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12 Chapter 1

Introduction
This thesis investigates biomechanical and clinical outcomes of en-
dovascular repair for thoracic aortic dissection (AD) and aneurysm. 
Thoracic endovascular aortic repair (TEVAR) is a relatively new 
therapeutic approach for these conditions. Its overall clinical results are 
favourable when compared to surgical treatment options.1–5 However, 
serious complications are reported following TEVAR, such as stent-graft 
induced dissection and aneurysm, as well as systemic complications 
including hypertension and cardiac remodeling.6–10 These complications 
have been associated with various risk factors. Some of these are pa-
tient based, such as the underlying vascular disease, age, and genetic 
predisposition, while others may result primarily from the procedure 
and the stent-graft materials used. This thesis aims to enrich our un-
derstanding of such biomechanical and clinical factors associated with 
complications following TEVAR, to potentially improve future treatment 
outcomes. For this purpose we conducted imaging studies, as well as 
benchtop experimental research and computational modelling. To draw 
well-grounded clinical conclusions on the rare disease that is AD, a 
multicentre investigation was conducted.

Acute Aortic Dissection
Acute AD is a life-threatening disease with a low incidence but high 
mortality.11–14 It is caused by a tear in the aortic intimal layer, which al-
lows blood flow between the intima and media, leading to a separation 
of these layers. As a result, a true and false lumen develop, disrupting 
normal blood flow which may cause malperfusion to vital organs or 
even aortic rupture.15 These acute changes in hemodynamics and vas-
cular structure may result into sudden death and severe comorbidity 
or lead to late complications such as aneurysmal dilatation.11–13,16 The 
incidence of AD is rising due to an aging population and improved 
diagnostic strategies.14,16 Nonetheless, acute AD only occurs in about 
4 to 8 cases per 100.000 people yearly. Such a low incidence hinders 
the deep understanding of a disease. This motivated the foundation 
of the International Registry of Acute Aortic Dissection (IRAD) twenty 
years ago, with the aim of improving the understanding of this rare but 
dangerous entity.17
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Classification and Presentation
Several classification schemes have been proposed to stratify AD. 
The Stanford classification is the most widely adopted and is based 
on entry tear location; type A involves the ascending aorta whereas 
type B is limited to the descending aorta, distal to the left subclavian 
artery.18 Regarding time from symptom onset to presentation, four 
distinct time frames have recently been identified by IRAD based on 
survival: hyperacute (within 24 hours), acute (2-7days), subacute (8-30 
days), and chronic (>30 days).19 This updated time-based classification 
emphasizes the first 24 hours as true state of emergency and recognizes 
the continuous instability of these patients also after 14 days, which was 
traditionally described as the ‘chronic’ phase.

AD typically occurs around the 6th decade of life. The majority of patients 
presents with a sudden onset of tearing or ripping chest pain, often 
described as the “worst pain ever”.17,19 Additional common signs include 
syncope, pulse deficits, and uncontrollable hypertension. For type 
B AD, a clinical subdivision is made into complicated and uncompli-
cated type B dissection, as prognoses differ considerably. Complicated 
type B AD patients present with signs including aortic rupture, shock, 
malperfusion, stroke, acute renal failure, propagation of dissection, or 
early aortic dilatation.17,20,21 Whereas uncomplicated type B AD refers to 
stable patients lacking such symptoms and signs.17,22 Although AD can 
be suspected clinically, it is confirmed with imaging. For this, computed 
tomography is considered the gold standard as it offers fast, high reso-
lution imaging.23

Pathogenesis
The pathogenesis of AD is complex and poorly understood. It appears 
to be caused by decreased vascular wall strength and increased he-
modynamic forces.24 The most important risk factors are hypertension, 
male gender, increasing age, and atherosclerosis.17,25 Additional pre-
disposing factors include connective tissue disorders,17,20,22 history of 
cocaine abuse,26 pregnancy,15 strenuous activities and severe emotional 
stress.27 Congenital bicuspid- or unicommissural aortic valves are also 
associated with increased risk of AD due to disturbed flow patterns and 
lower elastic material properties.28,29
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Management and Outcomes
The primary goal of AD management consists of hemodynamic stabili-
zation. Initially, all patients should be managed with medical therapy to 
reduce hemodynamic forces and mitigate the risk of rupture or dissec-
tion extension. Management of acute type A AD is, with few exceptions, 
a surgical emergency with an early mortality of up to 60% if left unre-
paired.19 Treatment strategies for type B AD are more varied and have 
shifted towards an endovascular approach. For patients presenting 
with complications, aortic repair is indicated for which TEVAR is recom-
mended. Yet, for uncomplicated type B AD patients, the benefits of TE-
VAR over optimal medical treatment have so far not been confirmed. In 
the two (sponsored) clinical trials investigating outcomes of TEVAR for 
uncomplicated type B AD, TEVAR did show promising results but failed 
to be superior over medical treatment alone.30,31 Moreover, a number 
of patients with uncomplicated type B AD might never suffer from 
disease progression and complications.32 A patient-specific approach 
is therefore currently recommended for this cohort, reserving TEVAR 
for those suspected of complications. Interestingly, although TEVAR for 
type B AD has improved outcomes significantly, in-hospital mortality 
has not decreased since its introduction two decades ago,33 remaining 
at 10-12% with long-term survival ranging from 60% to 90%.22,33–35

AD may also originate from a tear in the descending aorta with retro-
grade dissection extension into the arch or ascending aorta, occurring 
in about 9% of acute ADs.36 Current classifications do not stratify these 
subtypes of AD while practice guidelines consider them as type A dis-
section, indicating the need for urgent surgical repair. However, these 
patients might benefit from a less aggressive approach. The lack of 
consensus on optimal management of such subtypes of retrograde AD 
warrants the need for better data.

Thoracic Aortic Aneurysm
Aortic aneurysm is defined by a balloon-like dilatation of the aorta 
and represents the second most common aortic pathology, following 
atherosclerosis. Thoracic aortic aneurysms patients are typically as-
ymptomatic and most often diagnosed by imaging performed for other 
indications or for screening. Aneurysms may grow and eventually rup-
ture, associated with high mortality.37 Indications for aortic repair are 
primarily based on aortic diameter size. It is well reported that there is 
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considerable increased risk for AD or rupture if the aneurysm diameter 
exceeds 60 mm in the ascending aorta or 70 mm in the descending 
aorta.38 Thoracic aneurysms of the aortic arch or ascending aorta are 
preferably repaired by open surgery, while TEVAR is recommended 
for descending aortic aneurysms unless the anatomy is unsuitable or 
the patient has a connective tissue disorder.20,21 Currently, attempts 
are made to expand the use of TEVAR towards aneurysms of the aortic 
arch and ascending aorta.39 However, this remains challenging due to 
the complexity of the arch curvature with its vital side branches to the 
brain. A recent series reported a high incidence of stroke following arch 
TEVAR,40 emphasizing the risks of proximal TEVAR and the need for 
device improvement.

Endovascular Aortic Repair and its Complications
Endovascular aortic repair has revolutionized the treatment of aortic 
disease. Due to its minimally invasive character and promising out-
comes its use has been increasing rapidly ever since the development 
of the first stent-graft by Parodi et al. in 1991.14,33,41 At first this technique 
served primarily as an alternative for abdominal aneurysm patients 
unfit for open surgery. But its indications soon broadened towards the 
thoracic aorta to treat not only thoracic aneurysms, but also AD.1,2,5 This 
resulted in a significant drop in early mortality of complicated type B 
AD.5,42,43 However, the revolution of stent-grafting has also introduced 
a new generation of important complications including stent-graft in-
duced new entry tears and aneurysmal dilatation, typically occurring at 
the proximal or distal end of the device.6,7,44 In particular new AD with 
retrograde extension towards the heart following TEVAR is associated 
with high mortality of up to 57%.44–46 Moreover, it has been reported that 
stent-grafts may stiffen the aorta considerably, with adverse effects on 
cardiac function.9,10 Most of these complications are poorly understood 
and the long-term impact of stent-grafts on cardiovascular elasticity 
remains undetermined. Meanwhile, several centres are attempting to 
further extend TEVARs indications proximally, into the aortic arch and 
the ascending aorta.39,40 However, the semi-rigid aortic stent-grafts were 
primarily designed for the abdominal aorta and their performance in 
the much more compliant proximal thoracic aorta is unknown. There-
fore, it is timely to thoroughly investigate the biomechanical and clinical 
effects of aortic stent-grafting on the cardiovascular system.
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Biomechanical Considerations in Endovascular Aortic Repair
Aortic elasticity is an important predictor of cardiovascular health and 
should therefore be preserved when possible.47–49 Acting as an elastic 
buffer, the aorta expands significantly to store about 50% of the stroke 
volume during systole, which is subsequently released during diastole.50 
This systolic-diastolic balance is known as the Windkessel function and 
provides a balanced blood flow to the peripheral vasculature, including 
the coronary arteries, and reduces cardiac afterload. Naturally, the aorta 
stiffens with age, which is accelerated by smoking, high cholesterol, 
and genetic factors.51 Such aortic stiffening is widely known to increase 
the risk of hypertension, elevated cardiac afterload, heart failure, and 
eventually death.48,52,53 Nonetheless, current aortic stent-grafts are or-
ders of magnitude stiffer (about 125 times) than native thoracic aortic 
tissue; typical nitinol stent-graft stiffness is about 55 MPa, whereas the 
elasticity in healthy middle-aged adults is 0.65 MPa.54,55 It is therefore 
unsurprising that TEVAR has reportedly been associated with acute 
aortic stiffening, leading to hypertension and increased left ventricular 
mass.9,10,47,56,57 These studies suggest that stent-grafts introduce a com-
pliance mismatch with the aorta leading to alterations in impedance, 
pulse pressures, and pulse wave velocity. The changes were shown to 
be larger the more proximal the location of the stent-graft.57 Moreover, 
reduced coronary perfusion has been observed in both clinical and 
pre-clinical studies due to a shift in pressure wave reflections from di-
astole to systole.52,58 Besides these systemic effects, the local mismatch 
between stiff stent-grafts and the elastic aorta has been suggested to 
increase aortic wall stress, associated with AD, aneurysm formation, 
and rupture.7,6,8,59,60 Importantly, such a mismatch may be markedly 
profound in younger patients as their hearts and aortas are more com-
pliant.61,62 Meanwhile, the use of TEVAR continues to increase, also in 
younger patients.14,63 To-date, limited data exist on the biomechanical 
interaction of stent-grafts and cardiovascular elasticity. This thesis aims 
at contributing to this understanding.

Computational Modelling and Innovations in Endovascular Aortic 
Repair
Computational modelling is among the most promising and innovative 
developments in cardiovascular medicine. It has been used profusely in 
the last decade for the investigation of hemodynamics in complex ana-
tomical models built from image data.64,65 The so-called “image-based 
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modelling” paradigm uses anatomical data (obtained from CT or mag-
netic resonance imaging) to create a 3D computer model representing 
the blood vessels of interest. Additional physiological measurements 
of flow, pressure or wall motion are used to inform the “boundary con-
ditions” of the simulation. Once the hemodynamic parameters of the 
model match the clinical data, computational analyses are performed 
to provide detailed descriptions of hemodynamic quantities. These 
analyses, named Computational Fluid Dynamics (CFD), yield velocity 
and pressure for the entire volume of interest as well as several newly 
quantifiable vectors including wall shear stress, stent-graft drag force, 
cardiac workload, and friction among virtual platelets.64–66 Currently, 
the main applications of CFD in cardiovascular medicine include more 
detailed disease research and virtual surgical planning.67 The latter of-
fers physicians to assess performances of different proposed surgical 
or endovascular interventions before ever touching the patient. A break-
through was recently reached when CFD techniques were approved for 
clinical use in the United States for non-invasive assessment of coronary 
stenosis68 This thesis uses CFD techniques to provide novel insights in 
the effects of TEVAR on aortic hemodynamics and biomechanics, ex-
ploring the feasibility of virtual surgical planning.

Objectives and Outline of the Thesis
The main objectives of this thesis are to assess the performance of 
endovascular repair in thoracic AD through large clinical data analysis 
and to quantify the biomechanical effects of stent-grafts on cardiovas-
cular elasticity via imaging studies, experimental ex-vivo research, and 
computational modelling. Part one offers insights on novel paradigms 
in the management of thoracic AD, evaluating the feasibility of endo-
vascular repair in dissection of the proximal thoracic aorta. Chapter 2 
provides an update in the management of type B AD grounded on the 
best available evidence. Chapters 3 and 4 investigate optimal manage-
ment of acute type B AD with retrograde dissection extension into 
the arch or ascending aorta through the analysis of patients enrolled 
in IRAD. Chapter 3 specifically investigates the role of retrograde arch 
extension on management and outcomes in acute type B AD patients. 
Whereas Chapter 4 evaluates outcomes per management strategy for 
patients with an entry tear in the descending thoracic aorta complicated 
by retrograde dissection into the arch or ascending aorta.
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Part two studies changes in aortic physiology following endovascular 
repair, discussing systematically collected literature data, as well as 
results derived from experimental ex-vivo animal studies and in-vivo 
human imaging studies. The aim of this part is to contribute to our un-
derstanding of complications associated with TEVAR. In order to assess 
changes in aortic dynamics, normal values are needed. Chapter 5 there-
fore quantifies pulsatility of the aged thoracic aorta free from thoracic 
aortic disease to provide reference values. Chapter 6 provides a com-
prehensive systematic review of the literature regarding biomechanical 
changes following TEVAR in type B AD. This study emphasizes the po-
tential adverse effects of stent-grafting in the fragile dissected thoracic 
aorta and identifies gaps in the literature. Chapters 7 and 8 investigate 
changes in aortic strain after TEVAR in a controlled experimental setting 
by using an ex-vivo porcine aortic model attached to a mock circulatory 
loop system. Chapter 7 studies changes in longitudinal strain following 
stent-graft deployment, motivated by the observation that most entry 
tears in AD are circumferentially orientated due to longitudinal intima 
failure.69–71 To study the effect of stent-grafts on the main determinant of 
the elastic Windkessel function; radial expansion, chapter 8 quantifies 
radial strain changes following TEVAR. Chapter 9 aims at translating 
these experimental findings by assessing the impact of stent-grafts on 
pulsatile strains in thoracic aneurysm patients through a novel post-
processing imaging technique. Chapter 10 investigates this in patients 
with acute type B AD and in control subjects.

Part three focuses on advancements in endovascular treatment tech-
niques and on applications of computational modelling in aortic repair. 
Chapter 11 applies modern CFD tools to investigate adverse cardio-
vascular remodelling following TEVAR through the analysis of clinical 
data combined with experimental computational analyses. Chapter 12 
presents the protocol of a recently initiated prospective study that aims 
at systematically assessing adverse cardiovascular remodelling follow-
ing TEVAR through cardiac magnetic resonance imaging, blood-based 
biomarkers, electrocardiography, and CFD. The latter will be explored 
to evaluate the performance of more compliant stent-graft designs. The 
ultimate goal of this study is to protect patients from potential unknown 
adverse effects of TEVAR, thus improving TEVAR-related outcomes. 
Chapter 13 provides a systematic review on novel TEVAR techniques for 
thoracic aneurysm. Whereas chapter 14 uses sophisticated CFD soft-
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ware to assess thrombus formation in a complex thoracic aorta follow-
ing open and endovascular repair. Moreover, this study evaluates the 
possible utility of virtual surgical planning with potential implications 
for future stent-graft design.

Part four summarizes the thesis in chapters 15 and 16. The general 
discussion concludes the thesis in chapter 17 and touches on potential 
implications for future cardiovascular research and management.
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Abstract
Stanford Type B aortic dissection (TBAD) is a life threatening aortic dis-
ease. The initial management goal is to prevent aortic rupture, propaga-
tion of the dissection and symptoms by reducing the heart rate and 
blood pressure. Uncomplicated TBAD patients require prompt medical 
management to prevent aortic dilatation or rupture during subsequent 
follow-up. Complicated TBAD patients require immediate invasive man-
agement to prevent death or injury caused by rupture or malperfusion. 
Recent developments in diagnosis and management have reduced 
aortic mortality related to TBAD considerably. In particular, the introduc-
tion of thoracic stent-grafts has shifted the management from surgical 
to endovascular repair, contributing to a four-fold increase in early 
survival in complicated TBAD. Furthermore, endovascular repair is now 
considered in some uncomplicated TBAD patients in addition to optimal 
medical therapy. For more challenging aortic dissection patients with 
involvement of the aortic arch, hybrid approaches, combining open 
and endovascular repair, have been associated with promising results. 
Regardless of the chosen management strategy, strict antihypertensive 
control should be administered to all TBAD patients, in addition to 
close imaging surveillance. Future developments in stent-graft design, 
medical therapy, surgical and hybrid techniques, imaging, and genetic 
screening may improve the outcomes of TBAD patients even further. 
We present a comprehensive review of the recommended management 
strategy based on current evidence in the literature.
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Introduction
Stanford Type B aortic dissection (TBAD) is a life threatening vascular 
disease, with a 5-year mortality of about 30-40%.1–3 It is caused by a tear 
in the intimal layer of the descending thoracic aorta, which allows blood 
flow between the intima and media, resulting in a separation of these 
layers. As a result, a true and a false lumen develop, which disrupts 
normal blood flow and may cause malperfusion to vital organs or even 
aortic rupture.4–11

The incidence of TBAD is approximately 3 per 100,000 persons per year. 
Although its pathogenesis remains complex, it appears to be caused by 
conditions that evoke decreased vascular wall strength and increased 
hemodynamic forces on the aortic wall.12 Large clinical studies have 
reported that systemic hypertension is present in about 80% of patients 
with acute TBAD,13 making it one of the most important risk factors, 
together with increasing age and atherosclerosis.11,14 In addition, factors 
such as congenital bicuspid- or unicommissural aortic valves,15 history 
of cocaine abuse,16 pregnancy,4 strenuous activities and severe emo-
tional stress17 are also associated with development of aortic dissection. 
Connective tissue disorders are likewise associated with TBAD.8,13,18

The Stanford classification is the most widely adopted for aortic dis-
section, and defines TBAD as involvement of the descending thoracic 
aorta with absence of ascending aortic involvement.19 Patients suffering 
from TBAD usually present with a sudden onset of tearing or ripping 
chest pain.8,13,18 Clinically, subdivision is made into complicated and 
uncomplicated TBAD, as the prognosis differs significantly. Compli-
cated TBAD is defined by the presence of at least one of the following 
symptoms or signs; aortic rupture, hypotension/shock, malperfusion, 
neurological signs, acute renal failure, recurrent or refractory pain, 
refractory hypertension, and/or early aortic dilatation or propagation 
of dissection.8,13,20,21 Uncomplicated TBAD refers to stable patients lack-
ing these symptoms and signs at presentation and during the hospital 
course.13,18,22 The in-hospital survival for complicated TBAD patients is 
approximately 50%, while about 90% of uncomplicated TBAD patients 
survive until discharge.4,5,13,18,23–25 Based on time frame, the IRAD inves-
tigators subclassify aortic dissection patients as hyperacute (symptom 
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onset to 24 hours), acute (2-7 days), subacute (8-30 days), and chronic 
(>30 days, Figure 1).26 Acute TBAD is much more aggressive than chronic 
expanding TBAD, and after endovascular repair has a reported 30-day 
mortality of 19% compared to 0%, respectively, with significantly higher 
complication rates.27

Although TBAD can be suspected clinically, it is confirmed with imaging. 
Some patients present with few or no obvious symptoms or signs, which 
may cause important delay in diagnosis.26 Therefore, physicians should 
be familiar with atypical presentation of TBAD and should have a low 
threshold for performing diagnostic imaging. The most widely adopted 
and applied imaging modality for TBAD is Computed Tomography (CT). 
The diagnosis is confirmed if a false aortic lumen is observed. In this 
review, we present a comprehensive approach to the recommended 
management strategy based on current evidence.

Figure 1. Kaplan-Meier survival curve for Type B dissection stratified by treat-
ment type. Note the continued decreasing survival up to 30 days after pre-
sentation what has been traditionally considered the “chronic” phase of aortic 
dissection.26
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Management of TBAD
Goals of TBAD management consist of restoring perfusion to the 
vital organs and preventing dissection progression or aortic rupture. 
To prevent complications, it is vital to make a risk assessment at an 
early stage to determine the merits of medical, endovascular or surgical 
intervention. Currently, imaging plays an important role in making such 
an assessment for TBAD patients.

Imaging
Imaging of the total aorta is recommended when TBAD is suspected. 
CT angiography (CTA), magnetic resonance imaging (MRI), and trans-
esophageal echocardiography are all reliable imaging modalities to con-
firm or exclude the diagnosis of TBAD.28 Transthoracic echocardiography 
may also be useful in hemodynamically unstable patients because it is 
portable and widely available. However, it is associated with low sensi-
tivity (31% to 55%) in confirming TBAD and is limited in visualizing the 
descending thoracic aorta.29 It may still be used effectively for rapid as-
sessment of any retrograde involvement of the ascending aorta or arch, 
as well as for presence of pericardial tamponade.30 Trans-esophageal 
echocardiography offers a much more accurate examination for TBAD 
(sensitivity of about 80%) with better assessment of entry tears, true 
lumen compression, and potential retrograde involvement of the as-
cending aorta or the arch.31 In addition, color Doppler can help to detect 
small communications and dissection flap movement. Therefore, this 
modality may be useful to identify variants of acute aortic syndromes, 
such as intramural hematoma and penetrating aortic ulcers. Although 
echocardiography remains useful to rapidly evaluate the proximal tho-
racic aorta, CTA and MRI are considered superior to evaluate the extent 
of the dissection and potential branch involvement.32,33

CTA is the most commonly used modality to assess aortic dissection 
since it is widely available, accurate, and fast. With CTA, important 
prognostic factors for patients with TBAD can be characterized. Spe-
cifically, partial false lumen thrombosis independently predicts aortic 
growth and follow-up mortality in acute TBAD.34,35 Other independent 
predictors of mortality include periaortic hematoma and descending 
aortic diameter ≥5.5 cm.36 Moreover, size of primary tear (>10 mm), one 
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entry tear, entry tear in the inner curvature, false lumen diameter >22 
mm, and elliptic true lumen combined with saccular false lumen are 
related to increased risk of aortic growth and complicated TBAD.37–40 
Finally, branch vessel involvement and a totally patent false lumen are 
associated with decreased complete thrombosis of the false lumen.36 
These morphologic signs can predict complications and may therefore 
guide the choice of management strategy (Figure 2).

The use of ECG-gated CTA imaging is currently recommended to 
overcome pulsation artifacts.21 However, recent non-ECG gated CTA 
developments, such as fast gantry rotation, may also overcome motion 
artifacts with reduced exposure to radiation and contrast agent.41 Future 
studies will have to confirm the accuracy and feasibility of such new 
CTA imaging techniques.

MRI offers a comprehensive examination of aortic dissections including 
both anatomical and functional information. Contrast-enhanced MRI 
(typically using intravenous gadolinium), can visualize the thoracic aorta 

A BBA

Figure 2. Sagittal view on CTA-imaging of a complicated TBAD. (A) Periaortic 
hematoma (black arrow) suggesting aortic rupture. (B) The result of successful 
management with TEVAR [Personal imaging data].
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and arch vessels as a three-dimensional MR angiogram. Delayed phase 
acquisitions with use of blood pool agents may improve visualization 
of the false lumen status, which may be overestimated with first pass 
CTA imaging.42 Moreover, time-resolved MR angiography provides an 
assessment of flow dynamics. This can reveal new potential dynamic 
predictors of complications in TBAD patients, such as vessel malperfu-
sion, helical blood flow in the false lumen, velocity, and false lumen 
stroke volume.43

Optimal Medical Treatment
All TBAD patients should be initially managed with medical therapy to 
reduce hemodynamic forces and mitigate the risk for immediate rupture 
or dissection extension. Thereafter, medical treatment strategies may 
be subdivided into acute or chronic treatment. An overview of medical 
therapy recommendations for TBAD patients is given in Table 1.

Acute Medical Treatment
In acute TBAD, the main goal of medical therapy is to limit the risk of 
rupture or dissection propagation by control of blood pressure and heart 
rate. Medical therapy should include intravenous β-blockers,8,21,44,45 and 
in patients not responding to β-blockers or with poor tolerance of the 
drug, calcium-channel blockers and/or renin-angiotensin inhibitors can 
be used as alternatives. If the blood pressure remains uncontrollable, 
another intravenous hypertensive agents should be administered (i.e. 
sodium nitroprusside, calcium-channel blockers, nitrate, dopamine ago-
nist).8,21,44–49 Large trials have revealed that β-blockers and calcium-chan-
nel blockers are associated with improved long-term survival in acute 
TBAD patients.50 In addition, it has been reported that calcium-channel 
blockers are associated with reduced aortic expansion and improved 
survival in acute TBAD patients.44,51 Patients that present with refrac-
tory hypotension should be managed immediately with rapid volume 
expansion in combination with vasopressors such as nor-epinephrine or 
phenylephrine to preserve organ perfusion as a bridge to aortic repair.8,21 
Pain should be relieved with intravenous opiates since emotional stress 
may increase blood pressure considerably, potentially further propagat-
ing the dissection.17 Persistent or refractory pain may indicate dissection 
progression or impending rupture and is associated with increased 
mortality, and should therefore be considered a complication, possibly 
requiring intervention.52 Other clinical signs associated with increased 
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mortality in acute TBAD patients are acute renal failure, hypotension/
shock, mesenteric ischemia, and limb ischemia, and therefore acute aor-
tic repair should be considered to restore adequate blood perfusion.36

Table 1. Medical therapy for TBAD. Acute and chronic medical therapy for the 
management of patients with TBAD.

Goal Medical therapy

Acute treatment

Heart rate and 
blood pressure 
control8,21,44–49

Heart rate ≤60/min, 
systolic blood pressure 
between 100-120 
mmHg.

IV β-blockers.
Alternative: IV calcium-channel 
blockers.
If systolic pressure is still >120 
mmHg, start IV ACE-inhibitors.
If uncontrollable blood pressure, 
start other IV antihypertensive 
agents (i.e. sodium nitroprusside, 
calcium-channel blockers, nitrate, 
dopamine agonist).

Persisting/refractory 
hypotension8,21

Rapid volume 
expansion and 
vasoconstriction

Volume expansion with IV fluids. 
If MAP still <70 mmHg add 
IV vasopressors (such as nor-
epinephrine or phenylephrine).a

Persisting/refractory 
pain17

Pain relief to help 
augment the effects 
of rate control and 
vasodilator agents.

