered statistically significant.

RESULTS

Study sample

In total, 195 patients were treated with TEVAR at the University of
Michigan between 2013 and 2016. Eight patients met the inclusion
and exclusion criteria, and 6 patients were women. The mean age
of the patients was 68 (73, 25) years. The average time between
the pre-TEVAR and the follow-up CTA scan was 458 (374, 562)
days. A comparison of pre-TEVAR and post-TEVAR patient data is
reported in Table 1. Additional information on patient selection
and timing of the CTA and echocardiography examinations is
reported in the Supplementary Material, Tables S1 and S2.

Computational outcomes

The pre-TEVAR and post-TEVAR simulation results successfully
reproduced patient-specific data on pressure, stroke volume and
EDV within 5% margins for all patients. Figure 5 demonstrates an
example of pre-TEVAR and post-TEVAR waveforms in all the aortic
branches for patient 4. LV SW increased in all patients post-TEVAR,
and the mean SW increment was 26% [0.94 (0.89, 0.34) J to 1.18
(1.11, 0.65) J, P = 0.012]. Figure 6 presents a comparison of pre-
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TEVAR and post-TEVAR PV loops for all patients. There was no
correlation between SW increment and endograft size.

Cardiac remodelling

Morphological measurements from echocardiography revealed a
26% increase in the LV mass index [72 (73, 17) g/m2 to 91 (87, 26)
g/m2, P = 0.017] following TEVAR. There was a positive correlation

between the ratio of post- to pre-TEVAR LV mass index and both
the ratios of post- to pre-TEVAR LV stroke work and mean blood
pressure (q = 0.690, P = 0.058 and q = 0.786, P = 0.021, respectively),
Fig. 7. Volumetric measurements from ECG-gated CTA also
revealed an increase in the LV mass index following TEVAR, albeit
smaller than that obtained with echocardiography [+15%, 52 (46,
29) g/m2 to 60 (57, 22) g/m2, P = 0.043]. There was no correlation
between post-TEVAR to pre-TEVAR LV mass index ratio and total
endograft surface area for either echocardiography or CTA data.

Figure 4: Left ventricular mass measurements from electrocardiographic-gated computed tomography angiography data pre-TEVAR (A) and post-TEVAR (B) in pa-
tient 4. TEVAR: thoracic endovascular aortic repair.

Table 1: Patient pre-TEVAR and post-TEVAR data

Pre-TEVAR Post-TEVAR P-value

Physical examination (n = 8)
Heart rate (beats/min) 71 (70, 12) 67 (68, 16)
Systolic blood pressure (mmHg) 123 (123, 23) 146 (149, 29)
Diastolic blood pressure (mmHg) 69 (71, 19) 79 (77, 15)
Mean blood pressure (mmHg) 86 (85, 15) 100 (99, 22) 0.036
Pulse pressure (mmHg) 54 (52, 25) 67 (57, 36)
BMI (kg/m2) 28.2 (28.6, 12.1) 28.1 (26.1, 11.2)
BSA (m2) 1.93 (1.91, 0.44) 1.89 (1.90, 0.36)

Echocardiography (n = 8)
Cardiac output (l/min) 4.8 (4.5, 1.6) 4.9 (5.1, 2.2)
Stroke volume (ml) 69 (62, 31) 73 (67, 25)
LV end-diastolic volume (ml) 90 (91, 21) 100 (102, 14)
LV fractional shortening (%) 43 (43, 17) 34 (34, 16)
LV internal diameter systole (cm) 2.44 (2.37, 1.30) 2.90 (3.27, 1.10)
LV internal diameter diastole (cm) 4.22 (4.23, 0.88) 4.43 (4.34, 1.37)
Interventricular septum thickness (cm) 0.99 (0.93, 0.20) 1.18 (1.18, 0.47)

LV mass index
Echocardiography (g/m2) (n = 8) 72 (73, 17) 91 (87, 26) 0.017
ECG-gated CTA (g/m2) (n = 5) 52 (46, 29) 60 (57, 22) 0.043

Antihypertensive drugs (n = 8), n (%)
B-blocker 4 (50.0) 7 (87.5)
ACE-inhibitor 0 (0) 2 (25.0)
Ca-channel blocker 3 (37.5) 2 (25.0)
Angiotensin II receptor blocker 2 (25.0) 2 (25.0)

Continuous data are presented as the mean (median, interquartile range).
ACE: angiotensin converting enzyme; BMI: body mass index; BSA: body surface area; CTA: computed tomography angiography; ECG: electrocardiography; LV: left
ventricular; TEVAR: thoracic endovascular aortic repair.
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Figure 5: Flow and pressure waveforms for patient 4. AoR: aortic root; BCT: brachiocephalic trunk; DAo: descending aorta; LCA: left coronary artery; LCCA: left com-
mon carotid artery; LSA: left subclavian artery; LVOT: left ventricular outflow tract; TEVAR: thoracic endovascular aortic repair.