IV opiates.

Aortic 
expansion44,46,50

Reduce aortic 
expansion over time

Calcium-channel blockers.

Chronic treatment

Heart rate and 
blood pressure 
control8,21,45,57

Blood pressure <140/90 
mmHg or systolic <120 
mmHg

β-blockers, calcium-channel 
blockers, angiotensin receptor 
blockers.
Alternatives: α1-adrenergic and 
non-specific β-blockers.

Aortic 
expansion and 
complications50,52–55

Reduce expansion and 
complications over 
time

Calcium-channel blockers, 
angiotensin receptor blockers, 
and statins.

aIn case of persistent hypotension, surgical intervention should be considered.
IV, intravenous; MAP, mean arterial pressure.
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Chronic Medical Treatment
For patients with uncomplicated TBAD, optimal medical treatment (OMT) 
is widely accepted as the standard initial management,8,21,25,53 together 
with consideration of endovascular repair. The goal of OMT for chronic 
TBAD is to delay the rate of aortic expansion. Tight heart rate and blood 
pressure control, calcium-channel blockers, angiotensin receptor block-
ers, and statins have been associated with reduced aortic growth and 
complications.44,51,54–57 However, large clinical trials are still warranted to 
evaluate the long-term efficacy of these medical treatments for TBAD. 
For TBAD patients with Marfan syndrome β-blockers remain the first line 
therapy, but angiotensin receptor blockers specifically appear to reduce 
aortic growth in this cohort.47–49,58 Alternative medical therapies include, 
α1-adrenergic and non-specific β-blockers.59 Prior to hospital discharge, 
all intravenous medication should be converted to oral agents and long-
term blood pressure regulation with adequate surveillance is of vital 
importance.

Endovascular Procedures
TEVAR (Thoracic EndoVascular Aortic Repair) Development and 
Techniques
Open surgical repair of aortic dissection started in the 1950s, and was 
associated with high morbidity (paraplegia rate of 30-36%) and mortal-
ity (29-50%).60–62 These unsatisfactory complication rates motivated the 
need for a minimally invasive approach, which lead to the development 
of TEVAR in the 1990s.63 Soon after the introduction of TEVAR, TBAD-
related morbidity and mortality decreased dramatically.63–72 The aim of 
TEVAR for aortic dissection is to discontinue blood flow into the false 
lumen by covering the primary entry tear, and to restore blood flow into 
the true lumen. The false lumen subsequently depressurizes, preventing 
extension of dissection and ideally leading to false lumen thrombosis 
with subsequent aortic remodeling.73,74 Potential clinical benefits of 
TEVAR for TBAD include hemodynamic stabilization, reversal of end-
organ ischemia, reduced morbidity and mortality, minimal procedural 
morbidity, interventional treatment of surgically unfit patients, short 
procedure time with minimal blood loss, decreased recovery time and 
potential cost savings. Adequate preoperative sizing of the stent-graft is 
a key aspect to achieve adequate fixation, without damaging the aortic 
wall. Device “oversizing” in TBAD patients remains a topic of debate as 
it is associated with severe complications such as stent-graft induced 
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new entry tears, retrograde type A dissection, and proximal neck dilata-
tion with subsequent stent-graft migration.75–78 In general, oversizing by 
no more than 0-10% is recommended for patients with TBAD.76,79

Mis-sizing of the stent-graft can be avoided by keeping in mind the 
dynamic behavior of the aorta.80–82 Adequate device size should be 
based on the diameter of the aorta proximal to the dissected segment. 
Furthermore, a proximal aortic neck length of at least 2 cm is needed 
to achieve adequate fixation of the stent-graft.83,84 The first technical 
challenge for TEVAR procedures is cannulating the stent-graft into the 
usually narrowed true lumen. Transoesophageal echography may offer 
valuable assistance for this task.85,86 In addition, intravascular ultrasound 
and phased array intra-cardiac ultrasound have been reported as useful 
imaging tools for this procedure.87–89 Accurate deployment of the stent-
graft requires endovascular experience90 and may be assisted by blood 
pressure and pulse regulation.90,91 When introduction challenges are 
encountered, an antegrade approach via the brachial artery might offer 
a solution to snare a guidewire in the aorta.92 Iliac artery endoconduits 
have also emerged as safe alternative access routes.93 For deployment 
of the stent-graft, a tip-capture system allows for selective release of 
the proximal spring which allows repositioning before fully releasing 
the endograft. Such a system is particularly useful for deploying a 
stent-graft in a curved vessel like the thoracic aorta.94–96 After deploy-
ment, ballooning is not recommended due to the risk of devastating 
complications such as retrograde type A aortic dissection and aortic 
rupture.97–99 Based on the self–expanding character of the stent and the 
time required for aortic remodeling, a conservative approach is advised 
after deployment, even if the stent-graft has not fully expanded. Techni-
cal success rates of TEVAR are high for both acute TBAD (ranging from 
93.3% to 100%)100–102 as well as for chronic TBAD (ranging from 77.6% to 
100%).96,103,104 Chronic TBAD is associated with a thickened and stiffened 
dissection flap, which might explain the lower success rate of TEVAR 
in this cohort. Proximal fixation of the stent-graft in the aortic arch is 
important, as mechanical forces, blood flow and aortic pulsatility might 
jeopardize durable fixation of the stent-graft.

Intentional over-stenting of the left subclavian artery can increase ap-
plicability of endovascular repair, however this should be performed 
with caution to avoid ischemic events due to complete occlusion of the 
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left subclavian artery. Therefore, arterial revascularization is advised, 
for which several techniques have been described. Preoperatively, 
left subclavian artery revascularization for TEVAR in TBAD is typically 
accomplished by a surgical bypass from the left common carotid to 
the left subclavian artery.105 However, depending on the occlusion of 
cervical branches, more complex revascularization surgery may be nec-
essary such as a bypass from the brachiocephalic artery or the ascend-
ing aorta.106 Perioperatively, in situ laser fenestration of the stent-graft 
has also been associated with good outcomes.107 An overview of the 
evidence for the use of TEVAR in complicated and uncomplicated TBAD 
is given in Table 2.

Complicated TBAD
TEVAR for complicated TBAD has proved to be superior to optimal 
medical therapy (OMT) alone in the mid-term.72 Szeto et al. reported 
a decrease in 30-day mortality for open repair versus TEVAR as well, 
from 29.3% to 2.8% in open surgery versus endovascular repair, respec-
tively.20 Currently, there are three meta-analyses published which report 
the short and mid-term result in complicated TBAD patients treated with 
TEVAR.108–110 In-hospital mortality ranged from 7.3% to 11.5% and stroke 
from 1.9% to 6.3%. TEVAR is now considered the gold standard for 
complicated TBAD.8,21,53,111 A prospective multicenter European clinical 
registry showed a 30-day mortality of 8%, with 8% risk of stroke and 
2% risk of spinal cord ischemia in 50 acute TBAD patients.112 In addition, 
the initial results of a single arm multicenter study for endovascular 
treatment of complicated TBAD using a composite device design (PET-
TICOAT technique), which includes an uncovered infra-diaphragmatic 
aortic stent in addition to standard TEVAR, showed a 1-year mortality of 
10%.113 Stroke, transient ischemic attack and progression of dissection 
were seen in 7.5%, 2.5% and 5% of patients, respectively. Another ob-
servational study confirmed the beneficial outcomes of TEVAR for acute 
complicated TBAD, with an in-hospital mortality of 4%, 40% and 33% 
for TEVAR, open surgery and medically treated patients, respectively.114 
In complicated TBAD, those presenting with visceral malperfusion 
represent a cohort with poorer outcomes. In these patients, although 
visceral patency after TEVAR is excellent (up to 97%), 30-day mortality 
remains high (ranging between 31% to 62%), as well as aortic related 
complications during follow-up.115–117
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Table 2. TEVAR for TBAD. Evidence for the use of TEVAR in complicated and 
uncomplicated TBAD patients.

Complicated TBAD

Study name and design Early outcomes Late outcomes

VIRTUE Registry.110

Prospective multicenter 
registry

Mortality: 8%
Stroke: 8%

-

STABLE Trial.111

Prospective single arm 
multicenter trial

Mortality: 10%
Stroke: 7.5%

1-yr follow-up:
Survival: 90%

Meta-analyses106–108 Mortality: 7.3%-11.5% 
Stroke: 1.9%-6.3%

2-yrs follow-up:
Survival 89%

Retrospective 
observational20

Mortality: 2.8% vs. 29.3% 
for open surgery.
Stroke: 2.8%

1-yr follow-up:
Survival: 93%

Retrospective 
observational112

Mortality: 4% vs. 40% for 
open surgery vs. 33% for 
OMT.
Stroke: 7% vs. 0% for open 
surgery vs. 17% for OMT

5-yrs follow-up:
Survival: 79% vs. 44% for 
OMT or open surgery

Uncomplicated TBAD

Study name and design Early outcomes Late outcomes

INSTEAD Trial.118 
Prospective multicenter 
randomized trial

Mortality: 2.8% vs. 0% for 
OMT

2-yrs follow-up:
All-cause mortality: 88.9% 
vs. 95.6% for OMT
Aortic remodeling: 91.3% 
vs. 19.4% for OMT

INSTEAD XL-Trial.119

Prospective multicenter 
randomized trial

Mortality (0-12 months): 
7.5% vs. 3% for OMT

5-yrs follow-up:
All-cause mortality: 11.1% 
vs. 19.3% for OMT.
Aorta-specific mortality: 
6.9% vs 19.3% for OMT.
Aortic remodeling: 27% vs. 
46.1% for OMT

ADSORB Trial.120 
Prospective multicenter 
randomized trial

Mortality: 0% vs. 0% for 
medical therapy

1-yr follow-up:
All-cause mortality: 3.3% 
vs. 0% for OMT.
Aortic remodeling: 
beneficial for TEVAR.
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Uncomplicated TBAD
Management of uncomplicated TBAD is usually OMT, however, there 
is on-going debate about the possible beneficial role of TEVAR for 
these patients. TEVAR has shown promising results in this cohort,118,119 
and recently, two trials have been conducted to assess the benefit of 
elective TEVAR in these patients. The INSTEAD trial, which included 
TBAD patients in the subacute and chronic phase, found that there was 
no survival benefit of TEVAR compared to OMT alone after a 2-years 
follow-up.120 TEVAR did show favorable results between 2- to 5-years 
of follow-up, since both all-cause and aorta-specific mortality were 
improved with TEVAR in the long-term.121 Moreover, the TEVAR group 
showed less progression of dissection, suggesting remodeling of the 
aorta after five years, compared to the medically managed group (27.0% 
versus 46.1%; p=0.04). TEVAR was also associated with stent graft in-
duced false lumen thrombosis in 90.6% while the rate of false lumen 
thrombosis in patients treated with OMT alone was 22.0% (p<0.001).121 
However, it was also reported that the initial mortality was higher in 
the TEVAR group compared to the OMT group and that many of these 
patients required re-interventions during follow-up.121 Furthermore, the 
long-term benefits of TEVAR may not be achievable in older patients. 
Lastly, it must be noted that this study was industry sponsored and 
underpowered and should be interpreted accordingly.

The ADSORB trial is the only randomized trial which compared OMT 
plus TEVAR with OMT alone for acute uncomplicated TBAD.122 This trial 
was underpowered for survival, and had a cut-off at 1-year follow-up. 
Even though the follow-up was short, a benefit for TEVAR in terms of 
aortic remodeling was found. Incomplete false lumen thrombosis, was 
seen in 43% of patients managed with TEVAR plus OMT, versus 97% 
in the OMT cohort (p<0.001). Moreover, patients managed with TEVAR 
and OMT showed true lumen expansion and false lumen reduction, 
whereas patients treated solely with OMT showed an unchanged true 
lumen size with expansion of the false lumen.122 As mentioned, the study 
was underpowered for survival, and also was industry sponsored, and 
therefore the same interpretation reservations should be considered as 
with the INSTEAD trial.

These limited but promising results of elective TEVAR for uncom-
plicated TBAD have led to a global discussion of whether all TBAD 
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patients should be considered for TEVAR. Due to the lack of definitive 
evidence, a patient-specific approach is currently advised for TEVAR in 
TBAD, reserving TEVAR for complicated patients or those suspected 
of complications (including aortic dilatation) during follow-up.21,123 A 
number of patients with uncomplicated TBAD might never suffer from 
disease progression and complications. Therefore, several studies have 
searched for predictors of adverse outcomes in uncomplicated TBAD 
patients. During the chronic course, complications are characterized by 
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Figure 3. (A): Sagittal view on CTA-imaging of an uncomplicated TBAD man-
aged with medical therapy showing positive aortic remodeling at six years 
follow-up. The descending thoracic aortic diameter is <4 cm. Right panel: axial 
view of uncomplicated TBAD showing B) baseline aortic diameter (40.8 mm, 
white arrow) and C) 3 mm growth at one-month follow-up (43.8 mm, white ar-
row) [Personal imaging data].



Update in the Management of Type B Dissection 41

aneurysmal dilation >55 mm, an aortic yearly increase of >4 mm or a 
recurrence of symptoms despite best medical therapy (Figure 3).1 The 
following signs have been associated with poor outcome and more 
rapid disease progression than baseline: patency of the FL (presence 
of flow and absence of thrombus) during follow-up, increased number 
of entry tears, initial aortic diameter ≥4 cm with a patent FL, initial FL 
diameter ≥22 mm in the proximal descending aorta, visceral vessel 
involvement and recurrent or refractory pain or hypertension.37,52,124–128

Connective Tissue Disorders
TEVAR has been reported to be feasible for Marfan patients (although 
this is controversial),129 however, reintervention rates are high as 
Marfan-diseased aortas tend to dilate over time after TEVAR.130,131 These 
patients are at higher risk for TEVAR-related complications such as 
retrograde dissection and stent-graft induced new entry tears.75,76,98,99,132 
For TBAD patients with Ehlers-Danlos or Loeys-Dietz syndrome there 
are currently no data, besides a few case-reports, to support any use 
of TEVAR, except in emergency situations to achieve hemodynamic 
stabilization as a bridge to definitive surgical therapy.21,133,134

Surgery
Open Repair
Due to advancements in endovascular techniques, open surgical repair 
for TBAD is currently reserved for patients in whom endovascular man-
agement is not feasible or has failed. The aim of open surgical repair is 
to replace the descending aorta with a graft, excising the intimal tear, 
restoring peripheral and visceral perfusion, and repairing or preventing 
aortic rupture. Currently, there are no randomized controlled trials avail-
able to compare the different open surgical techniques and therefore 
the level of evidence regarding optimal treatment is low. Generally, the 
descending aorta is exposed through a left posterolateral thoracotomy. 
Subsequently, the proximal entry tear is resected and a surgical graft 
is implanted to replace the dissected aorta. Partial cardiopulmonary 
bypass can be established through the left atrium and femoral artery 
and has been widely used. In patients with retrograde arch involvement 
of the dissection, full cardiopulmonary bypass, using the femoral artery 
and vein, may be required. Hypothermic circulatory arrest has been ad-
opted for cerebral protection in a subset of patients who are managed 
with open proximal graft anastomosis,135–137 and may be accompanied 
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by selective antegrade perfusion. Surgical aortic fenestration or extra-
anatomical bypass has been used for treating ischemic complicated 
acute TBAD, but with the introduction of minimal invasive techniques, 
this procedure is only used as alternative treatment in case of contra-
indications or failure of endovascular management.138 In patients pre-
senting with complications such as imminent rupture, aortic expansion, 
or malperfusion syndromes, classic open surgery carries a significant 
risk of morbidity, including irreversible spinal injury, and postoperative 
death.135–137

Although the results of open surgical repair of the descending aorta 
have improved over the last decades,139–142 they remain unsatisfying 
with in-hospital mortality for TBAD patients of about 25%-50%.24,111,143 
The pre-operative condition of the patient highly influences the out-
come of surgical repair. Patients older than 70 years with hypotension/
shock have less favorable outcome, while those with a normal blood 
pressure at the time of surgery have better outcomes.24 Preoperative se-
vere visceral malperfusion and spinal cord ischemia are correlated with 
poor prognosis after open surgery, and therefore may be spared such 
invasive therapy. In addition, extensive co-morbidity, such as end stage 
malignant disease and severe COPD, are considered contra-indications 
for surgical aortic repair.

Postoperative complications affect between 40% and 80% of surgically 
managed TBAD patients.142 These mainly include respiratory failure 
(29%), shock (21%), acute renal failure (19%), sepsis (18%), stroke 
(9%), left vocal cord paralysis (9%), spinal cord ischemia (7%), visceral 
ischemia (5%), cardiac ischemia/infarction (3%), and limb ischemia 
(4%).24,53,111,139–143 Complications predominantly associated with the ex-
tent and duration of the operation are paraplegia, temporary parapare-
sis and stroke.24,53,142,143 To reduce neurological and renal complications, 
the use of extracorporeal circulation has been suggested, however, its 
benefits remain undetermined.53,139,142

Connective Tissue Disorders
Patients with connective tissue disorders (i.e. Marfan, Ehlers-Danlos, 
and Loeys-Dietz syndrome) and TBAD are at considerably higher risk 
of aortic dilatation and rupture.130,144 The gold standard for patients with 
Marfan or Loeys-Dietz syndrome complicated by TBAD remains open 
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surgery, which offers the best beneficial long-term results for these 
patients.8,21,145 The surgical approach includes aortic repair through left 
thoracotomy or medium sternotomy using a frozen elephant trunk tech-
nique.146 The role of surgical aortic repair in patients with Ehlers-Danlos 
syndrome is not clearly defined yet since surgery may have devastating 
outcomes due to the fragility of the aortic tissue.147 Nevertheless, when 
these patients present with aortic dissection, successful aortic surgery 
can be achieved with careful tissue handling and the use of pledgeted 
sutures.146

Hybrid Approach
For patients who present with both arch and distal aortic pathology 
the risks of complete open surgery are high. Therefore, surgical aortic 
arch replacement with antegrade stenting of the descending thoracic 
aorta was introduced in the mid-90s as the ‘frozen elephant trunk’ tech-
nique.148,149 This hybrid technique is currently associated with acceptable 
in-hospital mortality (ranging from 0% to 27.7%) and 5-years survival 
(ranging from 68% to 96%) for acute aortic dissection with arch in-
volvement.150–153 Notably, these are pooled data from a review of small 
studies with limited follow-up data. Positive aortic remodeling, defined 
as postoperative partial or complete FL thromboses in the descending 
aorta, is reported in about 90% of the cases.152 Finally, hybrid aortic 
repair has also been associated with promising outcomes for patients 
with connective tissue disorders (including Marfan, Ehlers-Danlos, and 
Loeys-Dietz syndrome).153 However, these surgical interventions should 
be carried out in stages to reduce the risk of perioperative complica-
tions. Moreover, these patients require lifelong imaging surveillance 
due to the increased risk of aortic complications during follow-up. Their 
management should probably be referred to centers having the most 
experience with these procedures.

Genetics
Besides hypertension and atherosclerosis, familial aortic syndromes 
and connective tissue disorders are important etiologies of TBAD. It is 
therefore recommended to image the aorta of first-degree relatives of 
patients with thoracic aortic dissection to identify potential asymptom-
atic aortic patients.154,155,8 Sequencing of genes known to cause familial 
thoracic aortic dissection may also be considered in patients with a 
family history of aortic dissection to determine if gene mutations are 
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responsible for the aortic pathology.8 Candidate genes associated with 
aortopathy are being increasingly identified, and commercially avail-
able tests currently include COL3A1, TGFBR1, TGFBR2, TGFB2, SMAD3, 
ACATA2, and FBN1. Several studies aim to identify more gene mutations 
related to aortic dissection.156,157 Such genetic testing should only be 
done in collaboration with medical geneticists with appropriate patient 
counseling. Routine genetic testing has shown to be valuable, in order 
to reveal important information regarding familial aortic pathologies, 
which should be discussed in detail during patient counseling.156 Such 
data can provide genetically personalized care since it has increas-
ing implications for the choice of management.156 Therefore, if one or 
more first-degree relatives of a patient with aortic dissection are found 
to have aortic dilatation or dissection, referral to a geneticist may be 
considered.

Summary
In summary, TBAD continues to be a challenging clinical problem, and 
remains a life-threatening disorder, in spite of significant advances. 
Prompt diagnosis, aggressive medical therapy, urgent intervention for 
complicated cases, and emerging endovascular interventional options, 
have all contributed to a significant decline in the morbidity and mortal-
ity associated with this disease. Challenges remain, however. There is 
still significant controversy about optimal procedural intervention, es-
pecially in uncomplicated TBAD. At present, endovascular intervention 
for complicated TBAD has become the standard, modified with adjunct 
procedures or hybrid intervention when necessary. Aggressive medical 
therapy, focusing on blood pressure control, is essential for all TBAD 
patients. Future study and procedural innovations should continue to 
improve outcomes, and address the role of interventional therapy for 
uncomplicated TBAD patients, as well as the effectiveness of genetic 
testing for TBAD patients and their families.
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Abstract
Background
Optimal management of acute type B aortic dissection with retrograde 
arch extension is controversial. The impact of retrograde arch extension 
on operative and long-term mortality has not been studied and is not 
incorporated into clinical treatment pathways.

Methods
The International Registry of Acute Aortic Dissection (IRAD) was queried 
for all patients presenting with acute type B dissection and an iden-
tifiable primary intimal tear. Outcomes were stratified according to 
management for patients with and without retrograde arch extension. 
Kaplan-Meier survival curves were constructed.

Results
Between 1996 and 2014, a total of 404 patients were identified with 
mean age of 63.3 ± 13.9 years. Retrograde arch extension existed in 67 
patients (16.5%). No difference in complicated presentation was noted 
(36.8% vs. 31.7%, p = 0.46), as defined by limb or organ malperfusion, 
coma, rupture, and shock. Management did not differ for patients with 
or without retrograde arch extension: medical management (53.7% vs. 
56.5%, p = 0.68), endovascular treatment (32.8% vs. 31.1% p = 0.78), 
open surgery (11.9% vs. 9.5%, p = 0.54), or hybrid approach (1.5% vs. 
3.0% p = 0.70). In-hospital mortality was similar for patients with (10.7%) 
and without retrograde arch extension (10.4%, p = 0.96). Five-year sur-
vival was also similar (78.3% and 77.8%, p = 0.27).

Conclusions
Incidence of retrograde arch dissection involves about 16% of patients 
with acute type B dissection. In the IRAD, this entity seems not to affect 
management strategy, early and late mortality.
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Introduction
Classifications of aortic dissections have typically focused on the origin 
of the entry tear and/or the propagation of the false lumen. The most 
commonly used, the Stanford classification, based on a false lumen 
presence in the ascending aorta (type A) or not (type B), is a simplified 
representation of the diverse clinical presentation of this disease. Retro-
grade arch extension (RAE) refers to the phenomenon of a classic type B 
dissection with primary intimal tear in the descending aorta and exten-
sion of hematoma in a retrograde fashion into the arch (Fig. 1). Previous 
studies have documented RAE to be present in up to 25% of acute type 
B dissection patients.1,2 When RAE exists, current simplified treatment 
algorithms do not fit and lead to clinical uncertainty in terms of optimal 
treatment strategy. Some clinicians feel that the presence of RAE may 
lead to further proximal extension into the ascending aorta and the asso-
ciated risks of type A dissection. On the other hand, using endovascular 
repair when the proximal landing zone is involved with hematoma may 
be controversial. We sought to evaluate the outcomes of patients with or 
without RAE and a primary entry tear in the descending aorta.

A B

Figure 1. Type B dissection versus type B dissection with retrograde arch exten-
sion. (A) Type B dissection with an entry tear in descending aorta and antegrade 
dissection distally. (B) Type B dissection with retrograde arch extension; entry tear 
in the descending aorta and retrograde extension of hematoma into the aortic arch.
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Patients and 
Methods
The International Registry of Acute Aortic Dissection (IRAD) is an ongo-
ing multicenter registry that includes consecutive patients with acute 
aortic dissection. Full details on the IRAD methods and its rationale 
have been previously described.3

Study Population
Patients with acute type B dissection enrolled in IRAD from January 1, 
1996 through November 1, 2014 were identified. The location of an entry 
tear was identified by reporting centers. RAE was defined as primary 
tear in the descending aorta with retrograde dissection extension distal 
to the left subclavian artery (extension confined till the innominate 
artery). Of the 1981 type B dissection patients enrolled in IRAD, 404 
patients had an identifiable and reported primary intimal tear distal to 
the left subclavian artery with extension confined to the arch. Based on 
cross sectional imaging, 337 (83.5%) of these patients were categorized 
as without RAE, and 67 (16.5%) with RAE (Fig. 2).

Data Collection
Data on 434 variables were recorded on a standardized form. The data 
forms were reviewed for internal consistency and validity and scanned 
electronically into an Access database. Imaging consisting of computed 
tomography, transesophageal echocardiography, magnetic resonance 
imaging, or angiography was interpreted at each patient’s respective 
tertiary care center by specialized cardiovascular surgeons, radiologists, 
and echocardiographers. Institutional review board approval was ob-
tained for each center, with the need for informed consent determined 
independently by the ethics board at each center.

Statistical Analysis
Categorical variables are presented as frequencies. Denominators reflect 
only actual cases reported, and missing data was not defaulted to nega-
tive. Continuous variables with normal distributions are represented as 
mean ± standard deviation, those with skewed distributions as median 
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with first and third quartiles. Categorical variables were compared us-
ing Chi-square test or 2-sided Fischer’s exact test where appropriate. 
Normally distributed continuous variables were compared using Stu-
dent’s t-test, and continuous variables with skewed distributions were 
compared using Mann-Whitney U tests. Kaplan-Meier analysis was 
used to estimate follow-up survival, with the log-rank test determining 
significance. Multistage Cox proportional hazards analysis modelled 
the association between follow-up death and RAE, demographics, 
comorbid conditions, and in-hospital variables. A p-value < 0.05 was 
considered significant. Data analysis was performed with the use of 
IBM SPSS Statistics software version 21.0 (Armonk, NY: IBM Corp.).

Figure 2. CT-imaging of an acute type B dissection with retrograde arch exten-
sion.
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Results
Baseline and Imaging Characteristics
Patient characteristics are presented in Table 1. Mean age was 63.3 ± 
13.9 years, with 65.7% males. Patients with RAE underwent more imag-
ing tests (median 2 versus 1; p < 0.001). White patients were less likely 
to have RAE. A history of cocaine abuse was more common among 
patients with RAE, which were more frequently non-white (21.1%) than 
white (0.0%, p = 0.007). In RAE patients, we observed a trend towards a 
higher pulse discrepancy rate between the left and right brachial artery 

Table 1. Demographics and clinical history.