Figure 6: Comparison of pre- and post-TEVAR left ventricular pressure–volume loops. Stroke work is increased in all cases. Case-specific observations are discussed in
the Supplementary Material. TEVAR: thoracic endovascular aortic repair.
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DISCUSSION

The goal of the present study was to elucidate the effects of
TEVAR-induced acute aortic stiffening on LV SW and remodel-
ling. We present a workflow for non-invasive quantification of LV
SW through patient-specific FSI analyses. Using this workflow, we
unveiled a significant increase in LV SW post-TEVAR. The post-
TEVAR to pre-TEVAR ratios of LV SW and LV mass index showed
a positive correlation. Additionally, despite antihypertensive ther-
apy, the mean blood pressure increased post-TEVAR. The post-
TEVAR to pre-TEVAR ratios of the mean blood pressure and the
LV mass index also showed a positive correlation.

The myocardial and aortic stiffening are well-known determi-
nants of all-cause mortality and cardiovascular events [8, 24, 25].
Multiple clinical studies have reported increased pulse wave vel-
ocity and pulse pressure following endograft deployment [13, 26,

27]. In preclinical studies, similar effects were observed with add-
itional findings of increased LV myocardial oxygen consumption
and the LV mass [28, 29].

In this study, we confirmed the deleterious late consequences
of increased in vivo impedance and stiffness mismatch after
TEVAR on LV remodelling, using a computational modelling
workflow that enabled us to quantify LV SW from non-invasive
imaging and pressure data. Our findings suggest that medical de-
vice manufacturers should develop more compliant endografts
for TEVAR to reduce the stiffness mismatch between the aorta
and the device. Additionally, intensive antihypertensive therapy is
needed to control blood pressure after TEVAR.

In some of our patients, we found that TEVAR resulted in a less
tortuous configuration of the aortic lumen. We hypothesize that
this could contribute to an overall reduction in LV SW despite
the increase in aortic stiffness. This interplay between the aortic
tortuosity and the stiffness will be a topic of future research, as it
may have implications for patients presenting with pathologies
compromising the lumen, such as the aortic dissection.

Limitations

As we did not have invasive measurements of the aortic pressure
and the LV pressure available, we had to estimate the parameters
for the heart model from echocardiography and CTA image data.
This lack of data is most apparent in the end diastolic PV rela-
tionships depicted in Fig. 6, which were generated by similar
assumptions regarding the exponential decay of the systolic part
of the elastance function. Therefore, even though there is evi-
dence of ventricular remodelling, the diastolic PV relationships
do not reflect a stiffer behaviour. However, we admit that even
with this imperfect definition of the diastolic part of the PV loops,
our results reflect a clear trend in SW increase following TEVAR.
Future studies are needed to calibrate this workflow using inva-
sive pressure measurements in preclinical models or Doppler-
derived atrioventricular pressure gradients.

Figure 7: Positive correlation between the post- to pre-thoracic endovascular aortic repair mass index ratio measured by echocardiography and both SW and the
mean BP ratio. BP: blood pressure; SW: stroke work.

Video 1: Preoperative simulation results of one cardiac cycle in Patient 4. In the
center, the three-dimensional anatomy is shown with a color-coded velocity
mapping. Flow and pressure waveforms are reported at the in- and outlets of
the model. AoR: aortic root; BCT: brachiocephalic trunk; DAo: descending
aorta; LCA: left coronary artery; LCCA: left common carotid artery; LSA: left sub-
clavian artery; RCA: right coronary artery; TEVAR: thoracic endovascular aortic
repair.
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The number of patients included in this study is relatively small,
as the majority of patients who were treated at our institution
were excluded (Supplementary Material, Fig. S1). We acknowledge
this potentially induced selection bias. Furthermore, we performed
a retrospective non-invasive analysis, and it was not possible to
obtain the patient-specific tissue properties for our computational
models. Therefore, we had to rely on literature data. Furthermore,
we assigned the same flow splits to the outflow branches of all
patients before and after TEVAR. By doing so, we assumed that
TEVAR does not affect regional blood flow distributions. To over-
come the aforementioned limitations, our group is currently
recruiting patients for a prospective study in which additional flow,
myocardial perfusion and myocardial strain measurements are
acquired using the magnetic resonance imaging techniques [30].

Finally, running the FSI analyses is computationally expensive.
Typically, simulation time of 2 weeks in a supercomputer was
needed for each patient-specific FSI analysis. This limits their clin-
ical applicability for now, but optimizations of computational
methods or access to a larger computer hardware will make it
possible to perform these simulations in clinically feasible time
frames in future.

CONCLUSION

TEVAR increased LV SW and induced LV growth during follow-
up. Medical device manufacturers should consider the impact of
the stiffness mismatch between the graft material and the native
aorta when developing new endografts for TEVAR, particularly
considering the emerging role of endovascular repair in more
proximal aortic segments and younger patient populations.
Additionally, intensive antihypertensive therapy should prevent
the increase in the mean blood pressure post-TEVAR.

SUPPLEMENTARY MATERIAL

Supplementary material is available at EJCTS online.
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