Variable Patients 
without RAE
n = 337 (83.5%)

Patients with 
RAE
n = 67 (16.5%)

p-value

Time from symptom onset to 
diagnosis (median – IQR, hours)

7.6 (25.1 - 33.9) 7.5 (3.0 - 28.0) 0.39

Mean age, yrs ± SD 63.0 ± 13.9 64.8 ± 13.9 0.33

Age ≥70 (%) 116 (34.4) 27 (40.3) 0.36

Female (%) 116 (34.3) 23 (34.3) 0.99

White race (%) 272 (83.2) 46 (70.8) 0.02

Black race (%) 37 (11.3) 13 (20.0) 0.06

Asian race (%) 10 (3.1) 5 (7.7) 0.08

Marfan syndrome (%) 19 (6.3) 1 (1.5) 0.22

Hypertension (%) 265 (81.0) 57 (86.4) 0.31

Atherosclerosis (%) 100 (32.1) 22 (33.3) 0.84

Bicuspid aortic valve (%) 4 (1.5) 0 (0.0) 1.00

Prior aortic aneurysm (%) 62 (20.1) 10 (15.2) 0.35

Prior aortic dissection (%) 15 (4.9) 3 (4.5) 0.90

Diabetes mellitus (%) 24 (7.8) 6 (9.1) 0.72

Current smoker (%) 74 (33.3) 16 (42.1) 0.57

Cocaine abuse (%) 3 (1.0) 4 (6.2) 0.02

Chronic renal insufficiency (%) 28 (13.3) 2 (5.3) 0.28

COPD (%) 29 (13.9) 5 (13.2) 0.90

History of aortic surgery (%) 3 (4.8) 6 (2.1) 0.22

COPD = chronic obstructive pulmonary disease; IQR = interquartile range; RAE 
= retrograde arch extension; SD = standard deviation
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(p = 0.14). Abdominal vessel involvement and distal communication 
were similar for both groups (Table 2).

Table 2. Clinical presentations and diagnostic imaging findings.

Variable Patients
without RAE
n = 337 (83.5%)

Patients
with RAE
n = 67 (16.5%)

p-value

Clinical presentation and signs

Shock (%) 3 (1.0) 1 (1.6) 0.52

Any pulse deficit (%) 42 (18.1) 13 (27.1) 0.15

Left-right brachial pulse discrepancy (%) 2 (0.9) 2 (4.4) 0.14

Left-right carotid pulse discrepancy (%) 1 (0.6) 1 (2.2) 0.32

Left-right femoral pulse discrepancy (%) 23 (10.3) 5 (10.6) 0.94

Pericardial friction rub (%) 3 (1.0) 0 (0.0) 1.00

Ischemic peripheral neuropathy (%) 11 (3.7) 3 (4.8) 0.72

Ischemic lower extremity (%) 26 (8.8) 5 (8.1) 0.86

Cerebrovascular accident (%) 7 (2.4) 2 (3.2) 0.66

Spinal cord ischemia (%) 8 (2.7) 0 (0.0) 0.36

Acute renal failure (%) 55 (18.3) 12 (20.0) 0.76

Imaging tests

Computed tomography (%) 324 (96.1) 64 (97.0) 0.75

Echocardiography (%) 109 (32.3) 37 (56.1) <0.001

Transthoracic echocardiography (%) 46 (13.6) 7 (10.6) 0.50

Angiography (%) 45 (13.4) 20 (30.8) 0.001

Magnetic resonance imaging (%) 28 (8.6) 12 (18.2) 0.02

Number of images performed per 
patient (median – IQR)

1 (1.0 – 2.0) 2 (1.0 – 2.0) <0.001

False lumen patency

Patent (%) 160 (58.2) 21 (37.5) 0.01

Partial thrombosis (%) 83 (30.2) 30 (53.6) 0.001

Complete thrombosis (%) 32 (11.6) 5 (8.9) 0.56

Abdominal vessel involvement (%) 128 (37.9) 26 (38.8) 0.89

Aortic diameter, widest at ascending 
(median – IQR, cm)

3.8 (3.4 – 4.3) 3.7 (3.4 – 4.1) 1.00

Aortic diameter, widest at arch (median 
– IQR, cm)

3.7 (3.1 – 4.2) 3.5 (3.0 – 3.9) 0.27

Aortic diameter, widest at descending 
(median – IQR, cm)

3.9 (3.5 –4.3) 4.0 (3.5 –4.8) 0.07

IQR = interquartile range; RAE = retrograde arch extension
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Management and Outcomes
Management strategies and techniques are listed in Table 3. Strategies 
were similar among patient groups, with more than half of all patients 
managed medically (56%, n = 227), while about 10% (n = 40) underwent 
open surgical repair and approximately 30% (n = 127) were managed 
with an endovascular treatment. Within endovascular treated patients, 
those with RAE were more frequently managed with dissection flap 
fenestration (56.2%) than those without RAE (16.9%, p = 0.001), while a 
stent graft was more often placed in the descending aorta in those with-
out RAE (72.9% versus 38.9%, p = 0.01). Iliac artery stenting was more 
often conducted in patients with RAE (37.5% versus 13.2%, p = 0.02). 
Surgical techniques did not differ significantly among patient groups.

All patients that presented with a tear in the descending aorta and 
retrograde extension into the ascending aorta were excluded from this 
study (n = 43). Of the patients with extension till the arch, none showed 
retrograde dissection extension during hospitalization or follow-up. 
We did not find significant differences regarding complicated status 
(including malperfusion, coma, rupture and shock), although there was 
a trend towards a more complicated status for those with RAE (60% vs. 
43.9%, p = 0.20). In-hospital mortality for patients with or without RAE 
was 10.4% and 10.7%, respectively (p = 0.96, Table 3).

Table 3. In-hospital management and outcomes.

Variable Patients
without RAE
n = 337 (83.5%)

Patients
with RAE
n = 67 (16.5%)

p-value

Definitive management

Medical (%) 191 (56.5) 36 (53.7) 0.68

Surgery (%) 32 (9.5) 8 (11.9) 0.54

Endovascular (%) 105 (31.1) 22 (32.8) 0.78

Hybrid (%) 10 (3.0) 1 (1.5) 0.70

Reason surgical repair

Recurrent/refractory paina (%) 10 (41.7) 4 (66.7) 0.38

Refractory hypertension (%) 2 (8.3) 0 (0.0) 1.00

Limb ischemia (%) 6 (25.0) 0 (0.0) 0.30

Visceral ischemia (%) 4 (16.7) 1 (16.7) 1.00

Aortic rupture (%) 2 (28.6) 0 (0.0) 1.00
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Table 3. In-hospital management and outcomes (continued)

Variable Patients
without RAE
n = 337 (83.5%)

Patients
with RAE
n = 67 (16.5%)

p-value

Reason endovascular repair

Recurrent/refractory paina (%) 24 (72.7) 7 (100.0) 0.18

Refractory hypertension (%) 4 (26.7) 0 (0.0) 0.28

Limb ischemia (%) 3 (20.0) 0 (0.0) 0.53

Visceral ischemia (%) 3 (20.0) 0 (0.0) 0.53

Aortic rupture (%) 3 (16.7) 0 (0.0) 1.00

Surgical technique

Replacement of ascending aorta (%) 6 (16.7) 2 (14.3) 1.00

Partial arch repair (%) 3 (7.3) 0 (0.0) 1.00

Complete arch repair (%) 4 (9.8) 2 (14.3) 0.64

Replacement of descending aorta (%) 19 (43.2) 4 (30.8) 0.53

Open stent grafting in descending 
aorta (%)

7 (36.8) 1 (33.3) 1.00

Cerebral perfusion (%) 8 (20.5) 1 (8.3) 0.67

Hypothermic circulatory arrest (%) 10 (25.0) 4 (30.8) 0.73

Endovascular technique

Dissection flap fenestration (%) 14 (16.9) 9 (56.2) 0.001

Stent graft placement (%) 77 (78.6) 8 (44.4) 0.003

Iliac artery stent (%) 10 (13.2) 6 (37.5) 0.02

Complicatedb (%) 86 (31.7) 21 (36.8) 0.46

Medical group (%) 35 (22.2) 5 (17.2) 0.63

Surgical group (%) 11 (45.8) 3 (42.9) 1.00

Endovascular group (%) 36 (43.9) 12 (60.0) 0.20

Hybrid group (%) 4 (57.1) 1 (100.0) 1.00

Mortality (%) 36 (10.7) 7 (10.4) 0.96

Medical group (%) 18 (9.4) 3 (8.3) 1.00

Surgical group (%) 8 (25.0) 0 (0.0) 0.17

Endovascular group (%) 9 (8.6) 4 (18.2) 0.24

Hybrid group (%) 1 (10.0) 0 (0.0) 1.00

aDefined by pain not controlled by optimal medical treatment.
bComplicated includes those with preoperative: limb or organ malperfusion 
(stroke, spinal cord, visceral, renal), coma, rupture, and shock.
RAE = retrograde arch extension
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Early mortality per management strategy was comparable. Kaplan-
Meier analysis (Fig. 3) revealed that presence of RAE did not affect 
5-year survival (78% with RAE vs. 84% without RAE, p = 0.59).

When comparing patients managed with endovascular or medical 
treatment, those managed by endovascular means presented more 
frequently with complicated dissection (54.5% versus 13.9% for RAE 
patients, and 34.3% versus 18.3% for non-RAE patients, p = 0.002 and p 
= 0.003, respectively). This was reflected by a higher in-hospital stroke 
rate in patients managed endovascularly (8.0% versus 0.6%, p = 0.002). 
No other significant differences in outcomes were observed between 
these cohorts.
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Figure 3. Kaplan Meier survival curves in acute type B dissection patients with 
and without RAE during a 5-year follow-up. RAE = retrograde arch extension.
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In multistage Cox regression following multivariable adjustment, we 
found that age ≥ 70 years, coma, aortic rupture, mesenteric ischemia, 
acute renal failure, and shock were independent predictors of 5-year 
mortality (Table 4).

Table 4. Independent predictors of 5-year mortality in patients with type B dis-
section: effect of multivariate adjustmenta.

Variable Hazard ratio 95% CI p-value

Acute type B dissection with RAE 1.1 0.5-2.3 0.85

Age ≥ 70 years 2.6 1.4-4.7 0.002

Coma 3.8 1.6-9.0 0.003

Rupture 3.4 1.8-6.3 <0.001

Mesenteric ischemia 3.4 1.3-8.7 0.01

Acute renal failure 2.2 1.1-4.1 0.02

Shock 9.8 2.6-36.3 0.001

aDemographics, comorbid conditions, in-hospital variables (including present-
ing symptoms, imaging findings, and complications).
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Comment
An aortic dissection tear originating in the descending aorta with limited 
extension of hematoma into the arch has been an area of uncertainty 
for clinicians treating acute aortic syndromes.4 This analysis of registry 
data showed that management strategies did not differ in patients with 
and without RAE. Overall hospital mortality was 10% in both groups. 
Five-year survival was similar in patients with acute type B dissections 
presenting with or without RAE.

Type B dissections have traditionally been thought to be a phenomenon 
with relatively low immediate mortality that can be successfully treated 
with anti-hypertensive medications. However, a hospital mortality of 
10% in the current era in a relatively young patient group, suggests 
that the acuity of the diagnosis should not be underestimated. Future 
therapy guidelines should aim to improve these outcomes.

Previous experiences showed that RAE was present in up to 1 of 4 acute 
type B dissection patients and impacts treatment and outcome.1,5,6 
However, these studies included mixed cohorts including chronic type 
B dissection and dissections originating from a tear in the arch. There-
fore, additional data on the specific cohort of patients with acute type 
B dissection and an entry tear in the descending aorta with or without 
RAE was warranted.5,6,1 We found that non-white race and cocaine 
abuse were more common among patients with RAE when compared 
to type B dissection patients without RAE. This might be explained by 
the finding that cocaine abuse is associated with aortic dissection7 and 
acute hypertension,8 which might trigger the dissection to extend retro-
gradely.

As midterm success (improved 2 - 5 year outcomes) has been reported 
for TEVAR in descending aortic diseases, a clear motivation became 
apparent to extend its benefits to the patients at higher risk for open 
repair, including those with aortic arch disease.9,10 A recent review of 
the literature suggests that most of the complicated acute type B dis-
section patients with RAE require treatment of the aorta distal to the 
arch, where TEVAR appears to be the most feasible strategy.1 However, 
if the complications are due to the arch pathology, it is been suggested 
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to consider either surgical and/or hybrid repair.1,11 Extension of endo-
vascular techniques into the arch has been reported, however, its feasi-
bility remains debatable in acute dissection because of the associated 
complex anatomic constraints, including curvature and presence of 
critical branches.12 Aortic branch preservation is essential during such 
procedures, as coverage of the left subclavian artery is associated with 
higher neurologic morbidity and mortality.13,14 Kato et al. were among 
the first to report on retrograde acute type B dissection affecting the 
aortic arch, which was treated by isolated stent graft placement in the 
descending aorta in order to cover the proximal entry tear, avoiding 
any additional surgical procedures.15 In that report nearly one third of 
patients were treated with an endovascular approach, which did not 
differ between the groups, nor did early mortality show a significance 
difference. In addition, no further retrograde dissection extension was 
observed in patients with RAE (0/54) or without RAE (0/244) during the 
index hospitalization, or during follow-up (0/20 for patients with RAE 
and 0/123 for patients without RAE). This implies that endovascular 
management to cover the primary intimal tear in the descending aorta 
may be feasible even in the presence of arch hematoma.

Our results showed similar rates of medical (53.7% versus 56.5%), 
surgical (11.9% versus 9.5%), endovascular (32.8% versus 31.1%) and 
hybrid (1.5% versus 3.0%) treatment for patients with and without RAE, 
respectively. However, patients with RAE did require more diagnostic 
imaging tests, including echocardiography, angiography and magnetic 
resonance imaging. This suggests that this cohort typically requires 
closer assessment prior to selection of treatment and surveillance strat-
egies. Frequencies of complicated dissection as well as early and late 
mortality rates were comparable in the two groups (Fig. 3 and Table 3). 
The only clinical sign that differed significantly among the two cohorts 
was a higher rate of recurrent pain in patients with RAE (71.4%) versus 
no RAE (20.3%, p < 0.001). These findings suggest that patients with or 
without RAE currently are similar in terms of management strategy and 
outcomes, regardless of higher recurrent pain occurrence in patients 
with RAE. The latter does suggest that RAE can develop at various time 
points during hospital admission. We also found that partial thrombosis 
of the false channel was more common in patients with RAE (53.6%) 
than in those without RAE (30.2%, Table 2). Although partial lumen 
thrombosis is associated with aortic growth and increased mortality,16,17 
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no difference in early and long-term mortality was observed in our 
analysis. On this observation, modern MR imaging techniques show 
that false lumen thrombosis may often be overestimated.18 Therefore, 
future imaging studies are warranted to elucidate the role of false lu-
men thrombosis on aortic growth and mortality. Finally, we found that 
in patients with acute type B aortic dissection, RAE was not an inde-
pendent predictor of 5-year mortality. Our results imply that patients 
with an entry tear in the descending aorta and RAE are associated with 
comparable outcomes to classic acute type B dissection.

Several limitations should be addressed for interpreting the results of 
this analysis. First, to study this specific cohort, we excluded a con-
siderable group of patients with type B dissection. In particular, the 
unknown or missing locations of entry tear lead to exclusion of 37.7% 
and 25.6% of patients. This may be explained by the fact that entry tear 
location may not be readily identified, especially on studies performed 
elsewhere. In addition, many patients enrolled in IRAD are transferred 
from referring hospitals that might not examine the imaging closely 
prior to referral. Moreover, IRAD started enrolling patients 20 years 
ago, when imaging quality was not high as it is currently, which might 
have contributed to the diminished reported number of exact entry tear 
location. However, the cohort of excluded type B dissection patients 
resembled the included patients with regard to mortality rates (9.3% 
vs. 10.6%, p = 0.43). Second, although imaging was performed with 
the latest generation of CAT-scanners and evaluated by skilled physi-
cians specialized in aortic dissection, imaging protocols differed among 
centers. This might have led to misclassification. In addition, IRAD is 
an observational study in aortic centers with a special interest in aortic 
disease and therefore the results cannot be generalized for any com-
munity hospital. Because of the retrospective character of the registry, 
we could not analyze the differences in severity of complications and 
their influence on the outcome completely. Another limitation was the 
loss of patients for follow-up. This is probably due to the large cohort 
size and the fact that IRAD is a multicenter registry, and it is challenging 
to collect long-term follow-up data from all contributing aortic centers 
around the world. Some centers’ IRBs have not allowed follow-up. For 
others, patients are typically sent back to their referring physicians and 
are not followed by the IRAD center.
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In conclusion, RAE involves up to 16% of patients with acute type B 
dissection. These patients, with a proximal entry tear in the descending 
aorta and RAE, did not present more often with complicated dissection 
compared to those with classic acute type B dissection, nor did their 
management strategy and early or late mortality differ significantly. 
These findings suggest that patients presenting with acute type B dis-
section with RAE might be treated in a similar fashion to those with type 
B dissection without RAE.
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Abstract
Objective
To provide data on management and outcomes of patients with acute 
retrograde aortic dissection (AD) originating from a tear in the descend-
ing aorta with extension into the aortic arch or ascending aorta.

Methods
All patients enrolled in the International Registry of Acute Aortic Dissec-
tion from 1996 through 2015 were reviewed. Retrograde AD was defined 
by primary tear in the descending aorta with proximal extension into 
the arch or ascending aorta. Primary end-points were in-hospital man-
agement strategy and mortality.

Results
We identified 101 retrograde AD patients (67 men; 63.2±14.0 years). 
During index hospitalization, medical (MED), open surgical (SURG) and 
endovascular (ENDO) therapies were undertaken in 44, 33, and 22 pa-
tients, respectively. The SURG group presented with larger ascending 
aorta (P=.04) and more frequent ascending aortic involvement (81.8% 
vs. 22.7%; P<.001) compared with the MED and ENDO groups. Early 
mortality was 9.1%, 18.2%, and 13.6%, for the MED, SURG and ENDO 
groups (P=.51). A favorable early mortality was observed in patients 
with retrograde extension limited to the arch (8.6% [5/58]) versus into 
the ascending aorta (18.6% [8/43], P=.14). Early mortality of patients 
with retrograde AD with primary tear in the descending aorta (12.9%) 
was significantly lower than those with classic type A AD presenting 
with primary tear in the ascending aorta (20.0%, n=977, P=.001).

Conclusions
A subset of patients with acute retrograde AD originating from primary 
tear in the descending aorta might be managed non-operatively with 
acceptable in-hospital results, particularly among those with proximal 
extension limited to the arch.
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Background
Consensus is lacking on optimal management of patients presenting 
with an intimal tear in the descending aorta and spontaneous retro-
grade extension into the aortic arch or ascending aorta. Management 
of patients with aortic dissection (AD) limited to the descending aorta, 
defined as Stanford type B AD or DeBakey type III AD, has shifted 
towards an endovascular approach which has improved outcomes 
considerably.1,2 Conversely, for patients with a tear and dissection in 
the ascending aorta (type A AD or type I and II AD), urgent surgical 
repair is recommended.3,4 Yet, AD may also originate from an intimal 
tear in the descending aorta with retrograde dissection extending in 
the ascending aorta or confined to the arch. AD classifications do not 
specify for these subtypes of dissection.5,6 Retrograde dissection into 
the ascending aorta with primary entry site in the descending aorta 
has been referred to as retrograde type A AD (retro-A AD), with an 
incidence of about 9% of all acute ADs.7 Current practice guidelines 
consider this entity as type A AD, indicating the need for urgent surgi-
cal repair.3,4 However, patients presenting with acute retro-A AD might 
be associated with more favorable prognosis than those presenting 
with classic acute type A AD, in particular when the false lumen of the 
ascending aorta is thrombosed.7,8 These patients are described often 
clinically stable and might benefit from more conservative manage-
ment strategies. Such an approach could be more beneficial in those 
patients in whom open surgical repair of both proximal and distal aortic 
lesions is technically challenging and carries greater surgical risks.7–9 A 
conservative approach consisting of initial medical management with 
timed surgical repair in selected patients with retro-A AD has been 
suggested to offer acceptable clinical outcomes compared to urgent 
surgical therapy.7,8 Nevertheless, the few reports on this entity included 
limited sized cohorts and did not comprise endovascular repair as initial 
treatment modality. In addition, specific treatment recommendations 
of patients with retrograde dissection originating from the descend-
ing aorta with extension confined to the arch (distal to the innominate 
artery) remain undetermined, although a conservative approach has 
been reported.10,11 In short, there is a need for more data on these dif-
ferent types of retrograde dissection and their optimal management 
strategies, as also stated in current guidelines.4 This study sought to 
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compare management outcomes of acute retrograde AD originating 
from primary entry tear in the descending aorta extending into the 
ascending aorta or limited to the arch, with the exclusion of patients 
with prior aortic surgery or endovascular repair.
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Methods
The International Registry of Acute Aortic Dissection (IRAD) is a multi-
national registry designed for stratification of patients with an acute AD 
to optimize treatment strategy. Full details of the IRAD methods have 
been published previously.12 Institutional review board approval was 
obtained for each center, with the need for informed consent determined 
independently by the ethics board at each center. The authors had full 
access to the data and take responsibility for its integrity. All authors 
have read and agreed to the manuscript as written.

Study population
We analyzed data on all patients with acute AD, defined as any non-
traumatic dissection presenting within 14 days of symptom onset,6 
enrolled in IRAD between January 1, 1996 and March 1, 2015 (35 
centers). Patients were included prospectively at presentation or retro-
spectively via discharge diagnoses, imaging, and hospital databases. 
Only patients with a classic aortic dissection were included, which had 
to be confirmed with an entry tear on imaging, surgical visualization, 
or on autopsy, excluding those with only an intramural hematoma. 
Of these, we identified all patients who presented with retrograde AD 
from primary entry tear in the descending aorta. This was defined as the 
presence of proximal entry tear in the descending aorta with retrograde 
dissection extension into the ascending aorta (zone 0) or limited to the 
arch (zone 1or 2, Figure 1).13,14 Patients with multiple entry tears (1.8% of 
total patients encountered in IRAD) were excluded from this study as it 
was uncertain where the most proximal entry tear was located in these 
patients.

Subject patients were divided in three groups based on management 
strategies, namely medical (MED), surgical (SURG) or endovascular 
(ENDO) treatment. In addition, separate analysis was conducted to 
compare management and outcomes for those with retrograde AD 
involving the ascending (zone 0) versus the aortic arch (zone 1-2).

Data collection
Data on 434 variables were recorded on a standardized form that includ-
ed information on patient demographics, history, clinical presentations, 
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physical findings, imaging study results, details of medical and surgi-
cal treatment, and patient outcomes including mortality. Data forms 
were reviewed for internal consistency and validity and then scanned 
electronically into an Access database. Imaging was interpreted at each 
patient’s respective tertiary care center by specialized cardiovascular 
surgeons, radiologists and echocardiographers and entered into the 
data form. Spiral computed tomography, transesophageal echocar-
diography, magnetic resonance imaging, and/or angiography imaging 
was obtained. At each enrolling hospital, study investigators obtained 
approval from their ethics or institutional review board to participate in 
IRAD and its follow-up study.

B CA

Figure 1. A, Retrograde AD originating from a primary entry tear in the descend-
ing aorta distal to the left subclavian artery. B, Example of computed tomogra-
phy showing an acute retrograde AD originating from a tear in the descending 
aorta with extension into the visceral segment. C, The different types of retro-
grade dissection extension with variable extension according to the Ishimura 
classificationl31 and to Khoynezhad et al.13–14 (distal to the innominate artery, 
zone 0) or limited to the aortic arch (most proximal extension between the in-
nominate artery and the left common carotid artery, zone 1, or most proximal 
extension between the left common carotid artery and the left subclavian ar-
tery, zone 2). 0prox, indicates the proximal segment of zone 0; and 0dist, the 
distal segment of zone 0 involving the aortic root.
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Statistical analysis
Categorical variables are presented as frequencies and continuous 
variables as mean±standard deviation for normally distributed data or 
median and Q1-Q4 for variables with skewed distributions. In all cases, 
missing data were not defaulted to negative and denominators reflect 
only cases reported. The Chi-squared test or two-sided Fischer exact test 
were used for comparing categorical variables where appropriate. The 
Student t-test was used for comparing continuous variables between 
different groups. Variables were reviewed a priori for clinical relevance 
before further analysis. All P values are two-sided and a P-value <.05 
was considered statistically significant. Data analysis was performed 
with the use of SPSS statistical analysis software (IBM SPSS Version 
22.0, IBM Corp., Armonk, NY).
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Results
Baseline and Imaging Characteristics
A total of 1433 patients met the enrollment criteria with an identified 
primary entry tear, of which 101 patients (7.0%) presented with retro-
grade AD (age, 63.2±14.0 years; 66.3% males). Table 1 summarizes the 
baseline demographics and past medical histories in the MED, SURG 
and ENDO groups. The vast majority of patients were identified using 
CT-imaging. In 9.9% of patients, an additional TEE was performed to 
identify the site of entry tear (Table 2). Medical, surgical and endovascu-
lar treatments were undertaken in 44, 33 and 22 patients, respectively, 
in addition to two patients who underwent hybrid therapy. None of the 
patients had a history of aortic surgery or endovascular repair. Patients 
in the MED group were older and more frequent female compared to 
the other two groups, while prior aortic aneurysm was most common 
in the SURG group (Table 1). Clinical presentations were similar among 
the three groups of patients with regard to characteristics of symptoms, 
major neurologic deficits as well as hemodynamic compromises (Table 
2). However, patients in the ENDO group presented more often with 

Table 1. Demographics and Patients History.

Variable MED SURG ENDO P value

N (%) 44 (44.4) 33 (33.3) 22 (22.2)

Demographics

Age, y 67.8 ± 12.5 59.3 ± 14.1 60.7 ± 15.3 .02

Female (%) 21 (47.7) 8 (24.2) 5 (22.7) .04

Marfan syndrome (%) 0 (0.0) 2 (6.1) 1 (4.5) .24

Hypertension (%) 34 (79.1) 28 (84.8) 20 (90.9) .46

Atherosclerosis (%) 14 (32.6) 8 (24.2) 8 (36.4) .59

Prior aortic aneurysm (%) 3 (7.0) 8 (24.2) 0 (0.0) .01

Prior aortic dissection (%) 0 (0.0) 2 (6.1) 1 (4.5) .23

Diabetes mellitus (%) 3 (6.8) 4 (12.1) 1 (4.5) .64

History of cocaine abuse (%) 1 (2.3) 2 (6.1) 3 (13.6) .16

Family history of aortic disease (%) 1 (4.0) 0 (0.0) 2 (14.3) .24

Prior cardiac surgery (%) 2 (4.5) 0 (0.0) 2 (9.1) .20

MED, medical management group; SURG, surgical management group; ENDO, 
endovascular management group.
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limb ischemia (27.3%, P=.004) and four patients in the SURG group 
presented with cardiac tamponade, while this was not observed in the 
MED or ENDO groups (P=.02). Involvement of the ascending aorta was 
more common in the SURG group (81.8%, P<.001) including the aortic 
root (54.5%, P<.001). In addition, the SURG group presented with larger 
ascending aortic diameter (Table 2).

Table 2. Clinical Presentation, Signs, and Diagnostic Imaging Results.

Variable MED SURG ENDO P value

Clinical presentation and signs

Abrupt onset of pain (%) 38 (92.7) 29 (87.9) 21 (95.5) .58

Back pain (%) 30 (71.4) 22 (71.0) 16 (72.7) .99

Major neurologic deficit (coma, 
CVA, SCI, %)

3 (7.1) 3 (9.1) 1 (4.5) .89

Limb ischemia (%) 1 (2.4) 1 (3.3) 6 (27.3) .004

Syncope (%) 1 (2.4) 2 (6.2) 1 (4.8) .81

Shock (%) 1 (2.4) 2 (6.1) 1 (5.0) .67

Pleural effusion (%) 6 (18.8) 1 (6.2) 2 (14.3) .56

First diagnostic imaging modality

Computed tomography (%) 36 (85.7) 26 (78.8) 19 (86.4) .67

Transesophageal 
echocardiography (%)

4 (9.5) 5 (15.2) 1 (4.5) .44

False lumen patency

Patent (%) 10 (27.0) 14 (60.9) 9 (45.0) .03

Partial thrombosis (%) 25 (67.6) 9 (39.1) 8 (40.0) .04

Complete thrombosis (%) 2 (5.4) 0 (0.0) 3 (15.0) .11

Arch vessel involvement (%) 7 (17.5) 8 (29.6) 3 (14.3) .44

Pericardial effusion (%) 5 (11.9) 9 (29.0) 2 (9.1) .10

Cardiac tamponade (%) 0 (0.0) 4 (12.9) 0 (0.0) .02

Aortic Diameters (Median – IQR, cm)

Aortic sinus 3.6 (3.5-4.0) 3.9 (3.4-4.5) 3.4 (3.0-3.7) .01

Aortic annulus 2.5 (2.3-3.3) 3.2 (2.3-4.0) 2.6 (2.4-3.0) .59

STJ 3.4 (2.8-3.6) 3.8 (3.1-4.4) 3.0 (2.7-3.4) .048

Tubular ascending aorta 4.0 (3.5-4.5) 4.5 (3.6-5.0) 3.6 (3.2-4.3) .04

Arch 4.0 (3.3-4.3) 3.7 (3.1-4.0) 3.5 (3.0-3.9) .08

Descending aorta 4.0 (3.7-4.6) 3.7 (3.3-5.3) 3.6 (3.3-4.0) .11

MED, medical management group; SURG, surgical management group; ENDO, 
endovascular management group. CVA, cerebrovascular accident; SCI, spinal 
cord ischemia; STJ, sinotubular junction.
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Cardiopulmonary bypass strategies included deep hypothermic circula-
tory arrest in 26 (78.8%) and cerebral perfusion in 19 SURG patients 
(57.6%). The majority of surgically managed patients (81.8%) had 
replacement of the ascending aorta, including partial arch repair in 
(30.3%) and complete arch repair (18.2%), while the remainder (18.2%) 
underwent replacement of the descending aorta. Full details on surgi-
cal and endovascular strategy are described in the online-only Data 
Supplement Tables 1 and 2.

Management Outcomes
Overall, in-hospital outcomes are summarized in Table 3. Early (30-day 
or in-hospital) mortality rates of the MED, SURG and ENDO groups 
were 9.1%, 18.2%, and 13.6%, respectively, P=.51. No differences in early 
morbidity were observed, including major neurological deficits (P=.89) 
and visceral ischemia (P=.81). The two patients who were managed with 
a hybrid approach survived and were discharged uneventfully.

Table 3. In-hospital Outcomes.

Variable MED SURG ENDO P value

Overall mortality (%) 4 (9.1) 6 (18.2) 3 (13.6) .51

Major neurologic deficit (coma, CVA, or SCI, %) 3 (7.1) 3 (9.1) 1 (4.5) .89

Myocardial ischemia (%) 0 (0.0) 2 (8.0) 1 (9.1) .18

Mesenteric ischemia/infarction (%) 1 (2.4) 2 (6.5) 1 (4.5) .81

Acute renal failure (%) 5 (12.2) 7 (22.6) 5 (22.7) .43

Extension of dissection (%) 1 (2.4) 3 (9.7) 3 (13.6) .17

Cause of death

Visceral ischemia 0 (0.0) 1 (16.7) 0 (0.0) 1.00

Aortic rupture 3 (75.0) 2 (33.3) 1 (33.3) .49

Multi-organ failure 1 (25.0) 0 (0.0) 1 (33.3) .27

Cardiac 0 (0.0) 1 (16.7) 0 (0.0) 1.00

MED, medical management group; SURG, surgical management group; ENDO, 
endovascular management group. CVA, cerebrovascular accident; SCI, spinal 
cord ischemia.
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Presentation, Management and Outcomes in Acute Retrograde AD 
into zone 0 versus zone 1-2
Significant differences of clinical presentation and signs, for patients 
with retrograde AD into zone 0 versus zone 1-2 are listed in Table 4. 
Patients with retrograde AD into zone 0 did not present more frequently 
with a major neurologic deficit (coma, cerebrovascular accident (CVA), 
or spinal cord ischemia (SCI), 7.5% vs. 3.6%, P=.65). Patients with 
retrograde AD involving zone 0 were more often managed with open 
surgical repair (81.8%) than patients with retrograde AD limited to zone 
1-2 (18.2%, P<.001), while the latter were more frequently managed with 
medical (72.7% vs. 17.3%, P=.006) or endovascular management (86.4% 
vs. 13.6%, P=.003).

No patient with retrograde AD confined to zone 1-2 showed early retro-
grade dissection extension into zone 0. A favorable in-hospital mortality 
was observed in patients with retrograde dissection limited to zone 
1-2 (8.6%) versus into zone 0 (18.6%, P=.14). In the patients who had 
retrograde AD with ascending aortic involvement (n=43), early mortal-
ity rates were 16.7%, 22.2% and 0.0% in the MED, SURG and ENDO 

Table 4. Comparison between retrograde AD into zone 0 vs. zone 1-2.

Variable Zone 0 Zone 1-2 P value

N (%) 43 58

Clinical presentation

Pericardial effusion (%) 14 (35.9) 2 (3.6) <.0001

Cardiac tamponade (%) 4 (9.8) 0 (0.0) .03

Murmur of aortic insufficiency (%) 11 (27.5) 5 (9.4) .02

Management

Medical (%) 12 (27.3) 32 (72.7) .006

Surgery (%) 27 (81.8) 6 (18.2) <.0001

Endovascular (%) 3 (13.6) 19 (86.4) .003

Hybrid (%) 1 (2.4) 1 (1.8) 1.00

Mortality (%) 8 (18.6) 5 (8.6) .14

Medical group (%) 2 (16.7) 2 (6.3) .30

Endovascular group (%) 0 (0.0) 3 (15.8) 1.00

Surgical group (%) 6 (22.2) 0 (0.0) .56

Hybrid group (%) 0 (0.0) 0 (0.0) 1.00
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groups, respectively (P=.63). In patients with retrograde AD limited to 
zone 1-2 (n=58), no significant differences in early mortality (P=.37) were 
observed between the MED (6.3%), SURG (0.0%) and ENDO (15.8%) 
groups. Three patients with retrograde AD involving zone 0 were man-
aged with stent-grafting, which all survived the in-hospital stay.

Comparative Presentations and Outcomes between Retrograde, Type 
A, and Type B Acute AD
Patients with spontaneous acute retrograde AD presented more fre-
quently with a history of hypertension (84.0%) than patients with type 
A (72.2%) or type B dissection (80.6%, P=.001). Moreover, a history of 
cocaine abuse was more common among patients presenting with 
acute retrograde AD from an entry tear in the descending aorta (6.9%) 
than among type A (1.0%) or type B dissection (1.8%, P<.001) patients. 
Increasing diameter of the aortic arch was independently associated 
with retrograde AD when compared to type B dissection (OR 3.1; 95% 
CI, 3.1 to 3.7; P<.001).

In-hospital mortality of patients with retrograde AD (12.9% [13/101]) 
was similar to those with type B AD (11.5% [41/355], P=.72) but was 
significantly lower than those with type A AD (20.0% [195/977], P=.001). 
In addition, major neurological complications (coma, CVA, or SCI) were 
more often observed in patients with acute type A AD (19.1%) compared 
to acute retrograde AD (7.1%) and acute type B AD (8.4%, P<.001).

Predictors of In-hospital Mortality
After adjustment for age, gender, and comorbid conditions, neither 
acute retrograde AD confined to the arch or extending into the ascend-
ing aorta were predictors of in-hospital death in patients with acute type 
B dissection (Hosmer-Lemeshow P=.998 and C-statistic=.643). Hypoten-
sion or shock at presentation (OR 6.2; 95% CI, 2.4 to 15.9; P<.001), and 
murmur of aortic insufficiency at presentation (OR 2.7; 95% CI, 1.1 to 
6.3; P=.03), were both independent predictors of in-hospital death.
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Discussion
Our analysis on 101 patients with spontaneous acute retrograde AD 
originating from an entry tear in the descending aorta suggests that 
selected patients may be managed with a non-operative approach, in 
particular if the dissection is limited to the aortic arch. Patients with 
acute retrograde AD were associated with better early mortality and 
less major neurological complications than those with classic acute 
type A AD. These findings support earlier studies that reported better 
outcomes for patients with acute retro-A AD compared to acute type 
A AD.7,8 In our cohort, patients presenting with acute retrograde AD 
complicated by cardiac tamponade, dilated ascending aorta, a history 
of aortic aneurysm, patent false lumen, or dissection involvement of the 
ascending aorta, were still more likely to undergo open surgical repair. 
Additionally, our data underlines the importance of retrograde involve-
ment of the ascending aorta compared to retrograde dissection limited 
to the arch, since these patients tended to have higher mortality rates.

Incidence of Retrograde AD and Predictors of Mortality
Acute retrograde AD from primary entry tear in the descending aorta 
is not rare, with an overall incidence of 7% within IRAD. Since the out-
comes and optimal management strategy of acute retrograde AD may 
differ considerably from acute type A AD, it is important to understand 
its pathophysiology and presentation. Retrograde AD may develop 
spontaneously or as complication of thoracic endovascular aortic repair. 
The latter has been widely reported and remains a feared complication 
of thoracic stent-grafts, in particular in patients treated for AD, due to a 
fragile aortic wall.15–17 But, little is known about the pathophysiology of 
spontaneous acute retrograde AD.

Hypertension might play a causal role in retrograde AD by triggering 
retrograde flow through the primary intimal tear with dissection flap 
extension towards the ascending aorta as result. In our cohort, hyper-
tension at presentation and a history of cocaine abuse, which is known 
to be causatively related with acute hypertension18 and AD,19 were most 
common among patients with spontaneous acute retrograde AD when 
compared to patients with type A or type B dissection. Partial false lu-
men thrombosis was also most frequently observed in retrograde AD 
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patients. Such an observation could be explained accordingly to the 
concept that partial false lumen thrombosis might increase the pres-
sure in the false lumen.20

In our analysis, acute retrograde AD, both confined to the arch or 
extending into the ascending aorta, did not independently predict in-
hospital mortality. Hypotension or shock, and murmur of aortic insuf-
ficiency were independent predictors of in-hospital death. This may be 
explained by the critical status of patients in shock and that a murmur 
of aortic insufficiency most likely indicates aortic root and/or cardiac 
involvement.

Management Outcomes
In our cohort, promising outcomes were observed for selected pa-
tients treated with medical therapy or endovascular repair as primary 
management strategy (Figure 2). Early mortality rates for the MED and 
ENDO groups were 9.1% and 13.6%, with major neurological deficits 
in 7.1% and 4.5%, respectively. These non-open operative approaches 
were most often choice of primary management for patients without 
cardiac tamponade, patent false lumen, dilated ascending aorta, and 
false lumen propagation into the ascending aorta. This supports other 
studies that reported beneficial outcomes from a primarily conservative 
approach for patients with stable retro-A AD with thrombosed false lu-
men of the ascending aorta without severe dilatation.7,8 Nevertheless, 
early mortality of patients with acute retrograde AD extending into zone 
0 was 18.6% in our cohort, which is slightly higher than reported by Kaji 
et al (15.0%) and Kim et al (6.1%).7,8 These lower mortality rates might 
be explained by a patient selection bias across the study populations, 
since they reported about a non-operative approach in stable patients 
with thrombosis of the ascending false lumen.7,8 This suggests that a 
selective approach may be advised for these patients.

In our study, early mortality of the SURG patients was 18.2%, slightly 
higher than other studies who reported surgical mortality ranging 
from 8% to 16.7%.8,21,22 However, our surgical cohort presented with 
the highest incidence of preoperative complications, including cardiac 
tamponade and syncope. In such a high-risk setting, operative outcome 
is usually less favorable.
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Figure 2. A, Axial view on computed tomography of the same acute retrograde 
aortic dissection as in Figure 1B, showing the entry tear (*), patent false lumen 
in the descending aorta (white arrow), and completely thrombosed false lumen 
in the ascending aorta (black arrow). B, Axial view showing the dissection ex-
tension in the arch. C, Two months following thoracic endovascular aortic repair 
demonstrates complete thrombosis of the descending aortic false lumen (black 
arrow). D, Coronal view demonstrating the implanted endograft.
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Differently than other studies,7,8 we also compared outcomes of patients 
with acute retrograde AD limited to zone 1-2 to those with dissection ex-
tension into zone 0. Mortality rates of patients with only arch extension 
(8.6%) tended to be lower than retrograde extension into the ascending 
aorta (18.6%, P=.14) and were significantly lower than those presenting 
with classic acute type A AD (20.0%, P=.03). Patients with retrograde AD 
confined to the arch were primarily managed non-operatively, receiv-
ing most frequently medical or endovascular management, while those 
with ascending aortic involvement were more frequently managed 
with open surgical repair. The promising outcomes of retrograde AD 
limited to zone 1-2 reflect earlier studies by Tsai et al and Estrera and 
colleagues.10,11 However, in presence of complications, open surgical 
repair needs to be considered, for whom total arch replacement with 
frozen elephant trunk is associated with beneficial outcomes.23 In our 
cohort, only two patients were managed with such a hybrid approach. 
The dissection involved the ascending aorta in one patient and was 
limited to the arch in the other. Both patients were free of in-hospital 
mortality or neurological complications, in according to other experi-
ences that showed good outcomes.22,24–26

Classification of Retrograde AD
Classifications schemes do not clearly stratify dissections originating 
from a primary entry tear in the descending aorta, extending into the 
ascending aorta or limited to the arch. However, these subtypes of 
AD are not uncommon and their identification has important clinical 
consequences with potential management implications. Our data, in 
addition to a current review of the literature,27 shows that patients with 
acute retrograde AD limited to the arch tend to show better outcomes 
than those with dissection extension into the ascending aorta, and are 
associated with significant better outcomes than patients with classic 
type A dissection. We therefore suggest to better stratify AD patients 
with proximal entry tear in the descending aorta with retrograde exten-
sion as retro-Asc and retro-Arch AD. Such a simple modification would 
enable clear communication between physicians. More specifically, 
we suggest to use the classifications proposed by Ishimura et al28 and 
Khoynezhad et al13,14 depicted in Figure 1B: type 2 and 1 include retro-
Arch dissections, while type 0 represents retro-Asc dissection. Such 
proximal aortic involvement may include the aortic root causing acute 
aortic regurgitation, for which emergent surgical repair is needed.3,4,7 
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The distal zone 0 patients, however, maybe managed depending on 
patient’s presentation. Optimal management recommendations of 
these different new analyzed subtypes of retrograde AD remain to be 
determined. Recent endovascular techniques for treating arch and as-
cending AD (distal zone 0) have been reported,29–32 however its feasibil-
ity in a large cohort of AD patients and mid-term usefulness need to be 
validated.

Limitations
Several considerations are important to take into account when 
interpreting the results of this analysis. IRAD is built on a voluntary 
participation; therefore, our data is limited to sites that are involved in 
the care of patients with acute AD. In addition, the participating centers 
are tertiary referral centers. As a result, our findings may not reflect 
management or represent patients treated and followed at community 
hospitals. There is no central laboratory to review images, and all data 
relies on the local investigators for reporting patient findings at their 
institutions. Moreover, most of the data regarding patient history and 
physical examination findings are obtained by retrospective chart re-
view. Furthermore, to avoid potential follow-up bias, we did not include 
long-term analysis since the follow-up rate was too low for an unbiased 
representation (40% for 3-year follow-up and 42% for 5-year follow-up). 
Analysis regarding thrombotic status of the false lumen was not in-
cluded, because our datasheet does not provide stratification per aortic 
section, such as the ascending aorta, the aortic arch, or the descending 
aorta. Lastly, we were not able to analyze data on the type of spiral 
computed tomography (helical or multiple detector) scanner used since 
this was not included in the data form. This might have influenced imag-
ing findings from patients included in an early study stage.
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Conclusions
Acute retrograde AD originating from a tear in the descending aorta 
is not a rare entity, involving about 7% of all acute ADs. The operative 
outcomes of these patients are better than those with classic acute type 
A AD, especially when the dissection is confined within the arch. There-
fore, a selective approach is recommended, as a subset of patients 
with acute retrograde AD can be managed without open surgery with 
acceptable in-hospital outcomes.
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Supplemental Table 1. Details of surgical repair.

Variable SURG

Cerebral perfusion (%) 19 (57.6)

Hypothermic circulatory arrest (%) 26 (78.8)

Circulatory arrest time (Median – IQR, min) 40.0 (25.5 – 70.5)

Re-operation (%) 0 (0.0)

Replacement of root (%) 6 (18.2)

Replacement of ascending/arch (%) 27 (81.8)

Partial arch (%) 10 (30.3)

Complete arch (%) 8 (18.2)

Descending aorta (%) 6 (18.2)

Open placement of stent-graft in descending thoracic aorta (%) 3 (9.1)

Open visceral segment fenestration (%) 1 (3.0)

Open AAA repair (%) 2 (6.1)

Peripheral vascular surgery (%) 1 (3.0)

Aortic valve surgery (%) 3 (9.1)

Mitral valve surgery (%) 0 (0.0)

CABG (%) 4 (12.1)

AAA, indicates abdominal aortic aneurysm; and CABG, coronary artery bypass 
graft.

Supplemental Table 2. Details of endovascular treatment.

Variable ENDO

Dissection flap fenestration (%) 7 (31.8)

Descending thoracic aortic stent graft (%) 6 (27.3)

SMA stent (%) 2 (9.1)

Renal artery stent (%) 3 (13.6)

Iliac artery stent (%) 3 (22.7)

SMA, indicates superior mesenteric artery.
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Abstract
Objectives
Reference values of aortic deformation during the cardiac cycle can 
be valuable for preoperative planning of thoracic endovascular aortic 
repair (TEVAR) and for facilitating computational fluid dynamics. We 
aimed to quantify normal aortic extensibility (longitudinal extension) 
and distensibility (radial expansion), as well as pulsatile strain, in a 
group of 9 elderly (>60 yo) individuals.

Methods
ECG-gated CT images of the thoracic aorta of elderly individuals were 
reconstructed into virtual 3D-models of aortic geometry. Center lumen 
line length of the thoracic aorta and three longitudinal segments, and 
the aortic diameter and luminal areas of four radial intersections were 
extracted with a dedicated software script to calculate extensibility, 
longitudinal strain, distensibility, and circumferential area strain.

Results
Mean extensibility and longitudinal strain of the entire thoracic aorta 
were 8.7±7.7 x 10-3 N-1, and 5.7±3.4%, respectively. Extensibility and 
longitudinal strain were most pronounced in the ascending aorta 
(73.5±95.9 x 10-3 N-1 and 35.4±26.7%) and smallest in the aortic arch 
(2.8±3.7 x 10-3 N-1 and 2.0±3.2%). Mean distensibility and circumfer-
ential area strain were most pronounced at the sinotubular junction 
(2.1±1.1 x10-3 mmHg-1 and 12.5±5.2%, respectively). Distensibility 
varied between 0.9±0.5 x10-3 mmHg-1 and 1.4±1.1 x10-3 mmHg-1 at the 
intersections in the aortic arch and descending aorta.

Conclusions
Pulsatile deformations in both longitudinal and circumferential direc-
tions are considerable throughout the aged thoracic aorta. These find-
ings have implications for preoperative planning of TEVAR and highlight 
the need for devices that can mimic the significant aortic longitudinal 
and circumferential strains.
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Introduction
Clinical success of thoracic endovascular aortic repair (TEVAR) depends 
partly on correct sizing of the stent-graft. Mis-sizing may lead to stent-
graft related complications such as type I endoleaks, retrograde or ante-
grade dissection, stent-graft migration or collapse.1–4 Dynamic imaging 
is important in order to correctly assess the conformational changes 
of the aorta over the cardiac cycle. ECG-gated computed tomography 
(CT) and magnetic resonance imaging (MRI) have been widely used in 
various aortic pathologies,5–8 with good accuracy due to high resolution 
and tissue contrast. Using such imaging modalities, the quantification 
of aortic distensibility most accurately assesses aortic stiffness as it 
takes the load (i.e. pulse pressure) into account, on which deformations 
greatly depend.9 This is important as aortic stiffening is a known predic-
tor of cardiovascular disease and death.10–14 Moreover, quantification of 
aortic distensibility has been reported to have important value for pre-
operative planning.15 Local aortic wall stress can also be derived from 
estimates of aortic stiffness and measured aortic strain.16 Most studies 
thus far have been limited however to examining the circumferential 
strain experienced by the aorta and distensibility but have neglected 
the significant longitudinal strain experienced by the aorta over the 
cardiac cycle.11

We present a computer-aided, semiautomatic measurement method 
to measure aortic dimensions during the cardiac cycle, based on ECG-
gated CT imaging of the thoracic aorta of elderly individuals unaffected 
by thoracic aortic disease or connective tissue disorder. We aimed to 
quantify aortic distensibility (radial expansion) and circumferential 
strain as well as aortic extensibility (longitudinal extension) and longi-
tudinal strain in this aged population.
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Methods
Study population and image acquisition
Images were retrospectively selected from a group of abdominal aor-
tic aneurysm patients (ages > 60 yo) who underwent ECG-gated CTA 
imaging of the entire aorta at the University Medical Center Utrecht, 
the Netherlands, in 2014. Exclusion criteria were thoracic aortic disease, 
connective tissue disorder, or prior aortic surgery. Brachial blood pres-
sures at the time of imaging were also collected. The study protocol was 
evaluated by the local ethical review board and formal approval and 
informed consent was waived.

Imaging was performed using a 64-row multi-slice CT scanner (Philip 
Medical Systems, Best, The Netherlands) with a standardized acquisition 
protocol (slice thickness 0.9 mm, increment 0.7 mm) using 90-150 mL of 
intravenous nonionic contrast (Iopromide, Schering, Berlin, Germany) 
injected at 6 mL/s, followed by a 60-mL saline chaser bolus. Scanning 
started using bolus-triggering software with a threshold of 100 HU over 
baseline. Eight equally-spaced phases were acquired over the cardiac 
cycle for each patient.

Image processing and 3D-geometric analysis
Eight three-dimensional segmentations of the aortic luminal boundary 
were created from the dynamic CT-data using the ITK-Snap software17 
for each patient. Next, the Vascular Modeling Toolkit libraries18,19 were 
used to extract aortic centerlines for each phase. After manual desig-
nation of the proximal and distal ends of the aortic segmentation, the 
libraries automatically create a center lumen line from sinotubular junc-
tion to celiac bifurcation.

Each center lumen line was divided into three different regions (as-
cending aorta, aortic arch and descending aorta, Figure 1a). Reference 
cross-sections perpendicular to the center lumen lines were defined 
at anatomical landmarks at the sinotubular junction, brachiocephalic 
trunk, left subclavian artery and celiac artery (Figure 1b).
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Statistical analysis
All data are presented as mean ± standard deviation (SD) or mean 
[range] where applicable. Data were analysed with SPSS 23.0 (SPSS, 
Chicago, IL, USA).Statistical analyses of differences between systolic 
and diastolic aortic diameters, areas, and lengths were performed using 
the Student t-test for paired data, and the Independent-Samples t-test. 
Normal distribution of the data was assessed by skewness and kurtosis 
Z-values between -1.96 and 1.96, the Shapiro-Wilk test p-value > 0.05, 
and visualization of approximately normally distributed data with 
histograms. Multivariable linear regression analysis was performed to 
investigate the effect of age, sex, smoking status, and diabetes on strain, 
distensiblity and extensibility. All p-values < 0.05 were considered sta-
tistically significant. Differences in the 3D segmentation of the different 
phases of the CTA data can lead to significant differences in the defini-
tion of the lumen boundaries. Furthermore, the manual designation of 
the proximal and distal ends of the aortic lumen boundaries can lead 
to differences in the definition of center lines and cross sectional areas. 
To assess this potential variability, 3D segmentations and centerlines 
were obtained for all cardiac phases of one subject, all measurements 
were calculated twice, thereby providing a measure of intra-observer 

Figure 1. Longitudinal segments and radial intersections of the thoracic aorta 
delineated by anatomical landmarks, i.e. the sinotubular junction and center-
line bifurcations of the brachiocephalic trunk, left subclavian artery, and celiac 
trunk. Also included are the average values of regional extensibility (1a) and 
distensibility (1b) for the study population.
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variability. Bland-Altman plots were created and Lin’s Concordance 
Correlation Coefficient (LCCC) was calculated. An LCCC of >0.99 was 
considered as almost perfect agreement, 0.96-0.99 as substantial agree-
ment, 0.90-0.95 as moderate agreement, and <0.90 as poor agreement.

Extensibility and distensibility
Circumferential and longitudinal deformations were quantified. Stan-
dard definitions10,11 of circumferential and longitudinal strain were used:

circumferential area strain = 
maximum lumen area − minimum lumen area

* 100
mean lumen area

longitudinal strain =
maximum aortic length − minimum aortic length

* 100
mean aortic length

Additionally, the standard definition10,11 of distensibility was also used 
to characterize the circumferential deformation:

distensibility =
maximum lumen area − minimum lumen area

minimum lumen area * pulse pressure

In the longitudinal direction, a formal definition of extensibility is need-
ed. Changes in aortic length can be understood as the result of a force 
pulling up and down the proximal end of the aorta. This force can be 
approximated as the product of blood pressure times aortic inlet cross 
sectional area. Considering this, the following definition of extensibility 
is proposed:

extensibility =
maximum aortic length − minimum aortic length

minimum aortic length * pulse pressure * inlet area

Pulse pressure was calculated as the difference between systolic and 
diastolic pressure.
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Results
Mean age was 75±8 years, mean pulse pressure was 65±10 mmHg. 
Smoking status, diabetes, and gender are listen in Table 1.

Table 1. Study population

ID Sex Age,
years

Smokinga Diabetes Brachial blood
pressure, mmHg

1 M 66 Yes No 137/78

2 M 86 No No 140/60

3 F 89 No No 136/81

4 F 83 No No 148/72

5 M 72 No Yes 170/90

6 M 68 Yes No 162/98

7 M 76 Yes No 133/70

8 M 75 Yes Yes 125/69

9 F 67 No No 117/62

aSmoking status was defined as “yes” if patient was an active smoker at the 
time of investigation.

Aortic lengths, longitudinal strain, and extensibility
Aortic lengths, extensibility, and longitudinal strain are listed in Table 2. 
Mean length of the entire thoracic aorta varied from 325.5 mm during 
diastole to 344.4 during systole.

Mean extensibility for the three aortic segments is shown in Figure 1a. 
There was significant variation between the three different segments 
(p<0.01); most pronounced extensibility was observed in the ascending 
aorta. Gender, age, smoking status, or diabetes did not have a signifi-
cant association with extensibility, neither segmentally, nor in the entire 
aorta. Mean longitudinal strain of the entire thoracic aorta amounted to 
5.7%, with significant variations among the three different segments 
(p<0.01); it was most pronounced in the ascending aorta and smallest 
in the descending aorta (see Table 2). There was no significant effect of 
gender, age, smoking status, or diabetes on longitudinal strain of the 
entire thoracic aorta or any of its longitudinal segments.
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Aortic diameters, areas, and distensibility
Diastolic and systolic diameters, lumen areas, distensibility and circum-
ferential area strain are listed in Table 3. Systolic thoracic aortic diameter 
ranged from 34.0 – 41.2 mm at the sinotubular junction to 25.6 – 34.1 mm 

Table 2. Aortic length, longitudinal strain, and extensibility of four longitudinal 
segments.

Systolic
length,
mm

Diastolic
length,
mm

Length
change,
mm

Extensibility,
x10−3 N−1

Longitudinal
strain, %

Total thoracic aorta 344.4
±28.5

325.5
±27.6

18.9
±10.5

8.7
±7.7

5.7
±3.4

Ascending aorta 52.8
±12.5

37.9
±13.4

15.0
±10.5

73.5
±95.9

35.4
±26.7

Aortic arch 49.6
±4.7

48.6
±4.8

0.9
±1.5

2.8
±3.7

2.0
±3.2

Descending aorta 242.0
±19.3

239.2
±17.1

2.8
±4.0

3.2
±5.9

3.6
±4.1

Data presented as mean (±standard deviation).
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Figure 2. Mean and standard deviation values of distensibility at sinotubular 
junction (STJ), brachiocephalic trunk (BCT), left subclavian artery (LSA) and ce-
liac trunk (CT). Distensibility at the STJ was statistically larger than at all other 
locations (p=0.007).
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at the celiac bifurcation. Diastolic diameter ranged from 30.3 – 39.6 mm 
at the sinotubular junction to 23.8 – 32.3 mm at the celiac bifurcation. 
Diameter change amounted up to 3 mm for some patients, although 
in other patients, diameter changes were smaller than 0.5 mm at any 
level (including at the sinotubular junction). Mean distensibility, shown 
in Figures 1b and 2, was greatest at the sinotubular junction (p=0.007), 
and was relatively uniform at all other locations (p=1.00). Young age 
was associated with larger distensibility (p=0.04) and circumferential 
area strain (p=0.03) at the sinotubular junction, no correlation was ob-
serverd at the other locations. Gender, smoking status, and diabetes 
were not correlated with distensibility or circumferential area strain at 
any location. Circumferential area strain was greatest at the sinotubular 
junction (p=0.002); differences in other locations were statistically non-
significant.

Intra-observer repeatability
Intra-observer analysis showed a mean difference of 0.9 mm (±3.2) 
(p=0.13), with an LCCC >0.99 (95%CI: >0.99 – >0.99) for length measure-
ments. Mean difference was 5.8 mm² (±27.8) (p=0.25) for area measure-
ments, with an LCCC 0.98 (95%CI: 0.96 – 0.99) and 0.1±0.5 mm (p=0.21) 
for maximum diameter measurements, with an LCCC of 0.99 (95%CI: 
0.97 – 0.99). Figure 3.
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Discussion
The aortic deformations during the cardiac cycle, particularly those in 
the longitudinal direction, have been studied relatively little. In this work, 
we have quantified radial expansion, or distensibility, and longitudinal 
expansion, or extensibility. We propose a new definition of how the lat-
ter should be calculated, based on the physiological principle that the 
changes in length are caused by heart movement pulling the proximal 
end of the aorta up and down. Our main findings show considerable 
deformations in both directions for a cohort of elderly subjects, with 
important variations between individuals. Moreover, we found that the 
largest deformations occur in the ascending aorta.

The clinical importance of defining extensibility and distensibility of the 
thoracic aorta encompasses different areas. Firstly, it serves a purpose 
for preoperative planning of aortic interventions. Typically, stent-graft 
sizing is based on the maximum aortic diameter of the proximal land-
ing zone. Manual measurements of aortic diameters have an error of 
up to 5 mm in the thoracic aorta.20 A computer-aided, semi-automatic 
measurement method may reduce the error.21 Our data show similar 
values of ascending aortic distensibility to those found in studies us-
ing epiaortic echography (during surgery)22 or cine-MRI protocols.11 We 
noted changes in maximum diameter of up to 4.3 mm in the proximal 
descending aorta, which is the most common landing zone. Manual 
measurements would most likely be inadequate at detecting these 
minor changes. Our results of semi-automatic diameter measurements 
show small intra-observer differences, and were thus sufficiently ad-
equate to record diameter changes over the cardiac cycle.

Aortic distensibility of healthy individuals decreases sharply after the 
age of 50,11 a threshold after which most TEVAR procedures are per-
formed. Our data show that, on average, diameter changes are less than 
2 mm in some aortic segments. However, some of our subjects showed 
significant diameter changes of up to 6 mm, despite advanced age. 
Therefore, dynamic preoperative evaluation is indicated prior to TEVAR 
in order to identify those elderly patients with significant distensibility 
and to prevent incorrect stent graft sizing.
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Stent graft sizing comprises not only choosing the correct stent graft 
diameter but also the correct length. Few studies have quantified longi-
tudinal deformations of the thoracic aorta10,23,24 and reference values on 
thoracic aortic extensibility are lacking. Furthermore, increased longi-
tudinal strain has been reported to be an important risk factor of aortic 
dissection,23 which further underlines the importance of quantifying 
normal extensibility. Pulsatile aortic motion, triggered by the combined 
effects of flow and fixation by an anterior ligament, has a twisting pat-
tern. This causes an out-of-plane movement on CT scans and creates 
difficulties in measuring dimensions, length especially, in the proximal 
aorta.25 We have observed considerable length changes in the proximal 
aorta based on ECG-gated CTA images, which are likely to be an under-
estimation of the actual length changes, due to this out-of-plane move-
ment. Therefore, the implications of aortic extensibility for choosing the 
correct stent graft length are the greater, in particular when treating 
aortic lesions which necessitate proximal TEVAR deployment in zone 
0, as has been reported with increasing frequency in the last years.26,27

Furthermore, our findings have a potential impact on future stent graft 
design. TEVAR causes significant biomechanical changes due to a na-
tive aorta-to-stent graft mismatch in distensibility and strain in radial 
and longitudinal directions.28 This mismatch may be related to TEVAR-
related complications such as retrograde type A dissection or stent graft 
induced new entry tears.1,2 Although the current generation of stent 
grafts already offers some amount of conformability to aortic pulsatile 
deformations, computational studies show that the stent material and 
graft material (i.e. nitinol and woven polyester or ePTFE), are still much 
stiffer than native aortic tissue.29,30 Quantification of normal pulsatile 
deformations can be used as a requirement for the next generations 
of stent grafts. Finally, assessing aortic distensibility might not only aid 
physicians, but biomedical engineers as well. For example, this type of 
data can be useful for computational studies,31 which rely on clinical 
input data for the so-called ‘boundary conditions’ of the computational 
models.

A limitation of our study is that peripheral pulse pressure instead of 
central aortic pressure was used to calculate aortic distensibility. The 
thoracic aorta is a predominantly elastic artery, while the brachial ar-
tery is a predominantly muscular artery, which leads to an impedance 



Aortic Extensibility and Distensibility 109

mismatch between the two; however, this mismatch is reduced or even 
reversed at advanced age.32 Therefore, the effect of using brachial blood 
pressure as if it were central aortic pressure will likely be minimal for 
our study population. The small sample size and retrospective design 
are other significant limitations. Future studies involving more patients 
might eventually help to define more precise values of distensibility, 
that can be used as reference values.

In conclusion, we used a semi-automated measurement method 
based on dynamic CTA imaging of the thoracic aorta to quantify aortic 
extensibility, distensibility, and pulsatile strain. This method showed 
considerable deformations throughout the thoracic aorta, with notable 
differences between the ascending and descending aorta. This has im-
plications for preoperative planning of TEVAR, in particular in case of 
proximal stent-graft deployment. Finally, data on aortic dynamics, such 
as presented in this study, highlight the need for devices that can mimic 
the significant aortic longitudinal and circumferential strains.
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Abstract
Thoracic endovascular aortic repair (TEVAR) has evolved into an es-
tablished treatment option for type B aortic dissection (TBAD) since it 
was first introduced two decades ago. Morbidity and mortality have de-
creased due to the minimally invasive character of TEVAR with adequate 
stabilization of the dissection, restoration of true lumen perfusion and 
subsequent positive aortic remodeling. However, several studies have 
reported severe setbacks of this technique. Indeed, little is known about 
the biomechanical behavior of implanted thoracic stent-grafts and the 
impact on the vascular system. This study sought to systematically 
review the performance and behavior of implanted thoracic stent-grafts 
and related biomechanical aortic changes in TBAD patients in order to 
update on current knowledge and future perspectives.
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Introduction
Aortic dissection is the result of a tear in the intimal layer that allows 
blood to flow within the medial layer, creating a flap that divides the 
aorta into a true lumen (TL) and a false lumen (FL). Stanford type B aor-
tic dissection (TBAD) involves the descending aorta only and accounts 
for about one third of all aortic dissections. The estimated incidence of 
TBAD is about 2 per 100,000 persons per year. Risk factors have been 
well described and include hypertension (present in 80% of TBAD pa-
tients),1 advanced age, male gender, and atherosclerosis.2,3 The most 
important risks of TBAD are aortic rupture and malperfusion, associated 
with high morbidity and mortality.4–11

Thoracic endovascular aortic repair (TEVAR) was introduced by Dake 
et al12 in 1994 and has emerged as the preferred management strategy 
for TBAD when complicated by malperfusion, ongoing growth, aortic 
rupture, or refractory hypertension/pain.13 The introduction of TEVAR 
decreased early mortality for complicated TBAD considerably,14–23 with 
reduction of 30-day mortality from 29% to 3% when endovascular 
treatment was performed instead of open surgery.23 Clinical benefits 
include hemodynamic restabilization, reversal of end-organ ischemia, 
restoration of TL perfusion, positive aortic remodeling, reduced morbid-
ity and mortality, minimal access procedure, interventional treatment of 
surgically unfit patients, short procedure time with minimal blood loss, 
decreased recovery time, and potential financial savings.

Based on these good advantages and outcomes, TEVAR is now con-
sidered the management of choice for complicated TBAD, with 80% to 
90% in-hospital survival.24–27 Management of uncomplicated TBAD is 
primarily medical therapy.13 Nevertheless, data from and the ADSORB28 
and INSTEAD-XL29 trials and the IRAD (International Registry of Aortic 
Dissection) registry,30 demonstrated that TEVAR, in addition to medical 
therapy, is associated with improved 1-year and 5-year aorta-specific 
survival, delayed disease progression, and improved positive aortic 
remodeling. These promising results have led to a global debate on 
whether all TBAD patients should be considered for TEVAR.31,32 However, 
the INSTEAD-XL trial also revealed that early mortality and reinterven-
tion rates were higher in the cohort managed with TEVAR in addition 
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to medical therapy.29 Therefore, a patient-specific approach is currently 
advised for TEVAR in TBAD, treating only patients with complications or 
those suspected of complications during follow-up.31 TEVAR has been 
reported as feasible following acute catastrophes, such as ruptured 
TBAD,33,34 as well as in Marfan patients.35 However, Marfan aortas tend 
to dilate after TEVAR,36 and re-intervention rates are higher in this co-
hort.37 Therefore, the gold standard for patients with connective tissue 
disorder–related TBAD remains open surgical repair.8,13

Despite the improved in-hospital outcomes, TBAD patients may present 
follow-up complications due to both disease progression, such as aortic 
dilatation and rupture, and stent-graft–related complications including 
migration, stent-graft collapse/fracture, retrograde aortic dissection 
(AD), extended dissection, and stent-graft–induced new entry tears.38–53 
Endoleaks may be associated both with clinical and biomechanical stent-
graft conditions. The final success of TEVAR, as well as the development 
of aortic complications, is determined by the biomechanical behavior 
and interaction of the “rigid” implanted stent-grafts with the “elastic 
and fragile” thoracic aortic wall. The increasing practice of TEVAR for 
TBAD54 and the complexity of the aortic anatomy and related hemody-
namic forces, call for a deeper understanding of the changes in aortic 
pulsatility due to an implanted stent-graft. In this article, we present a 
comprehensive review of the biomechanical behavior and performance 
of implanted thoracic stent-grafts in patients with TBAD, highlighting 
the unsolved issues and the added value of combining clinical and 
experimental studies.

Literature Search
The PubMed and Embase electronic databases were systematically 
searched up to April 2015 for reports on biomechanical, endovascular, 
vascular, and science studies pertaining to the research topic. Non-
English articles were excluded. Keywords used were: “thoracic aortic 
dissection,” “thoracic aortic graft,” “thoracic endovascular aortic repair,” 
“stent-graft,” “endoleak,” “graft migration,” “aortic rupture,” “biome-
chanical,” “in vitro,” “ex vivo,” “in vivo,” and corresponding synonyms. 
The following search terms were used on Medline: ((aortic dissection 
OR type B aortic dissection) AND (TEVAR OR thoracic endovascular 
aortic repair) AND (outcome OR biomechanical OR complication OR 
stent-graft OR endoleak OR graft failure OR aortic rupture OR stent graft 
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induced new entry tear OR retrograde type A dissection)). A similar 
search was used for the Embase database. After removal of duplicates, 
two reviewers (F.N. and M.C.) independently screened titles and ab-
stracts of the remaining articles for the following keywords in title or 
abstract: aortic dissection, device failures, reintervention procedures, 
dissection/stent-graft morphology, stent-graft type, complications of TE-
VAR, migration, endoleak, retrograde dissection, extension dissection, 
stent-graft–induced new entry tear, or aortic remodeling. All abstracts 
were read and relevant articles were downloaded in full. Manuscripts 
about type A aortic dissection, aortic aneurysm, hybrid treatment, or 
open surgery were excluded. The reference lists of the included articles 
were screened and relevant publications not identified in the primary 
electronic search were included through cross-references. All full text 
articles were studied by two independent physicians, and in case of 
disagreement, a decision was reached by consensus. Engineering and 
basic science articles were classified as experimental or computational 
modeling.

A total of 1739 articles were identified through the electronic search, 
of which 692 were removed as duplicates. After screening of titles and 
abstracts, 188 full text articles were selected, of which 91 matched the 
inclusion criteria. Cross-referencing of all included articles yielded an 
additional 20 articles, resulting in 111 included articles (Figure 1).

In Vivo Biomechanical Changes After TEVAR for TBAD
In vivo biomechanical changes of the stented aorta following TBAD are 
still to be determined. For thoracic aortic aneurysms (TAA), van Prehn et 
al55 demonstrated that significant distension (area change ranging from 
2%–20%) of the aortic arch and descending aorta during the cardiac 
cycle was preserved after TEVAR, suggesting that forces on stent-grafts 
may be much higher than primarily expected.

Morphologically, the aorta remodels significantly after TEVAR for TBAD, 
which is considered beneficial if the TL expands and the FL completely 
thromboses and eventually resorbs.56,57 Such positive aortic remodel-
ing is associated with improved long-term outcomes.58 Complete FL 
thrombosis results in decreased diameter of the entire aorta, whereas 
patent and partial thrombosed FLs are associated with aortic dilatation, 
rupture and increased mortality.59–62 Several factors seem to influence 
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thrombosis of the FL. Tolenaar et al63 reported that branch vessel involve-
ment or a patent entry tear after TEVAR is associated with decreased 
complete FL thrombosis, suggesting consideration of a more extensive 
procedure and more intensive follow-up for this cohort. Furthermore, 
TEVAR for acute TBAD promotes early aortic remodeling.64–66 However, 
this process is continuous, being completed in 6 to 12 months in most 
cases.53,67,68 For chronic TBAD, more extended coverage of the descend-
ing aorta is associated with a higher incidence of FL thrombosis69 and 
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beneficial reduction in aortic volume,67 although it is also a risk factor for 
spinal cord ischemia.40,48,70 Another positive predictor of FL thrombosis 
seems to be the rate of TL expansion after TEVAR.71

For uncomplicated TBAD, the INSTEAD72 and the ADSORB28 trials re-
ported higher rates of FL thrombosis in patients treated with TEVAR 
in addition to medical therapy. This was most evident in those treated 
within the acute and subacute phase.53,68,73,74 Such an observation may 
suggest that decreased aortic compliance of chronic dissected aortas, 
with thickened intimal dissection flaps and multiple fenestrations, may 
inhibit positive remodeling.75 Retention of this aortic compliance in the 
subacute group lengthens the therapeutic window for the treatment of 
uncomplicated TBAD.68 Beneficial factors for achieving complete oblit-
eration of the FL include absence of a primary entry tear at the outer 
distal arch curvature, young age, small aortic diameter, and absence of 
the abdominal aortic branches arising from the FL.76

Typically, the thoracic aorta remodels significantly after TEVAR for 
TBAD, whereas the abdominal aorta tends to expand over time.53,77 
Several studies have reported abdominal aortic expansion after TEVAR 
for TBAD.30,53,78 IRAD showed that in 63% of acute TBAD patients man-
aged with TEVAR, aortic growth or new aneurysm formation occurred 
at 5-year follow-up, highlighting the risk of disease progression in the 
thoracoabdominal aorta.30 To stabilize distal collapsed dissection flaps 
while allowing blood flow to target abdominal and spinal vessels, distal 
bare metal stents extending into the thoracoabdominal aorta have been 
introduced, such as the PETTICOAT (provisional extension to induce 
complete attachment) technique.53,79,80 The long-term goal of such a 
technique is to prevent aortic expansion and rupture and to decrease 
reintervention rates. A number of studies have reported positive re-
modeling of distal bare metal stenting for TBAD with complete thoracic 
FL thrombosis ranging from 31% to 75%.53,77,79–81 However, the FL of the 
abdominal segment distal to the stent-graft showed the tendency to 
expand, leading to continuous dilatation of the abdominal aortic vol-
ume.64,77,82 These volume changes seem to be influenced by the length of 
stent-graft coverage and the presence of re-entry tears.83
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Complications of TEVAR
Although TEVAR has emerged as the main management tool for com-
plicated TBAD, several drawbacks are described. TEVAR-related com-
plications range from endoleak, dissection extension, newly induced 
dissection, malapposition, and aortic rupture to stent-graft defects. 
Some of these complications may be managed conservatively by care-
ful monitoring, while others call for reintervention. In this section the 
most common complications and reinterventions related with TEVAR 
for TBAD are discussed.

Endoleak
The most important types of endoleaks in TBAD are type Ia or b and 
II. Type Ia endoleak is caused by antegrade perfusion of the FL and is 
a significant predictor of death in TBAD.44,52 The most common causes 
of type Ia endoleak are malapposition of the proximal segment of the 
stent-graft, mainly due to short proximal landing zone and severe an-
gulation.84,85 To prevent malapposition, oversizing in TBAD should not 
be greater than 20% to reduce the risk of proximal neck dilatation.86 An-
other recent study showed that immediate type Ia endoleak was related 
to larger preoperative distal FL area (498±274 vs 284±213 mm², p=0.02) 
and distal aortic area (759±275 vs 624±185 mm², p=0.03).87 One-year 
follow-up showed that patients with immediate type Ia endoleak had 
smaller TL indices and larger FL areas and indices.87

Retrograde flow from distal entry tears in TBAD patients (type Ib en-
doleaks) is still under debate. Refilling of the FL from the distal aorta 
has been associated with increasing aortic diameter over time;88 on the 
other hand, other authors place a low importance on type Ib endoleak 
but closer monitoring is justified.24 Type II endoleak is caused by perfu-
sion via arterial side branches, with the left subclavian artery (LSA) and 
spinal arteries as main sources. In cases of intentional LSA coverage, 
preoperative debranching with embolization of the LSA is recommend-
ed.89 In the presence of type II endoleak, the patent branch can be coil 
embolized, sutured,89 or treated with glue embolization.90–92 Type IIIa en-
doleak is defined as leakage due to junctional separation of the modular 
components and is a major cause of reintervention, in particular after 
multistenting with an overlap <5 cm.84,93 Type IV endoleak is caused by 
graft wall porosity and is a first-generation stent material problem that 
seems to have been resolved with the new generation stent-grafts.
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Bird-Beak Sign
This complication arises from by poor apposition of the proximal stent-
graft along the inner arch curvature, producing to a wedge-shaped gap 
(Figure 2A). This condition may lead to complications, such as endoleak, 
migration, collapse, and infolding, and is associated with both under- 
and oversizing.77,89,94 The exact cause of a bird-beak formation remains 
speculative, although landing in zone 2 or 3 of the aortic arch seems to 
increase the risk. Also, a preoperative distal arch angle <151° has been 
described as a predictor of bird-beak configuration (sensitivity 86%, 
specificity 83%).95 Hsu et al95 hypothesized that the proximal end of the 
stent-graft pivots on the inner arch curvature, induced by the “wind-
sock effect,” hemodynamic forces that pull the graft distally before de-
ployment is complete.95 Stiffness of the stent-graft might straighten the 
distal aortic arch and enlarge the angle of the bird-beak, which seems to 
progress over time.

Others reported delivery systems as potential causes of bird-beaking. 
For instance, the Zenith Z-Trak delivery system was associated with an 
increased risk of bird-beak configuration when compared to the new 
generation Zenith TX2 Pro-Form.95 The latter was designed specifically 
to achieve good proximal apposition due to a diameter reducing tie on 
the inner curve that forces the stent-graft to partially intussuscept, al-
lowing a more angulated fixation.94,95 Interestingly, although complete 
stent-graft apposition was significantly higher in the group that was 
treated with the Pro-Form delivery system (65% of Pro-Form patients 
vs 18% Z-Trak vs 6% Gore TAG, p<0.0001), there was no difference in 
terms of type Ia endoleak occurrence.94 On the contrary, Ueda et al89 
demonstrated that mean bird-beak length was significantly longer in 
patients with type Ia or II endoleak (14.3 and 13.9 mm, respectively) than 
in patients without endoleaks (8.4 mm). The bird-beak sign might be a 
precursor of an increased risk of rupture and therefore demands close 
follow-up.89 In the event of excessive bird-beaking, stent-graft realign-
ment with a similar stent or a Palmaz stent should be considered.47 This 
would apply especially to younger patients, as the aorta might expand 
over the years,96 potentially resulting in higher displacement forces on 
the stent-graft and subsequent complications.97,98
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TEVAR-Related Retrograde AD
The incidence of this lethal complication is 2% to 16%, with mortality 
ranging from 20% to 57%.56,99–104 It may present intraoperatively or dur-
ing follow-up, and patients with TBAD are predisposed, probably due to 
the fragile dissected aortic wall.42,100,101,103–105 Retrograde AD after TEVAR 
can be associated with inappropriate aortic wall selection (ie, connec-
tive tissue disorder), injury from catheter (ie, iatrogenic dissection), 
female gender, severely angulated arch, ascending aortic diameter ≥4 
cm, proximal landing in zone 0, wire or stent-graft manipulation, poor 
perioperative antihypertensive control, proximal balloon dilation, and 
excessive stent-graft oversizing.42,99–104 Proximal bare spring stenting 
might also be a cause of retrograde AD;42,101 however, this is still an issue 
of debate.106,107 Large-sample studies without the use of bare springs 
(Gore TAG device) reported similar retrograde AD rates compared to 
studies that did use bare springs (Medtronic Talent device), with an inci-
dence of 2% and 3%, respectively.100,101 Importantly, in the multicentered 
EuRec study, only 46% of the retrograde AD patients presented within 
30 days after TEVAR.42 On this, the MOTHER registry (consisting of 5 
prospective studies and a single institution series) showed that retro-
grade AD after TEVAR for acute TBAD was the cause of death in 16% in 
the acute setting and up to 12% after 30 days, emphasizing the risk for 
late retrograde AD formation.104 The standard of care for retrograde AD 
is open surgery, although good results have been described with TEVAR 
in highly selected patients with an entry tear in the descending aorta.108

Stent-Graft–Induced New Entry Tear (SINE)
SINE, an iatrogenic new entry tear caused by the stent-graft,45 is associ-
ated with Marfan disease, high taper ratio of the TL, high stent-graft–
aorta angle, bare spring stenting, and excessive oversizing at the distal 
landing zone.45,50,51,109–111 Distal SINE typically occurs as a late complica-
tion and is associated with aortic expansion.51 Its incidence varies from 
6.3% to 27%.50,51 The latter was reported after implantation of stent-grafts 
with distal bare stents and barbs. Dong et al45 reported an incidence of 
3% of proximal and distal SINE with a mortality rate of 26%, without 
a difference in proximal and distal SINE-related mortality. Four types 
of “spring back” stents were used [Medtronic Talent and Valiant, the 
Hercules (Microport, Shanghai, China), and the Cook Zenith TX2]. The 
Talent, Valiant, and Hercules stent-grafts have a proximal bare spring 
and the Talent and Hercules stents have a longitudinal connecting bar 
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Figure 2. Sagittal view of computed tomography imaging after thoracic endo-
vascular aortic repair for type B aortic dissection, showing exclusion of the 
false lumen but poor stent-graft apposition with bird-beak formation marked in 
red. (B) Three-dimensional printed patient-specific model of a type B aortic dis-
section. (C) Computational fluid dynamics analyses demonstrating high veloc-
ity in the in- and outlet of the two thoracic stent-grafts in a patient with chronic 
type B aortic dissection managed with thoracic endovascular aortic repair. (D) 
Superficial intima lesions after thoracic endovascular aortic repair in an ex vivo 
porcine model.
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that prevents twisting and kinking but impairs flexibility. Interestingly, 
all 16 cases of proximal SINE occurred at the greater curve, suggesting 
the spring back effect as a possible trigger. Restrictive bare stenting as 
an adjunctive technique to TEVAR has been shown to reduce distal SINE 
in dissected aortas.111 Notably, there is ongoing debate on this topic, as 
it is challenging to accurately identify the stent-graft as a cause of new 
entry tears.112

Aortic Rupture
Risk factors for this thankfully rare but devastating perioperative 
complication of TEVAR for TBAD include TBAD with arch involvement, 
ascending aortic diameter >4 cm, multistent placement, proximal bare 
spring stenting, and balloon dilation.49 In a cohort of 563 TBAD patients 
treated with TEVAR, 1% died perioperatively from aortic rupture, of 
which 50% were associated with retrograde AD.49 Close examination 
of the aortic wall and dissection anatomy and careful intraprocedural 
device manipulation and balloon molding may help to prevent this 
potentially life-threatening complication.113

Stent-Graft Defects
Component separation has been reported for all aortic stent-graft sys-
tems.114 Junctions that lie in or near a curvature are prone to separate, 
most likely due to the pulsatility of the blood flow and the pressure 
gradient resulting in counter-acting radial forces on the stent-graft. 
Adequate overlap between devices and prophylactic correction of im-
pending separation may prevent such a complication.114

Wire fractures were reported with the use of first-generation stent-
grafts, mainly caused by repetitive torsional and bending motions on 
longitudinal column bars, causing metal fatigue. Fabric tears leading to 
type III endoleaks were broadly reported in early devices and probably 
were caused by repetitive friction against calcified lesions or fractured 
stents. This problem has been solved by stronger fabric designs and 
elimination of stiff longitudinal column bars. For bare metal stenting, 
the rate of device failure was 9% in a group of 108 aortic dissection 
patients in pooled data of a recent systematic review.115 Component 
separation or device migration necessitating secondary interventions 
was reported in 5 patients. One case consisted of a focally ruptured 
stent-graft and 4 cases of a stent body misalignment.
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Thoracic stent-graft collapse is an infrequent but hazardous complica-
tion following TBAD. It is most commonly reported with the Gore TAG 
device, with a low incidence of 0.4% but high early mortality ranging 
from 7% to 8% in cohorts including TBAD.46,47 It should be noted that 
off-label use might have pushed the boundaries of this device.

Stent-Graft Collapse
This event, which can present directly postoperatively or after years,43 
occurs primarily as a result of excessive oversizing and severe proximal 
aortic angulation.39,46,47 Muhs et al39 demonstrated that a small distal 
aortic sealing zone diameter and intragraft aortic diameter predicted 
collapse.39 Sze et al43 concluded that the main cause might be use in 
young patients who generally have small aortic diameter, tight curva-
tures, high peak velocities, and greater aortic wall elasticity than older 
patients with degenerative, atherosclerotic aneurysmal disease. Newly 
designed stent-grafts, such as the Gore Conformable TAG, offer greater 
radial force, better conformability to the inner curvature of angulated 
aortic arches, greater tolerance for device oversizing, and smaller 
device diameter, with promising results.47 For collapse management, 
a secondary TEVAR procedure with high radial force should be consid-
ered as first choice of therapy.116

Spinal Cord Ischemia (SCI)
This complication of TEVAR leads to severe morbidity and may be 
reduced by preoperative revascularization, although there is limited 
data to support this.40,42,48,70,117 The risk of neurological malperfusion may 
be increased after coverage of the LSA by a stent-graft118,119 and can be 
managed by LSA revascularization.120–122 To minimize this risk, preopera-
tive screening on intact contralateral posterior circulation is key. Peri-
operative hypotension (MAP <70 mm Hg) and length of aortic coverage 
(with 205 mm as a threshold for increased risk) have been reported as 
independent predictors of SCI.38,40 Moreover, preoperative evaluation of 
the Adamkiewicz artery might allow extended stent-graft coverage with 
decreased risk of SCI and improved aortic remodeling.70,123 Distal bare 
stenting has also been associated with a decreased rate of SCI.53

Rare Complications
Aortoesophageal fistula is a rare but lethal complication of TEVAR and 
might be caused by ischemic necrosis of the stented midesophageal ar-
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teries.124 Six (2%) out of a group of 268 patients who underwent TEVAR 
for various thoracic aortic diseases developed aortoesophageal fistula, 
of which 4 had received TEVAR for TBAD.125 Although treated with sur-
gery, all patients died due to bleeding or mediastinitis. Aortobronchial 
fistula following TEVAR for TBAD is even rarer, with a reported incidence 
ranging from 0.2% to 0.8%.126–128 Both complications may also develop 
after TEVAR from resorption of hematoma, as this resorption may cause 
wall fatigue and fistulation.129

Stent-graft explantation may be necessary in particular cases of stent-
graft failure. In a cohort of 500 patients with thoracic aortic diseases, 
4 patients required stent-graft explantation due to device failure (the 
deployment system could not be disengaged), aortoesophageal fistula, 
retrograde AD, and severe type I endoleak (aneurysmal patient).130 Other 
reported indications for stent-graft explantation include deployment-
related problems, stent-graft infection, migration, collapse, kinking, 
aortic rupture, and fracture.39,124,131,132 In the presence of highly unstable 
hemodynamic conditions, TEVAR has also been proposed as a bridge 
to open surgery.133

Reintervention rates for TEVAR following TBAD remain high and seem 
mainly associated with excessive oversizing, bare spring stent-grafting 
in the proximal landing zone, large aortic dilatation, and anticoagulant 
therapy.86,134 Marfan disease, smoking, and type I endoleak are the 
main predictors.134,135 High conversion rates to open surgical repair are 
reported (8%–14%), mainly due to retrograde AD.99,102 Suboptimal stent-
graft placement may require TEVAR extension, which is associated with 
overstenting of arteries, increased risk of stroke, paraplegia/parapare-
sis, subclavian steal syndrome, and need for subsequent revasculariza-
tion.136 The VIRTUE registry showed that the need for additional thoracic 
stent-grafts was greater in patients with chronic TBAD than in those 
with (sub)acute TBAD, with >30% of these patients requiring additional 
procedures.68 In most cases, additional stent-grafts were required for 
distal aneurysmal degeneration of the chronic dissection below the 
primary stent-graft. Greater aortic coverage in the primary procedure 
might reduce the rate of reintervention in the chronic cohort.68
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Experimental Analyses of Aortic Wall and Stent-Graft Failures
Experimental studies offer analysis of hemodynamics and aortic and 
stent-graft behavior in a controlled environment (Table 1).137,138 In the 
development stage of TEVAR, Marty-Ané et al139 reported from an in 
vivo canine study that complete dissection obliteration could be accom-
plished only when the entire length of the dissected aorta was treated, 
as otherwise a false channel continued to exist.139 Faure et al140 studied 
the efficiency of bare metal stenting in 15 human aortic ex vivo models 
and the impact on visceral and renal arterial patency.140 Re-expansion of 
the TL with FL collapse was achieved in all cases. Overall, a significant 
pressure gradient drop was reported in 25% of all the aortic branch ves-
sels after bare metal stenting (n=15). In addition, a significant pressure 
drop in at least one renal artery was observed in 9 (60%) aortas. After 
TEVAR, visceral and renal arteries perfused by the FL showed a signifi-
cant pressure drop in 55% (12 of 22).140

Autopsy and animal studies help to understand stent-graft performance 
and biomechanical aortic changes considerably. Rubin et al109 reported a 
fatal case of retrograde AD after TEVAR plus balloon dilation for TBAD.109 
Autopsy revealed several intimal lesions with a new 2-mm entry tear 

Table 1. An overview of mechanisms that trigger biomechanical responses on 
thoracic aortic stent-grafts and the aortic wall in patients with TBAD after TEVAR.

Triggering Mechanisms Biomechanical 
Response

Factors With 
Minor Impact

References

Oversizing ≥10% Decreased 
vascular wall 

strength

141,150

Oversizing, aortic arch angulation Malapposition 148

Cardiac pulsation, blood pressure, 
increased stent-graft diameter 
and length, stent-graft curvature, 
proximal landing zone

Drag force Shear stress, 
stent-graft 

length

149,
157-159

During follow-up Stent-graft area 
expansion

157

Incomplete stent-graft expansion 
(not including collapse)

High flow 
velocities

161

Abbreviations: TBAD, type B aortic dissection; TEVAR, thoracic endovascular 
aortic repair.
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caused by the proximal bare spring. Sincos et al141 studied the influence 
of thoracic stent-grafts on the structure of the aortic wall in an in vivo 
porcine study (n=25). They demonstrated that oversizing was associated 
with a significant decrease in smooth muscle, elastic fibers, and α-actin 
expression.141 Histological studies have shown that aortic dissection is 
associated with a stiffer and weaker aortic wall due to lower amounts 
of elastin and collagen, making it more prone to intimal lesions when 
challenged by high mechanical stress, such as hypertension.142,143

Modern 3-dimensional (3D) printers offer accurate replicas of patho-
logical aortas (Figure 2B).144 Chung et al145 used a rigid transparent and 
a compliant opaque dissection model, constructed with synthetic tubes 
and polytetrafluoroethylene, to assess prevention or treatment options 
for TL collapse in TBAD. Stent-graft placement effectively relieved TL col-
lapse, especially in cases without communication between the TL and FL 
or in cases with communication through only the distal re-entry branch. 
Experimental studies have furthermore been conducted to investigate 
the magnitude of loads acting on thoracic stent-grafts, their resistance 
to dislodgment, as well as their stability and movement.98,146–151 Sincos 
et al150 studied the effect of oversizing on stent-graft (Medtronic Valiant) 
displacement force and aortic wall strength on in vivo porcine models. 
Displacement forces between 10% and 40% oversizing were similar (41 
to 46 N), but maximum wall shear strength, stress, and tension showed 
negative and linear correlation with oversizing and were significantly 
lower than in the control group.150

Canaud et al148 assessed the proximal fixation of stent-grafts in human 
cadaveric thoracic aortas and showed significant increase of stent-graft 
malapposition due to oversizing for 3 of the 4 tested stent-grafts. Lack of 
proximal apposition was primarily caused by an aortic arch angulation, 
ie, >80° for the Bolton Relay (bare spring) and >90° for the Gore TAG de-
vice (scalloped flares). Lack of body apposition was first observed in the 
Cook Zenith stent-graft (no open bare stent) above 70°. The Medtronic 
Valiant stent-graft (open bare stent) remained well apposed through 
both oversizing and angulation challenges.148 Veerapen et al146 carried 
out mechanical testing in an ex vivo model on 4 commercially available 
stent-grafts. The median displacement force ranged from 6.5 N for the 
Excluder to 26.5 N for the Zenith (8.0 N for the Talent, 11.8 N for the 
Ancure, and 8.1 N to 10.7 N for the various homemade Palmaz stent-
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graft designs). The Zenith and Ancure devices required significantly 
higher displacement force (~25%). Addition of a bare Palmaz stent to 
the proximal fixation site improved displacement force significantly for 
all devices.

Computational Modeling
Computational modeling is an emerging technique that enables de-
tailed analysis of hemodynamics and biomechanics of the aorta. Three-
dimensional models of the aorta are reconstructed from cardiac-gated 
computed tomography angiography or magnetic resonance data. Once 
these computer models are created, computational fluid dynamics 
(CFD) can be performed to simulate blood flow, blood pressure, and 
vessel wall dynamics (Figure 2C).152 Kung et al153 demonstrated the ac-
curacy of CFD by comparing computed pressure and wall motion with in 
vitro measurements. Good predictions of flow and pressure waveforms 
indicated that the numerical simulation captured both the vessel wall 
motions and wave reflections accurately.153

Several computational studies have analyzed forces on aortic stent-
grafts, predominantly in the abdominal aorta affected by aortic an-
eurysms. The main findings of these computational studies are that 
pressure-related forces are much higher than flow-related forces (eg, 
wall shear stress) and that blood pressure, radial aortic compliance, in-
let graft diameter, and angulation are determining factors of drag forces 
(DF) on abdominal stent-grafts.154–158 On this, Morris et al157 showed that 
DF on bifurcated abdominal stent-grafts decreased from 14 to 8 N when 
placed in vessels with small angles (<40°) and small proximal neck 
diameters (<28 mm).157 In addition, their group showed through CFD 
studies that the DF was unidirectional in idealized smooth stent-graft 
models, while this was found to act in 3 directions in realistic implanted 
stent-graft simulations.158 As a result, the DF was up to 26% higher in 
the realistic stent-grafts, on which the input velocity of the flow had no 
effect, which suggests that geometry has major influence on the DF 
in abdominal stent-grafts.158 The main factors of DF on thoracic stent-
grafts arise from cardiac pulsation, increasing from 11 N (diastole) to 
18 N (systole) in a representative model.159 Whereas frictional forces of 
fluid on the blood vessel contributed <0.5% of the total DF, suggesting 
that shear stress and friction contribute negligibly, as also described 
by other studies.149,157–159 In addition, the effect of contact surface of the 
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stent-graft, and therefore the length, appeared to be minor in determin-
ing DF.159 On the contrary, Figueroa et al149 showed in 3D computational 
simulation that DF increased with increasing stent-graft diameter and 
length.149 Interestingly, in patients with TAA treated with thoracic stent-
grafts, it seems that cranial directions of DF might impact more impor-
tantly than caudal and/or sideways, potentially causing migration.149

Displacement force vectors appear to be largely determined by the cur-
vature of the stent-graft. In general, the more proximal the stent-graft 
was implanted, the greater the cranial component of displacement. 
Furthermore, increased simulated blood pressure was approximately 
linearly proportional to the increase in DF vector.149 In general, the longer 
the stent-graft and the larger the curvature, the higher the displacement 
forces acting on the stent-graft.149,159–161 In addition, the orientation of 
the DF typically follows the main curvature of the stent-graft.156,161 Pasta 
et al162 assessed stent-graft collapse with CFD and suggested that both 
increased stent-graft angle and extension into the aortic arch lead to 
increased transmural pressure across the stent-graft wall, potentially 
evoking collapse. Patient-specific computational modeling may allow 
for identification of patients at high risk for stent-graft collapse and 
guide preventive intervention.

Regarding TEVAR for TBAD, Cheng et al159 studied 12 patients with (sub)
acute or chronic dissection and showed through CFD analysis that stent-
graft diameter increases significantly after TEVAR, which is associated 
with an increase in hemodynamic DF, similar to studies on abdominal 
stent-graft DF.155,160 However, resultant DF was much higher than in 
abdominal stent-grafts, measuring 10.3 N when the graft diameter was 
26 mm, increasing to 26.8 N with a graft diameter of 42 mm,159 while 
DF on abdominal stent-grafts are on the order of 3 to 9 N.154 They also 
showed that proximal deployment position is associated with increased 
DF, measuring 17.3 N at the top of the arch (angle of 90°) and 2.3 N in 
the descending aorta (angle of 180°).159 Follow-up imaging showed a 
general increase in both inlet and outlet graft areas postoperatively [in-
crease of 11.0% (p=0.05) and 58.0% (p=0.01), respectively]. The general 
shape of the stent-grafts remained conical, although the inlet:outlet area 
ratio decreased from 1.93 (range 0.94–3.59) to 1.50 (range 0.76–3.26). 
Remarkably, graft expansion was significantly associated with increas-
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ing DF from 21.0±3.5 to 24.8±3.4 N (p=0.002), suggesting that aortic 
remodeling after TBAD increases DF on stent-grafts.159

Van Bogerijen et al163 demonstrated blood flow disturbance after TEVAR 
for TBAD through CFD analyses. Disturbance was seen at the partially 
covered origin of the LSA, which produced a backward-facing step 
geometry of the lumen profile. In addition, high velocities have been 
identified at the stent-graft–induced stenosis of the distal descending 
aorta.163 It is notable that the studies of Cheng, Figueroa, and Prasad 
used rigid artery wall and stent-graft models, while stent-grafts pulsate 
with diameter changes of up to 5 mm.165 However, engineering studies 
have supposed that it is reasonable to believe that the artery wall- and 
graft-compliance have little contribution to the overall DF.149

Image-based computational modeling is evolving rapidly as a promis-
ing tool for the prediction of implanted stent-graft and aortic behavior. 
Computational solid mechanics and CFD are key developments in 
understanding the complex hemodynamics and biomechanics of the 
aorta.151 As aortic pulsation is a dynamic process influenced by surround-
ing structures, mathematical models should include the tethering of the 
external tissues and organs. Moireau et al165 developed a fluid-structure 
interaction model of blood flow compatible with large displacements 
of the vessel walls. They reported a methodological guide focusing 
on identification of external tissue support parameters using data as-
similation techniques. By implementing their framework with estimated 
parameters in a realistic case, they demonstrated that direct modeling 
simulations were more accurate than previous manual expert calibra-
tion methods.166 Valdez-Jasso et al167 showed that linear and nonlinear 
viscoelastic models are able to predict pressure-area dynamics of the 
descending aorta. Such mathematical models offer an understanding 
of the interactions between aortic morphology, hemodynamics, and 
implanted material (eg, stent-graft stability and aortic wall stiffening) 
and might lead to the development of the so-called fluid-solid-growth 
models.151,168
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Discussion
With the increasing use of TEVAR for TBAD, it is vital to better under-
stand the impact of implanted thoracic stent-grafts on aortic physiol-
ogy. Although TEVAR has improved TBAD-related morbidity and mortal-
ity significantly, still one third of patients presenting with TBAD expire 
within 5 years.3 Patient and device selection, stent-graft performance, 
and biomechanical changes of the aorta seem of major influence on 
these outcomes. Efforts are made by clinicians and engineers to study 
stent-graft performance and aortic changes after TEVAR for TBAD by ex-
ploring clinical and experimental data. The present study aims to clarify 
and update current knowledge on this topic by reviewing the literature.

We found that modern imaging techniques disclose the dynamics of the 
thoracic aorta and stress the importance of such observations in order 
to decrease stent-graft– related complications and to improve future 
stent-graft design.55 Large-scale clinical studies and registries have 
given insights into early- and long-term outcomes, which are key to 
patient stratification. For instance, the INSTEAD and the ADSORB trials 
demonstrated the added value of TEVAR for uncomplicated TBAD.28,72 
Furthermore, the VIRTUE registry showed that aortic remodeling is 
similar in the acute and subacute phases after TEVAR for TBAD.68 IRAD 
highlighted the risk of aortic expansion after TEVAR for acute TBAD 
by showing that dilatation occurred in 73% of these patients within 
5 years.30

Several issues seem to influence post-dissection aortic expansion; how-
ever, currently no definitive consensus exists on what exactly causes 
this phenomenon. In the STABLE study, for example, which reported 
on TBAD patients treated with a thoracic stent-graft and an abdominal 
bare metal stent (the Petticoat technique), many patients demonstrated 
persistent abdominal FL flow without aortic expansion during follow-
up.53 An association between patent FL or partial thrombosed FL and 
aortic expansion has also been reported.63 In general, TBAD impacts on 
patients lifelong and should be considered as a chronic disease and 
TEVAR as management rather than treatment because the risk of aortic 
expansion may persist even after TEVAR. New procedures, such as the 
PETTICOAT technique, aim to further improve outcomes after TEVAR; 
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however, such an approach should be studied further regarding the risk 
of aortic expansion and malperfusion over time.53,79,80,140 Importantly, 
a better understanding of post-dissecting expansion is necessary to 
improve TEVAR-related outcomes.

Stent-graft-related complications can lead to hazardous outcomes and 
call for improvement of patient selection and TEVAR, including stent-
graft design. Endoleak type Ia and Ib have been reported as significant 
predictors of morbidity and mortality in TBAD patients; therefore, early 
intervention should be considered in these patients.44,52,169 Stent-graft 
collapse and migration are rare complications for TEVAR following 
TBAD as the proximal neck does not usually dilate postoperatively. 
However, oversizing >20% should be avoided in TBAD patients because 
it is related to proximal neck dilatation and subsequent stent-graft 
migration.86,170

To date, no clear consensus exists for thoracic stent-graft sizing for 
TBAD, so further investigation is warranted. Generally, oversizing <10% 
is recommended to decrease the risk of retrograde AD and SINE.45,107 
In the absence of long-term evidence, it can be speculated that TBAD 
patients are typically younger than TAA patients and their aortas are 
more compliant, potentially more prone to future dilatation, especially 
when using severely oversized devices.86,96 Bird-beaking remains a 
precursor of stent-graft–related complications and should therefore 
be minimized by adequate landing zone and device selection. Severe 
angulated arches with short landing zones and severe mis-sizing should 
be avoided.

Stent-graft design should improve to facilitate stenting in anatomically 
challenging aortic arches. Retrograde AD and SINE are harmful compli-
cations, partly caused by the intervention itself, considering the fragility 
of dissected aortic walls. Restricted bare metal stenting, straight distal 
prosthetic aortic alignment, and possible future dissection-specific 
devices with lower radial force, higher flexibility, and more tapering 
may reduce the incidence of such complications.45,110,111 Nevertheless, an 
important part of these complications could very well be caused by the 
natural course of disease progression and the spontaneous dissection 
extension. Increasing experience with TEVAR seems to have improved 
stent-graft design, leading to fewer reports of graft failure and stent-
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graft collapse. However, junctions placed in curvatures combined with 
high pressure and pulsatility may still lead to component separation. 
Future studies should focus on further improvement of stent-graft de-
sign for curved aortas and adequate postoperative blood pressure and 
heart rate control, which requires close follow-up and monitoring.

Aortic wall analyses contribute to a better understanding of thoracic 
aortic diseases and their new stented physiology, emphasizing the risk 
of severe forces on this fragile environment.109,141 Modern techniques 
such as 3D printing might play important roles in the future to further 
analyze biomechanical changes in the aorta (Figure 2B).144 However, the 
types of printable materials limit these printed models and therefore 
caution should be maintained with regards to the translation of such 
studies to clinical outcomes.

In vitro and ex vivo studies have demonstrated that oversizing does not 
lead to better proximal fixation and that it is even negatively linearly 
correlated with wall shear strength, stress, and tension and associated 
with malapposition and intimal damage (Figure 2D).141,148,150 Meanwhile, 
computational studies flourish in analyzing hemodynamic and biome-
chanical changes after TEVAR (Figure 2C). Pressure-related forces and 
cardiac pulsation seem to be major determining factors of stent-graft 
stability, which stresses the importance of blood pressure- and heart 
rate control after stent-graft implantation.149,156,159 Moreover, large inlet 
diameter is related with increased DF as well as postoperative stent-
graft expansion, which is also associated with increasing DF.149,157,159 
These findings may underline the long-term risks of oversizing. The 
observations that the DF on thoracic stent-grafts is mainly cranial might 
suggest that DF are counteracted by fixation forces from the stents and 
hooks and barbs at the proximal end, of which the consequences are 
undetermined. A longer distal landing zone may improve stent-graft 
stability, and the addition of a series of bare metal stents in the distal 
aorta (ie, PETTICOAT technique) may also help to maintain the position 
of the stent-graft.159 Patient-specific computational modeling and over-
all easier accessibility with faster processing and improved clinical in-
terpretation of these computational techniques are continuously under 
exploration. Nevertheless, clinical correlation and in vivo and in vitro 
studies are needed to complement this computational approach. Cur-
rently, there is no published or ongoing randomized controlled trial that 
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investigates the biomechanical impact of different thoracic stent-grafts, 
and only few studies have compared their clinical performance.171–173 
This lack of knowledge calls for a deeper investigation of the perfor-
mance and behavior of different types of thoracic stent-grafts.
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Conclusion
TEVAR is an established endovascular technique that has improved 
outcomes for TBAD significantly. However, this technique is associated 
with severe biomechanical setbacks and unknown long-term outcomes. 
Therefore, both clinical and experimental studies are warranted to 
further investigate the biomechanical behavior of implanted thoracic 
stent-grafts and stented aortic dissections to improve stent-graft design 
and to identify which patients benefit most from TEVAR.
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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. be-
tween 100-180 mmHg with 20 mmHg increments). Longitudinal strain 
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 mismatch 
between stented (5.6%) and non-stented segments (9.1%, P < 0.001). 
Stent-graft oversizing did not affect the magnitude of strain reduction (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-
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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 remodeling. 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) increases rap-
idly, even in younger patients.1,2 However, these procedures are associ-
ated with serious complications such as retrograde dissection (with a 
mortality of about 40%), aneurysm formation, stent-graft induced new 
entry tears, and rupture.3–5 These complications might be related to dif-
ferent physical properties of the stent-grafts when compared to 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 cardiovascular system remains unclear. Locally, segmental aortic 
stiffening seems to increase wall stress in segments adjacent to the 
stent-graft due to a compliance mismatch.3 This has been associated 
with reduced wall strength and subsequent complications.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 criti-
cal 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 cardiovascular 
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 remodeling in the early 
and late phase.2,13 This phenomenon may be referred to as cardiovas-
cular remodeling and might determine long-term outcomes of TEVAR.

Aortic strain is an established measure of aortic elasticity and is tradi-
tionally reported as deformation in the circumferential direction during 
a cardiac cycle. This seems to diminish after abdominal endovascular 
repair.14 However, aortic tissue is more prone to rupture in the longitu-
dinal axis15 and most intimal tears are circumferentially orientated due 
to 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 
attention to the role of stent-graft oversizing. For this purpose, we used 
an ex-vivo porcine aortic model connected to a mock circulatory loop 
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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 prop-
erties of the aortic specimens, in both circumferential and longitudinal 
directions, to potentially identify vulnerable aortic segments.
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Materials and 
methods
Preparation of aortas
Twenty fresh porcine aortas were harvested at a local slaughterhouse 
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 hours from death. The aortas were procured from 
the origin of the left subclavian artery (LSA) to the origin of the celiac 
trunk and all side branches were ligated. Subsequently, the aortas were 
bathed in 0.9% saline of room temperature for 15 minutes.

Experimental setup
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 characteristics 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 direction through a guiding half-pipe 
(Fig. 1). The distal 3/8-inch silicon tube was fixed at a standard appointed 
location to ensure similar resistance and pre-stretch for all aortas. A 
pre-stress 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 caliper and were repeated twice by the principal investigator 
and twice by a second investigator, to allow for intra- and inter-observer 
variability analysis. Medtronic Valiant stent-grafts (Medtronic Vascular, 
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A

B

Figure 1. Illustration of the mock circulatory loop connected to a porcine aorta. 
(A) The centrifugal flow pump (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 loca-
tion 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 accord-
ingly. “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” repre-
sents the distal adjacent segment.
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Santa Rosa, CA, USA) were used and therefore aortic diameter was 
based on the distance from adventitia to adventitia, as advised by the 
manufacturer. To capture longitudinal 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 (left subcla-
vian artery) 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-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 conducted in threefold and means were calculated for further 
analysis. Snapshots were taken at a resolution of 1920 x 1080 pixels. 
These photos were elaborated by a custom made program developed 
with Matlab (The MathWorks©, Inc., Natick, MA, USA) that computed 
the distance between two consecutive dots through a semi-automatic 
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 color Red-Green-Blue format to black and white 
format using a fixed threshold. A more precise detection of the center 
was then performed using an automatic algorithm, which computed the 
center 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 = (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 circumferential 
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 longitu-
dinal strains per oversizing group were compared before TEVAR to en-
sure homogeneity between groups. Medtronic Valiant stent-grafts were 
loaded and deployed by a custom-developed loading and deployment 
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system, directly following the pre-TEVAR measurements. Stent-grafts 
were implanted with sizes 22-22-150 mm, 24-24-150 mm, or 26-26-150 
mm, according to the appointed oversizing rates. The implanted stent-
graft extended from the segments between L3-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 degrees Celsius prior to the tensile testing (time 
of delay 1.5 ± 0.8 days). Three zones of interest were distinguished 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 

A B

C

D

CIRC
LONG

P < 0.001
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Figure 2. Specimen and results of uniaxial tensile testing. (A) Specimen loca-
tion 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 speci-
men. Abbreviations: Circ, circumferential aortic wall orientation; Long, longitu-
dinal aortic wall orientation.
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ME-46 Video Extensometer (Messphysik, Fürstenfeld, Austria). Peak val-
ues 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 soft-
ware (SPSS 22 Inc., Chicago, Ill, USA). Data are shown as frequencies, 
percentages, mean ± standard deviation, as appropriate. Values identi-
fied as outliers by Grubb test (α = 0.05) were excluded from the analy-
sis. Shapiro-Wilk testing was conducted to test the normality of data 
distribution. Statistical significance was evaluated with 2-tailed paired 
t-tests, Pearson product-moment correlation, or 1-way ANOVA. Repeat-
ability of aortic diameter measurements was analyzed with Bland and 
Altman’s difference against mean analysis. Statistical significance was 
set at the level of P < 0.05.
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Results
Pre- and post-TEVAR longitudinal strains are shown in Table 1. Time be-
tween pre-TEVAR and post-TEVAR measurements was 0.6 ± 0.2 hours.

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.

Pre-TEVAR aortic dimensions and longitudinal strain
Mean thoracic aortic length from the LSA to the celiac trunk was 325.5 
± 29.1 mm and mean aortic diameter at the level of the proximal land-
ing 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 experiment was 7.1 ± 2.6 hours and 
the water temperature was 37.2 ± 0.2 degrees Celsius. 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 
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the pre-stented segments and 11.4% in the total aorta, observed at 180 
mmHg (Fig. 3).

Post-TEVAR longitudinal strain
After TEVAR, longitudinal strain between 100 and 180 mmHg decreased 
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, Fig. 3 and Fig. 4). Maximum longitudinal 
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Figure 3. Longitudinal strain as function of pressure. (A) Longitudinal strain of 
the stented segments as function of pressure, pre- and post-TEVAR. (B) Longi-
tudinal strain of the total aorta as function of pressure, pre- and post-TEVAR.
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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 between 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 be-
tween 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 be-
tween the three stent-graft oversizing groups in the total aorta (P = 0.60) 
and in the stented segments (P = 0.55). Post-TEVAR, longitudinal 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).

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.

Tensile testing
Following the strain experiments, the aortas were incised along the 
posterior wall so that the stent-graft could be removed without damag-
ing the aortic tissue of the anterior side. Anterior aortic specimen was 
then used for uniaxial tensile testing since these fragments were not 
interrupted by spinal side branches. Fig. 2 demonstrates the results 
of the tensile testing. These data confirmed homogeneity of the aor-
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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 to the stented segments.
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Figure 4. Longitudinal strain per aortic segment, pre- and post-TEVAR. Mean 
peak longitudinal strain between at 180 mmHg per aortic segment. The location 
of the stent-graft is marked accordingly. Abbreviations: Dist, distal segment; 
Prox, proximal segment.
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tic mechanical responses amongst all aortas, with longitudinal 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 significantly lower for the 
longitudinal than for the circumferential fragments in all three zones 
(Fig. 2C). Additionally, we found lower stress-to-rupture in proximal 
longitudinal fragments compared to distal longitudinal fragments (P = 
0.01), while circumferential fragments showed equal stress-to-rupture 
in all three zones (P = 0.61).

Intra- and inter-observer variability
The intra-observer repeatability coefficient (RC) for diameter measure-
ments of observer 1 was 2.45 mm, and 2.01 mm for observer 2. Dif-
ferences of the measurements were smaller than the RCs and linear 
regression analysis was non-significant (P = 0.46 and P = 0.32, respec-
tively), indicating good intra-observer agreement. The inter-observer RC 
was 1.35 mm. Differences of the measurements between both observ-
ers were smaller than the RCs and linear regression analysis was non-
significant (P = 0.06), indicating acceptable inter-observer agreement.
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Discussion
This experimental study investigated the impact of TEVAR on longitu-
dinal 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 creating different groups of stent-graft 
oversizing.

We observed a significant decrease of 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 longitudinal strain before 
TEVAR was 11.4% between 100 and 180 mmHg. This agrees with a recent 
study by Kruger et al who found length changes of ~10% using a similar 
setup19 and with in-vivo data of Bell et al that showed longitudinal strain 
ranging from 7% to 9% in the proximal aorta of the adult.20 However, 
these studies did not evaluate longitudinal strain after TEVAR. To our 
knowledge, 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 particular 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, en-
doleaks, 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:
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1. Repetitive pulsatile friction between the stent-graft and the aortic 
wall, at both the proximal and distal end, which may cause trau-
matic lesions to the aortic wall or the stent-graft.21

2. 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 TE-
VAR 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.

During each cardiac cycle, the heart pulls the proximal aorta downwards, 
forcing it to stretch longitudinally.16,20 Stiffening of the descending tho-
racic aorta after TEVAR seems to limit this stretch, causing an increase 
of in-vivo longitudinal strain in the segments 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 arterio-
sum, 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 setup, the 
aortas were also double-ended fixed and pre-stretched, 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 
to before TEVAR (at 180 mmHg: 268.2 mm 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 surprisingly, 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 
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(Fig. 2). This new finding implies that thoracic aortic tissue is more vul-
nerable for an acute increase of longitudinal wall stress than circumfer-
ential 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 longitudinal 
strain reduction, in our setup. 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 who showed that device oversizing increased the risk 
of rupture.8 However, further studies are warranted to investigate the 
association between oversizing, longitudinal stiffening, and rupture.

Stent-graft induced aortic stiffening as demonstrated by our experi-
ments, 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 considered as extremely accelerated aging 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 extensive stent-graft coverage might, hypothetically, have a 
profound impact. It may therefore be advisable to minimize the length 
of stent-graft coverage, if possible, to decrease adverse cardiovascular 
effects. However, this remains to be elucidated.

In order to improve long-term outcomes of aortic disease, we suggest 
that future studies should focus on the pathophysiology of TEVAR as-
sociated complications as well as on development of more elastic stent-
grafts. Large in-vivo studies using dynamic imaging, such as ECG-gated 
computed tomography or magnetic resonance imaging, are required to 
clarify the association between TEVAR and cardiovascular remodeling. 
However, such in-vivo imaging studies on the highly pulsatile thoracic 
aorta are associated with out of plane motions and cardiac/respiratory 
artefacts.20,23 Therefore, we aimed to first assess the impact of TEVAR 
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on longitudinal strain in a controlled experimental setup, avoiding ar-
tefacts and allowing for aortic tissue marking to overcome out of plane 
motions.

It is reasonable to assume that more elastic stent-grafts might re-
duce aortic stiffening, adverse cardiovascular remodeling, and strain 
mismatches, with potential favorable 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 connect-
ing bar from the earlier design (Medtronic Talent), which was thought 
to be responsible for longitudinal stiffness and the spring-back effect. 
However, based on 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 cardio-
vascular research,19,24 since their mechanical properties are comparable 
to young humans, and because they are much more widely available 
than human cadaveric samples. But, a porcine aorta is certainly more 
elastic than a diseased, often atherosclerotic, adult human aorta. How-
ever, we were not able to find data on longitudinal strain in diseased, 
degenerative, calcified human aortas. Moreover, we have so far not 
found a reproducible technique to modify the mechanical properties 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 practice. Further research focused 
on in-vivo imaging studies of diseased adult aortas is necessary to make 
the step from the lab to clinic. Secondary, we used a non-pulsatile mock 
circulatory system, which allowed for a highly controllable experimental 
setting for our study purpose. However, we acknowledge that with this 
non-pulsatile setup we neglected inertial effects of pulse waves, which 
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might have led to underestimation of in-vivo strain. Nevertheless, ex-
perimental 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 to 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 lead to clotting since there are no epithelial cells to inhibit this. 
Therefore, just like other ex-vivo hemodynamic 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 influ-
ence 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 scope for this study, which 
primarily focused on a first quantification of the impact of TEVAR on 
longitudinal strain. Lastly, our data on longitudinal strain in the seg-
ments 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 seg-
ments than the fixations in our ex-vivo setup. Future in-vivo studies are 
therefore warranted to further elucidate dynamic changes of the total 
thoracic aorta following TEVAR.
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Conclusion
Our experimental study found that TEVAR acutely stiffened the thoracic 
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 rup-
ture in the longitudinal than the circumferential direction, in particular 
close to the arch. Such an acute strain mismatch of potentially vulner-
able tissue might play a role in TEVAR-related complications, including 
retrograde dissection and aneurysm formation. The finding that TEVAR 
stiffens the aorta longitudinally may shed light on systemic complica-
tions following TEVAR, such as hypertension and cardiac remodeling. 
This initial study on the impact of TEVAR on longitudinal strain may 
serve as a base for future investigation on the interaction between aor-
tic stent-grafts and cardiovascular biomechanics, and might contribute 
to future stent-graft design.
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Supplementary Table 1. Aortic dimensions pressurized at 100 mmHg.

Aortic level Mean aortic length (mm)

LSA – celiac trunk 325.5 ± 29.1

Mean aortic diameter (mm)

L2 22.5 ± 1.2

L3 20.5 ± 0.9

L4 19.2 ± 1.1

L5 18.0 ± 1.0

L6 17.0 ± 1.0

L7 16.2 ± 1.2

Continuous data are presented as the means ± standard deviation. Level L2-L7 
as shown in Fig. 1. Abbreviations: LSA, left subclavian artery.
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Abstract
Objective
To quantify the impact of thoracic endovascular aortic repair (TEVAR) 
on radial aortic strain.

Methods
Twenty fresh thoracic porcine aortas were connected to a mock circula-
tory loop driven by a centrifugal flow pump. A high-definition camera 
captured diameters at five different pressure levels (100, 120, 140, 160, 
and 180 mmHg), before and after TEVAR. Three oversizing groups were 
created: 0-9% (n=7), 10-19% (n=6), and 20-29% (n=6). Radial strain (or 
deformation) derived from diameter amplitude divided by baseline di-
ameter at 100 mmHg. Uniaxial tensile testing evaluated Young’s moduli 
of the specimens.

Results
Radial strain was reduced after TEVAR within the stented segment 
by 49.4±24.0% (P < .001). As result, a strain mismatch was observed 
between the stented segment and the proximal non-stented segment 
(7.0±2.5% vs. 11.8±3.9%, P < .001), while the distal non-stented segment 
was unaffected (P = .99). Stent-graft oversizing did not significantly af-
fect the amount of strain reduction (P = .30). Tensile testing showed that 
the thoracic aortas tended to be more elastic proximally than distally (P 
= .11).

Conclusions
TEVAR reduced radial strain in the stented thoracic aorta by about 50%, 
creating a proximal strain mismatch with the non-stented aorta. Such 
segmental stiffening may diminish the Windkessel function consider-
ably and might be associated with TEVAR-related complications, includ-
ing stent-graft induced dissection and aneurysmal dilatation. These 
data may have implications for future stent-graft design, in particular 
for TEVAR of the highly compliant proximal thoracic aorta.
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Introduction
Thoracic endovascular aortic repair (TEVAR) is being performed increas-
ingly and its practice is moving towards the arch and the ascending 
aorta.1,2 However, current thoracic stent-grafts are about 125 times stiffer 
than native thoracic aortic tissue (55.2 MPa vs. 0.44 MPa).3,4 Meanwhile, 
it is known that aortic stiffening predicts cardiovascular mortality,5 as 
the elasticity of the thoracic aorta serves a critical function in damping 
the highly pulsatile flow coming from the left ventricle. It allows for flow 
storage during systole and subsequent release during diastole. This 
“Windkessel effect” results in a more continuous flow pattern to the 
distal vascular beds through the cardiac cycle (Figure 1A).6 Pre-clinical 
and clinical studies have reported that the replacement of native aortic 
tissue by a much stiffer endograft fabric can diminish the Windkessel 
effect, inducing stiffening of both the aorta and the heart, and reducing 
coronary perfusion.5,7–12 The following mechanisms are involved in such 
adverse cardiovascular remodeling after TEVAR: 1) Increased conduit 
stiffness elevates pulse wave velocity, leading to increased pulse pres-
sure8,9,12 and ventricular afterload, resulting in adverse cardiac remodel-
ing,5,7 2) Augmented systolic and reduced diastolic pressures negatively 
reduce diastolic coronary perfusion.10,11 These mechanisms alter the 
equilibrium between cardiac systolic performance and myocardial dia-
stolic perfusion, leading to an increased risk of long-term heart failure 
and cardiovascular events.5,13

In addition to these systemic effects, local segmental stiffening appears 
to increase wall stress in adjacent segments, due to a compliance 
mismatch.14 Such a mismatch has been reported to weaken the aortic 
wall, and to be associated with aneurysm formation, retrograde and 
stent-graft induced new dissection, or rupture.14–17 Severe stent-graft 
oversizing appears to further weaken the aortic wall.18

Recently, our group reported decreased longitudinal strain following 
TEVAR in an experimental setup using porcine aortic tissue and a mock 
circulatory loop.19 To date, the impact of TEVAR on radial strain remains 
undetermined. Motivated by the lack of data and the potential important 
clinical consequences, we aimed to quantify radial strain before and 
after TEVAR using the same ex-vivo isolated porcine model, with partic-
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ular attention to stent-graft oversizing. In addition, we assessed elastic 
properties through uniaxial tensile testing to assess homogeneity of the 
used specimens and to identify potential vulnerable aortic segments.

22.5%

2.5%

100%

75%

Systole Diastole

100%

50% 45%

5%

Systole Diastole

A

B

Figure 1. (A) The Windkessel effect.6 During systole the left ventricle ejects 100% 
of the stroke volume into the thoracic aorta. More or less 50% is directly for-
warded towards the distal vascular beds, while the other 50% is stored in the 
expanded aortic lumen. This expansion builds up energy in the elastic aortic wall, 
which is subsequently used to pump the stored volume to the peripheral circu-
lation and the coronaries. (B) The potential effects of ascending TEVAR on the 
Windkessel effect. In systole, radial strain in the ascending aorta is considerably 
decreased. Due to this stiffening, the aortic wall’s ability to store volume dur-
ing systole is diminished and most of the stroke volume is directly forwarded. 
During diastole, less flow is available for diastolic perfusion of the peripheral 
vasculature, including the coronaries.10,11 Moreover, the stiffened aorta elevates 
pulse pressures,5,8,9,12 leading to increased ventricular afterload with subsequent 
cardiac remodeling.5,7
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Materials and 
methods
Aortic Specimens
Twenty fresh porcine thoracic aortas (healthy Goland pigs, commercial 
hybrid, of 10-12 months old and 160-180 kg) were collected from a lo-
cal slaughterhouse. No pigs were sacrificed solely for this study and 
ethical permission was not required by the local ethical committee. The 
aortas were transported on iced 0.9% saline solution and all measure-
ments were conducted within 12 hours from death to ensure the use of 
fresh specimens. As the ascending aorta of pigs measure only 2-3 cm, 
we used the distal arch and descending aorta for these experiments. 
Specimens were procured from the left subclavian artery till the celiac 
trunk and all side branches were ligated. Prior to the experiments, the 
aortas were bathed in 0.9% saline of room temperature for 15 minutes. 
The complete study protocol has been published before.19

Mock Circulatory Loop
The aortas were connected to a mock circulatory loop driven by a 
centrifugal flow pump (Medtronic Bioconsole BIO-MEDICUS 550, 
Minneapolis, MN, USA). This allowed for controlled intraluminal pres-
surization. To preserve the biomechanical characteristics of the nitinol 
stents,20 water at body temperature was used (using a liquid heater; 
Nova Powerstat Protonic®, Boise, ID, USA). Intraluminal pressures 
were constantly recorded using a pressure sensor (Micro Switch Pres-
sure Sensor 40PC Series Chart, Honeywell, Freeport, IL, USA) that was 
connected to a fixed silicon tube, just proximal to the aorta. Distally, 
the aorta was connected to a silicon tube that could move against low, 
standardized, resistance through a guiding half-pipe (Figure 2). A pre-
stress of 100 mmHg (mean blood pressure in pigs)21 was applied for all 
aortas prior to diameter measurements.

Radial Strain Calculations
The aortas were marked with a superficially sutured rubber dot to 
identify intersections of interest; 5cm proximal to the stent-graft, in the 
middle of the stented segment, and 5cm distal to the device. Using a 



176 Chapter 8

high-definition webcam (Logitech HD Pro Webcam C920, Lausanne, 
Switzerland), snapshots (1920 x 1080 pixels) were conducted at five 
different pressure moments; 100, 120, 140, 160, and 180 mmHg. All 
photos were post-processed using a custom developed computer script 

Figure 2. Schematic of the mock circulatory loop system. Top: The CFP propels 
the water through a soft silicon tube into the porcine aorta. “Fixed” marks the 
locations where the tube is fixed and “Pressure” shows the location of the pres-
sure sensor. “Camera” illustrates the location of the HD-camera. The “Output 
Reservoir” is the water reservoir that supplies the CFP. Bottom: “Pre-TEVAR” 
shows the situation before TEVAR with the proximal, stented, and distal lev-
els marked accordingly. “Post-TEVAR” illustrates the situation after TEVAR, in-
cluding the implanted stent-graft. CFP, centrifugal flow pump; Dist, distal; Prox, 
proximal; Stent, stented.
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made with Matlab (The MathWorks©, Inc., Natick, MA, USA). The script 
showed the investigator each image of the dataset to manually measure 
aortic diameters at the marked sections, perpendicular to the aortic wall. 
Mean diameter and radius were computed for each level independently 
by two investigators (FN and HB, research fellows in aortic disease) to 
allow for intra- and inter-observer agreement analysis. Radial aortic 
strain was calculated as:

Radial Strain =
Radius at appointed pressure − Radius at 100mmHg

* 100%
Radius at 100mmHg

Stent-Graft Implantation
Medtronic Valiant stent-grafts (Medtronic Vascular, Santa Rosa, CA, 
USA) with a length of 150 mm were implanted with a custom-developed 
loading and deployment system. To study the impact of stent-graft over-
sizing, three groups of oversizing were created; 0-9% (n = 7), 10-19% 
(n = 7) and 20-29% (n = 6). Stent-graft sizing was based on adventitia-
adventitia diameters at the proximal landing zone, 5 cm distal to the 
left subclavian artery. These diameters were measured twice by two 
investigators (FN, and MC, engineer in aortic device development) with 
an electronic caliper, of which mean values were used for analysis.

Uniaxial Tensile Testing
Directly following the radial strain measurements, all specimens were 
preserved in a refrigerator at ~7 degrees Celsius. Subsequently, elastic 
moduli of the aortic specimens were assessed through uniaxial tensile 
testing (time of delay 1.5 ± 0.8 days). The aortas were incised along the 
posterior wall to explant the stent-graft. The preserved anterior aortic 
wall was then used for tensile testing as this was free of spinal side 
branches. Three zones of interest were distinguished in the excised tho-
racic aorta, i.e. proximal, stented, and distal (Figure 3A). A bone-shaped 
specimen cutter extracted circumferential bone-shaped strips from the 
aortic tissue. These specimens were used for the tensile tests, which 
was performed by a MTS Insight Testing System 10 kN (MTS System 
Corporation, Eden Prairie, MN, USA) equipped with a 250 N load-cell, 
and by a ME-46 Video Extensometer (Messphysik, Fürstenfeld, Austria, 
Figure 3B). Elastic moduli derived from stress-strain curves and peak 
stress-to-rupture was quantified as peak stress needed to rupture the 
specimen (Figure 3C).
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Statistical Analysis
Data are shown as frequencies, percentages, and mean±standard de-
viation, where appropriate. Grubb’s testing identified outliers (α = 0.05), 
which were excluded from the analysis. Shapiro-Wilk testing was used 
to test the normality of data distribution. Statistical significance was 
evaluated with 2-tailed paired t-tests or 1-way ANOVA. Intra- and inter-
observer agreement of aortic diameters was assessed through Lin’s 
concordance correlation coefficient method (LCCC). An LCCC of < 0.90 
was deemed as poor, 0.90-0.95 as moderate, 0.95-0.99 as substantial, 
and > 0.99 as almost perfect agreement.

Figure 3. Uniaxial tensile testing. (A) Zones of interest marked. (B) The MTS 
testing system used for the experiments. (C) Specimen under stress (top) and 
immediately after rupture (bottom). (D) Mean elastic moduli per zone. (E) Stent 
marks along the intima of the thoracic porcine aorta. Dist, distal; Prox, proxi-
mal; Stent, stented.
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Results
Time between pre-TEVAR and post-TEVAR measurements was 0.6 ± 0.2 
hours. Time of delay between harvesting of the aorta and the initiation 
of the experiment was 7.1 ± 2.6 hours and the water temperature was 
37.2 ± 0.2 degrees Celsius. Mean diameter at the proximal landing zone 
was 20.5 ± 0.9 mm, pressurized at 100 mmHg.

Radial Strain Changes after TEVAR
Mean radial strains (n = 20) before and after TEVAR are shown in Figure 4. 
In the stented segments, radial strain decreased from a mean 15.0 ± 4.7% 
before TEVAR to a mean 7.0 ± 2.5% after TEVAR, a twofold reduction, on 
average 49%, which was statistically significant (P < 0.001). The proximal 
segment also tended to show a decrease of radial strain (P = 0.06), while 
radial strain in the distal segment remained unchanged (P = 0.99).

Figure 4. Maximum radial strain between 100-180 mmHg pre- and post-TEVAR 
in the proximal, stented, and distal segments.

Figure 5 demonstrates radial strain along increasing pressure in the 
stented segments, before and after TEVAR. The reduction in radial strain 
after TEVAR was significant for each pressure condition (P < 0.001 for 
120 mmHg, 140 mmHg, 160 mmHg, and 180 mmHg) and the size of the 
reduction caused by TEVAR increased as pressure rose (P < 0.001).
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Impact of Stent-Graft Oversizing on Radial Strain
Figure 6 illustrates radial strain before and after TEVAR per oversizing 
group. There were no baseline differences in radial strain between 
oversizing groups (P = 0.64). After TEVAR, radial strain in the stented 
segments decreased in all oversizing groups (P < 0.001 for all groups). 
Stent-graft oversizing did not affect the amount of strain reduction, 

Figure 5. Radial strain in the stented segments pre- and post-TEVAR along ris-
ing pressure.

Figure 6. Maximum radial strain between 100-180 mmHg in the stented seg-
ments per oversizing group, pre- and post-TEVAR.
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which was 60.9 ± 21.6% in the 0-9% oversizing group, 46.0 ± 27.7% for 
the 10-19% oversizing group and 40.2 ± 22.7% when the device was 
oversized with 20-29% (P = 0.30). Regarding strain after TEVAR in the 
proximal and distal adjacent segments, no significant differences in 
strain reduction were found among the oversizing groups (P = 0.87 and 
P = 0.40, respectively).

Radial Strain Mismatch following TEVAR
After TEVAR, a significant radial strain mismatch was observed between 
the stented and proximal non-stented thoracic aorta (Figure 7, P < 0.001). 
The distal adjacent segment showed no statistically significant radial 
strain mismatch, although a trend was observed (P = 0.14).

Figure 7. Maximum radial strain mismatch between 100-180 mmHg following 
TEVAR in the proximal, stented, and distal segments.

Uniaxial Tensile Testing
Uniaxial tensile testing demonstrated that the aortic specimens used 
in this study were homogenous regarding circumferential Young’s 
moduli (26.1 ± 10.3 MPa, coefficient of variation = 41.4%). Figure 3D 
shows Young’s moduli in the proximal, stented (central) and distal seg-
ments. Elasticity was similar along the different segments (P = 0.41), 
although the proximal end tended to be more elastic than the distal 
segment (P = 0.11).

Following stent-graft explant, we observed stent markers in the intima 
along the stented segment (Figure 3E), without macroscopic differences 
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among oversizing groups. Moreover, tensile testing showed no signifi-
cant differences of Young’s moduli (P = 0.23) and stress-to-rupture rates 
(P = 0.89) in the stented segment when comparing the three oversizing 
groups.

Intra- and Inter-Observer Agreement
For intra-observer measurements, mean diameter differences ± SD 
were 0.10 ± 0.55 mm before TEVAR and 0.07 ± 0.60 mm after TEVAR, 
with LCCCs of 0.96 (95% CI, 0.89 to 0.99) and 0.96 (95% CI, 0.90 to 
0.98), respectively. This indicated substantial intra-observer agreement. 
Regarding inter-observer measurements, mean diameter differences ± 
SD, were 0.30 ± 0.83 mm before TEVAR and 0.27 ± 0.49 mm with LCCCs 
of 0.92 (95% CI, 0.80 to 0.97) and 0.96 (95% CI, 0.90 to 0.98), respectively. 
This indicated moderate to substantial inter-observer agreement.
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Discussion
We studied the impact of TEVAR on radial aortic strain in an experimental 
model using porcine aortas and a mock circulatory loop. Our main find-
ing was that TEVAR reduced radial aortic strain by twofold. This suggests 
that TEVAR diminishes the Windkessel effect considerably, since radial 
deformation is the main determinant of volume expansion.6 Moreover, 
we found that TEVAR-induced radial stiffening resulted in a radial strain 
mismatch in the proximal thoracic aorta. This has been associated with 
elevated wall stress and weakening of the aortic wall, increasing the risk 
of aneurysmal dilatation and aortic dissection.14–17

We observed radial strain rates of about 14-15% in the proximal de-
scending porcine aorta, corresponding to strains in the healthy ascend-
ing adult aorta.22 Our results may therefore predominantly apply to 
the human ascending aorta. It is well reported that replacement of the 
ascending aorta with a surgical Dacron graft decreases compliance by 
about 30%, leading to increased impedance and left ventricle hypertro-
phy.23,24 However, these effects remain unclear for TEVAR. Our finding 
that TEVAR appears to reduce the Windkessel function by about 50% is 
timely and important as indications for endovascular repair are currently 
expanding to address proximal aortic pathology.2 Figure 1B illustrates 
the potential effects of stent-graft induced modification of the Windkes-
sel effect. Following TEVAR, the aortic wall’s ability to store volume 
during systole is diminished and most of the stroke volume is directly 
forwarded. As result, less flow is available for diastolic perfusion of 
the peripheral vasculature, including the coronaries. Moreover, due to 
conduit stiffening just distal to the aortic valve, a significant increase of 
pulse pressure is expected,5,8,9 leading to elevated cardiac afterload and 
cardiac remodeling,5,7 and reduced coronary perfusion.10,11 However, 
these potential effects of TEVAR should be confirmed in in-vivo studies.

In this experimental study, stent-graft oversizing did not significantly 
affect the reduction of radial strain after TEVAR. We observed that the 
highest oversizing group (20-29%) tended to show the lowest reduction 
of radial strain in the stented segments. This finding might be explained 
by the severe oversizing that creates a certain level of stent-graft infold-
ing, resulting in higher radial strains at rising pressures due to unfolding. 
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Yet, this remains speculative. Importantly, severe stent-graft oversizing 
is not recommended due to weakening of the wall and increased risks 
of complications.18

We observed a significant proximal radial strain mismatch following 
TEVAR. It has been reported that such a local mismatch increases 
wall stress.14 With each cardiac cycle, the aortic wall experiences this 
elevated stress, which eventually weakens the artery. The results of our 
experimental setup might even underestimate the impact of TEVAR on 
radial strain as the in-vivo adjacent aortic segments most likely will 
compensate for the increased impedance in the stented segments, 
further increasing the mismatch.14 Moreover, these effects may be 
markedly profound in young patients, as their hearts and aortas are 
more compliant.4

With rising pressure, radial strain was significantly reduced. This sug-
gests that potential adverse stiffening effects of stent-grafts worsen in 
case of hypertension, which emphasizes the importance of strict blood 
pressure regulation following TEVAR. This supports suggestions by 
others stating that perioperative hypertension may increase the risk of 
aortic dissection.25

Tensile testing showed that the thoracic aortas tended to be more elas-
tic proximally than distally, in agreement with literature.26 This finding 
further underlines the high elasticity of the proximal thoracic aorta. This 
observation is relevant in the current era of proximal TEVAR and might 
have implications for future stent-graft designs.

Study Limitations
The following limitations are important to be addressed when interpret-
ing the results. At first, we acknowledge that the use of porcine aortic 
tissue is a limitation. However, porcine tissue is commonly used in car-
diovascular research27 as their mechanical properties are comparable to 
young human tissue28 and because they are more widely available than 
human cadaveric samples. Nonetheless, healthy porcine aortic tissue is 
more elastic than aged human aortic tissue.4,19 Additional in-vivo studies 
in aged humans are therefore warranted to translate these experimen-
tal findings to clinical practice. Secondary, we used a simplified static 
pressure circulatory model. Although this model neglected dynamic 
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effects that may occur owing to cyclic systolic-diastolic wall deforma-
tions, such an experimental, controlled setup has repeatedly been used 
to assess new biomechanical concepts and assess aortic mechanical 
properties.14,29 Moreover, we found comparable radial strain rates when 
compared to pulsatile ex-vivo experimental and in-vivo patient stud-
ies.22,27 A third limitation of this study is the use of non-thrombotic blood 
analogue. This was chosen because a thrombotic agent rapidly led to 
clotting in the mechanical pump, since there are no epithelial cells to 
inhibit this. Besides, such non-thrombotic fluids do not have relevant 
influence on the high-speed condition of the aorta.30 Therefore, we used 
water to pressurize the aortas, similarly to other ex-vivo hemodynamic 
studies.27 We also note that our findings only apply for Medtronic Valiant 
stent-grafts, which have interrupted stents. Other stent-graft designs 
might show different radial strain rates.
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Conclusions
TEVAR stiffened the thoracic aorta in the radial direction by twofold, 
creating a significant strain mismatch between the stented and proxi-
mal non-stented thoracic aorta. Stent-graft oversizing up to 29% did 
not affect the amount of strain reduction. Such TEVAR-induced aortic 
stiffening may very well diminish the Windkessel function, increasing 
pulse pressure and cardiac afterload, with risk of hypertension, adverse 
cardiac remodeling, and reduced coronary perfusion. Moreover, such a 
local radial strain mismatch is associated with elevate wall stress and 
increased risk of aortic complications including aneurysmal dilatation 
and post-TEVAR aortic dissection. This study contributes to the under-
standing on the impact of TEVAR on proximal thoracic aortic dynamics, 
with potential implications for future stent-graft design.
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Abstract
Purpose
To quantify both pulsatile longitudinal and circumferential aortic strains, 
before and after thoracic endovascular aortic repair (TEVAR), potentially 
clarifying TEVAR-related complications.

Methods
This retrospective study assessed the impact of TEVAR on pulsatile aortic 
strains through custom developed software and cardiac-gated computed 
tomography imaging of eight thoracic aneurysm patients (75% males; 
mean age 71.0±8.2 years), performed before TEVAR and during follow-
up (median of 0.1 months, IQR 0.1-5.8). Lengths of the ascending aorta, 
the aortic arch, and the descending aorta were measured. Diameters 
and areas were computed at the sinotubular junction, brachiocephalic 
trunk, left subclavian artery and the celiac trunk. Pulsatile longitudinal 
and circumferential strains were quantified as systolic increments of 
length and circumference divided by the corresponding diastolic values.

Results
Average pulsatile longitudinal strain ranged from 1.4% to 7.1%, was 
highest in the arch (p<0.001), and increased after TEVAR by 77% in the 
arch (7.1±2.5% vs. 12.5±5.1%, p=0.04) and by 69% in the ascending aorta 
(5.6±2.3% vs. 9.4±4.4%, p=0.06). Average pulsatile circumferential strain 
ranged from 3.6% to 5.0% before TEVAR and did not differ significantly 
throughout the thoracic aorta. But after TEVAR, this showed a trend of 
increase at the non-stented sinotubular junction (5.0±1.4% vs. 6.3±1.0%, 
p=0.18) with a significant increase at the celiac trunk (3.6±1.8% vs. 
6.2±1.8%, p=0.02). Pulsatile circumferential strains within stented seg-
ments were deemed unreliable due to image artefacts.

Conclusion
TEVAR was associated with an increase of both pulsatile longitudinal 
and circumferential strain in the non-stented aortic segments. This sug-
gests increased pulsatile wall stress after TEVAR in segments adjacent 
to the device, which may contribute to the understanding of stent-graft 
related complications such as retrograde dissection, aneurysm forma-
tion, and rupture.
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Introduction
Pulsatile cardiac contraction and aortic compliance naturally result in 
deformations of the aorta throughout the cardiac cycle.1–4 The impor-
tance of quantifying these dynamic changes for preoperative plan-
ning and prediction of post-operative drawbacks has been described 
in endovascular repair of the abdominal aorta (EVAR).5 However, this 
task remains mostly unaddressed for endovascular aortic repair of the 
thoracic aorta (TEVAR), which is considerably more pulsatile than the 
abdominal aorta.3,4 Yet, the thoracic aorta is treated with devices adapted 
from EVAR. These devices are several orders of magnitude stiffer than 
the native thoracic aorta,6,7 most notably in the longitudinal axis, and 
their biomechanical impact on aortic pulsatility remains unclear. Mean-
while, important TEVAR-related complications are reported, including 
retrograde dissection, aneurysm formation, and rupture, originating at 
the level of the proximal or distal end of the stent-graft.8–11 The pulsatile 
mismatch between the stiff stent-graft and the compliant aorta is sug-
gested to contribute to these complications.9,12 Moreover, increased 
pulsatile longitudinal wall stress has been identified as an important 
risk factor for aortic dissection,2 resulting in circumferentially orientated 
entry tears, as most frequently observed.13,14

The abovementioned findings motivate the investigation of changes in 
aortic wall strain (deformability) following TEVAR in both the longitudi-
nal and circumferential orientations. This is to our knowledge unknown 
since most studies have focused on geometry changes in the radial 
axis.5,15 Therefore, this study aimed to quantify pulsatile longitudinal 
and circumferential aortic strains, before and after TEVAR for thoracic 
aortic aneurysm (TAA).
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Methods
The basic input data were images acquired by cardiac-gated computed 
tomography angiography (CTA) of the total thoracic aorta. For this ret-
rospective study, we included all patients with TAA enrolled in our dy-
namic imaging database that underwent cardiac-gated CTA before and 
after TEVAR, performed at our center between 2006 and 2013. Patients 
with connective tissue disorders, aortic dissection, aortic rupture, or 
<18 years of age were excluded. Image acquisition was accomplished 
successfully in all of the investigated patients (n=8) with image quality 
considered adequate in all. The study protocol was evaluated by the 
local ethical review board and formal approval and informed consent 
was waived. In this cohort, Relay (Bolton Medical Inc, Sunrise, FL) and 
Valiant (Medtronic Inc, Minneapolis, MN) stent-grafts were used for 
TEVAR. Cardiac-gated CTA scans of the aorta were performed with a 
64-row or 256-row multi-slice CT system (Philips Medical System, Best, 
The Netherlands). A 3-dimensional (3-D) scan volume was acquired at 
each of the eight equidistance time steps, covering the entire cardiac 
cycle and providing a 4-dimensional (4-D) data set. For the pre and post-
operative CTA imaging, pixel spacing (pre-TEVAR: median 0.5/0.5 mm 
[0.5-0.7 mm]; post-TEVAR: 0.7/0.7 mm [0.6-0.8 mm]) and slice thickness 

B
ECG-gated 
image data

Segmentation for
3D reconstruction 

CLL and 
branch splitting

Computation of longitudinal and 
circumferential geometries

Pre-TEVAR Post-TEVAR

Figure 1. Schematic representation of the workflow from image data acquisi-
tion through segmentation, calculation of the CLL and branch splitting to define 
anatomical landmarks, through computation of aortic geometries for longitu-
dinal and circumferential zones of interest, pre- and post-TEVAR. CLL: center 
lumen line.
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(pre-TEVAR: 1.5 mm [1.4-1.5 mm]; post-TEVAR: 1.5 mm [1.4-1.5 mm]) 
were collected. For enhanced vessel contrast, each patient received 
between 90 and 150 mL of a non-ionic contrast medium (Iopromide, 
Schering, Berlin, Germany), followed by a 60 mL saline chaser bolus.

The workflow from CTA imaging to calculation of aortic geometries is 
illustrated in Figure 1 and described below.

Image Segmentation
The CTA images were used to reconstruct 3-D aortic geometry mod-
els of all eight time steps in each patient, before and after TEVAR. The 
images were transferred to a workstation equipped with dedicated 
medical image software for visualization, segmentation, and analysis 
of the 4-D data set. Dedicated imaging software named ITK-Snap16 was 
used to perform segmentations and 3-D reconstructions of each total 
thoracic aorta. The software implements a 3-D active contour segmenta-
tion method, called snake evolution, which works on a closed surface 
(the aortic lumen). This resulted in 16 reconstructed models of the total 
thoracic aorta per patient (8 before and 8 after TEVAR).

Quantitative Analysis of 3-D Aortic Geometry
Given the 3-D aortic reconstruction, a semi-automatic script was applied 
to extract geometries of the anatomical zones of interest. The script 
combines methods implemented in Visualization Toolkit and Vascular 
Modelling Toolkit libraries to visualize and process the 3-D thoracic 
aortic reconstruction.17,18 This image elaboration is performed through 
a well-defined procedure, which can be summarized in a few steps; 1) 
calculation of the center lumen line (CLL), 2) branch splitting, and 3) 
computation of CLL features.

A Lagrangian frame was used for each of the eight cardiac phases to avoid 
potential bias of rigid body motion and longitudinal aortic shortening 
and elongation on geometric measurements.1,3 For such an approach 
we used trackable anatomical landmarks to fix the reference frames 
of the dynamic aorta, as reported by Morrison et al.3 These landmarks 
were defined for each of the eight cardiac phases by identification of the 
sinotubular junction (STJ) and branch bifurcations computed from the 
CLL. First the aortic root was cut from the valvular plane upward with 
30 sections equally spaced with 1 mm. The area of each section and its 
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difference with the subsequent section was calculated, defining the STJ 
as the section where this difference reached a local minimum. Bifurca-
tions were identified by centerline splits to the side branch of interest, 
as described by Piccinelli et al.17

After calculation of the CLL, the thoracic aorta was automatically sub-
divided in three segments of interest: the ascending aorta, extending 
from STJ till brachiocephalic trunk; the arch, from brachiocephalic trunk 
till left subclavian artery (LSA); and the descending aorta, from LSA till 
celiac trunk (Figure 2A). The total thoracic aorta length was computed 
as the length from STJ till celiac trunk. End-systolic (maximum) and 
end-diastolic (minimum) lengths during the eight phases of the cardiac 
cycle were quantified for each patient, pre- and post-TEVAR. Pulsatile 
longitudinal strains were calculated by dividing the cumulative length 
displacement along the CLL for each segment (i.e. ascending aorta, arch, 
and descending aorta) by the end-diastolic length of that segment.1
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Figure 2. Schematic representation of the thoracic aorta illustrating longitudi-
nal and circumferential zones of interest, and stent-graft coverage among all 
eight patients. (A) Percentage of length segment covered in the ascending aorta 
(purple), aortic arch (green), and descending aorta (red). (B) Proportion (n/n) of 
circumferential levels covered with a stent-graft at the STJ (1), brachiocephalic 
trunk (2), LSA (3), and celiac trunk (4). LSA: left subclavian artery, STJ: sinotu-
bular junction.
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Aortic diameters and areas were measured at the levels of the STJ, 1 
cm proximal to the brachiocephalic trunk, the LSA, and the celiac trunk 
(Figure 2B). Diameters were computed over 360 axes, calculating the 
distance between all points constituting the section of interest perpen-
dicular to the CLL and then extracting the minimum and maximum 
of those values, as described before.17,18 Areas were measured by 
triangulating the appointed section and summing the area of all the 
obtained triangles. Assuming that the cross-section was circular, an 
equivalent radius was derived from the measured area. This radius was 
then used to compute the circumference as twice the radius multiplied 
by π. Subsequently, circumferential (or hoop) strains at each appointed 
level were calculated as the cumulative circumference change during 
the eight phases of the cardiac cycle divided by the corresponding end-
diastolic circumference. Diameters and areas within stented segments 

Figure 3. Segmented thoracic aorta following TEVAR shown with high opacity 
to reveal the intraluminal surface. The blue arrow marks the smooth intralumi-
nal surface of the non-stented ascending aorta while the red arrow shows the 
crinkled intraluminal surface, which led to artefacts in diameter/area measure-
ments.
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were deemed unreliable because the stent-graft struts caused artefacts 
to the segmentations, as shown in Figure 3. This led to highly variable 
diameters and areas within the stented segments, with subsequent 
unrealistically high pulsatile circumferential strains. Therefore, only 
non-stented levels were included for analysis of circumferential strains. 
Moreover, no additional levels within the descending aorta were includ-
ed for analysis as its preferable anatomical landmarks, the intercostal 
arteries,3 were unidentifiable following TEVAR as the stent-graft blocked 
contrast fluid to flow into these side branches.

Statistical Analysis
Data were analyzed with SPSS 23.0 (SPSS, Chicago, IL, USA). All data are 
presented as mean±standard deviation (SD), where applicable. Statisti-
cal analyses of differences between end-systolic and end-diastolic aortic 
diameters, areas, and lengths were performed using the Student t-test 
for paired data, and the Independent-Samples t-test. Linear regression 
analysis was used to assess associations between time from TEVAR to 
postoperative imaging and strain changes. Normal distribution of the 
data was assessed by skewness and kurtosis Z-values between -1.96 
and 1.96, the Shapiro-Wilk test p-value above 0.05, and visualization 
of approximately normally distributed data with histograms. Variability 
among patients was assessed by computing the coefficient of variation 
(CV). All p-values <0.05 were considered statistically significant. Seg-
mentation of the thoracic aorta could potentially lead to slight measure-
ments differences. Therefore, segmentations were conducted twice by 
the same investigator (C.T.) and repeated by another investigator (F.N.), 
allowing for intra- and inter-observer variability analysis through Lin’s 
concordance correlation coefficient method19 (LCCC). An LCCC of <0.90 
was deemed as poor, 0.90-0.95 as moderate, 0.95-0.99 as substantial, 
and >0.99 as almost perfect agreement.
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Results
Patient and procedural characteristics are listed in Table 1. Mean age 
was 71.0±8.2 years, with 75% males. A median of 2.0 (IQR 1.0-2.0) stent-
grafts was used. The median interval from intervention to post-TEVAR 
imaging was 0.1 (IQR 0.1-5.8) months. Patients were homogeneous 
regarding maximum aneurysm size (57.1±13.5 mm, CV=0.24), proxi-
mal neck size (38.1±2.6 mm, CV=0.07), proximal stent-graft oversizing 
(15.4±7.0%, CV=0.45), distal neck size (31.4 ± 2.7 mm, CV=0.08), distal 
stent-graft oversizing (22.6±11.7 %, CV=0.52), and in situ stent-graft 
length (161.5±70.2 mm, CV=0.43). Figure 2 illustrates the average stent-
graft coverage per length segment and circumferential level.

Table 1. Patient and procedural characteristics, including diagnosis, type of the 
stents-graft(s), sizes and oversizing rates.

Pt Age, y/
Gender

Diagnosis Stent-graft type Size stent-graft 1, 2,
3 (PD-DD-GL, mm)

Proximal
oversizing

1 79/M TAA Bolton Relay 42-42-100, 38-38-100 12%

2 65/M TAA Bolton Relay 38-38-100 2%

3 61/M TAA/rupture Medtronic Valiant 38-38-125, 40-40-150, 
44-44-150

16%

4 79/M TAA Medtronic Valiant 36-36-100, 38-38-100 20%

5 70/M TAA Medtronic Valiant 36-36-100 20%

6 75/M TAA Medtronic Valiant 42-42-150 27%

7 77/F TAA Medtronic Valiant 38-38-200, 38-38-200 11%

8 59/F PAU/TAA Bolton Relay 34-34-100 15%

DD: distal diameter, GL: graft length, PAU: penetrating aortic ulcer, PD: proximal 
diameter.

Lengths and Pulsatile Longitudinal Strains
End-systolic lengths of the total thoracic aorta, the ascending aorta 
and the descending aorta increased after TEVAR (Table 2). End-diastolic 
lengths are listed in Supplemental Table 1. A schematic representation 
of the segmented thoracic aorta is depicted in Figure 4 and shows 
pulsatile longitudinal strains before and after TEVAR. Before TEVAR, 
pulsatile longitudinal strain was highest in the arch (7.1±2.5%, p<0.001). 
After TEVAR, pulsatile longitudinal strains increased significantly, on 
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Table 2. Systolic aortic lengths and pulsatile longitudinal strains, pre- and post-
TEVAR.

Variable, mean ± SD Pre-TEVAR Post-TEVAR pa-value

End-systolic length, mm

Total thoracic aorta 391.2±4.5 400.0±33.9 0.008

Ascending aorta 77.1±5.4 78.1±5.5 0.047

Aortic arch 46.2±5.4 49.3±4.3 0.054

Descending aorta 270.3±29.7 277.2±27.4 0.03

Pulsatile longitudinal strain, % (mm)b

Total thoracic aorta 1.6±0.6 (6.3±2.7) 2.2±1.3 (8.9±6.0) 0.11

Ascending aorta 5.6±2.3 (4.0±1.4) 9.4±4.4 (6.7±3.0) 0.06

Aortic arch 7.1±2.5 (3.6±1.8) 12.5±5.1 (5.4±1.9) 0.04

Descending aorta 1.4±0.7 (3.7±2.0) 2.0±1.2 (5.6±3.8) 0.24

aP-values were computed for all eight patients using paired t-testing; bRelative 
and absolute strains are given in % and in mm, respectively.

5.6 ± 2.3
9.4 ± 4.4

7.1 ± 2.5
12.5 ± 5.1

1.4 ± 0.7
2.0 ± 1.2

Pre-TEVAR
Post-TEVAR

p = 0.06

p = 0.04

p = 0.24

Figure 4. Segmented thoracic aorta demonstrating pulsatile longitudinal strains 
pre- and post-TEVAR in the ascending aorta (purple), the arch (green), and de-
scending aorta (red). Values are given as mean percentage ± SD. P-values were 
computed for pre-TEVAR vs. post-TEVAR using paired t-testing. TEVAR: tho-
racic endovascular aortic repair.
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average, by 77% in the arch (p=0.04), and by 69%, in the ascending 
aorta, showing a trend of significance (p=0.06). Pulsatile longitudinal 
strain in the descending aorta did not show a statistical difference fol-
lowing TEVAR (p=0.24). Overall, a trend of longitudinal strain increase 
was observed in the total thoracic aorta following TEVAR (1.6±0.6% vs. 
2.2±1.4, p=0.11).

Regarding gender-related differences, longitudinal strains were higher 
in the females than the males along the total thoracic aorta (2.5±0.4% 
vs. 1.3±0.2%, p=0.005) and the ascending aorta (8.5±0.8% vs. 4.6±1.8%, 
p=0.04). We observed no gender-related differences of longitudinal 
strain change after TEVAR.

Diameters and Pulsatile Circumferential Strains
End-systolic diameters and pulsatile circumferential strains are listed in 
Table 3. End-diastolic diameters are shown in Supplemental Table 1. The 
non-stented end-systolic diameters increased after TEVAR, on average, 
by 5%, which did not show statistical significance at any level. Average 

Table 3. Systolic aortic diameters and pulsatile circumferential strains, pre- and 
post-TEVARa.

Variable, mean ± SD Pre-TEVAR Post-TEVAR pe-value

End-systolic diameter, mm

STJ 31.5±5.7 33.1±6.1 0.09

Brachiocephalic trunk 35.5±3.6 36.5±3.4 0.12

LSAb 30.2±1.5 32.1±3.9 0.46

Celiac trunkc 27.6±4.6 29.6±3.5 0.07

Pulsatile circumferential strain, % (mm)d

STJ 5.0±1.4 (4.6±1.1) 6.3±1.0 (6.1±1.5) 0.18

Brachiocephalic trunk 4.0±2.4 (4.5±2.9) 4.6±1.9 (5.1±2.3) 0.36

LSAb 4.3±3.3 (2.7±1.5) 5.3±2.2 (4.1±1.1) 0.73

Celiac trunkc 3.6±1.8 (3.0±1.4) 6.2±1.8 (5.5±2.2) 0.02

aDiameters were calculated as the mean of minimum and maximum diameters. 
Circumferences were derived from the area; bValues of two patients are given, 
as this level was stented in six patients; cValues of five patients are given, as 
this level was stented in three patients; dRelative and absolute strains are given 
in % and in mm, respectively; ep-values were computed for pre-TEVAR vs. post-
TEVAR using paired t-testing.
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pulsatile circumferential strains were comparable between genders 
(p=0.13) and did not differ significantly throughout the thoracic aorta 
(p=0.62). After TEVAR, this showed a statistical trend of increase proxi-
mal to the stent-graft, with an average of 26% at the STJ (p=0.18), and 
a statistically significant increase of 42% at the non-stented celiac trunk 
(p=0.02). No significant differences of circumferential strain change 
related to gender were observed.

Regarding the impact of stent-graft type used, overall preoperative pul-
satile longitudinal and circumferential strains did not differ significantly 
when comparing those patients treated with a Bolton Relay (n=3) or 
a Medtronic Valiant stent-graft (n=5, p=0.95 and p=0.99, respectively). 
After TEVAR, differences in pulsatile longitudinal and circumferential 
strains among both patient groups did again not reach statistical sig-
nificance (Supplemental Table 2).

Clinical Outcomes and Pulsatile Strain Changes
Patient number 1 developed retrograde aortic dissection 14 days fol-
lowing TEVAR, originating from an entry tear at the proximal end of 
the stent-graft and limited to the descending aorta (Figure 5). He was 

A B

Figure 5. Axial view of the thoracic aorta in patient 1. (A) Before TEVAR, loca-
tion of the proximal landing zone in the descending aorta. (B) After TEVAR at 
the same location, red arrow marks a stable retrograde dissection originating 
at the proximal end of the stent-graft, with thrombosed false lumen one-year 
following TEVAR. TEVAR: thoracic endovascular aortic repair.
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not known with a connective tissue disease nor was the stent-graft 
proximally severely oversized (12%). However, interestingly, after 
TEVAR, pulsatile longitudinal strain decreased in this patient by 60% 
in the descending aorta (from 1.7% to 1.1%) and increased by 96% in 
the ascending aorta (from 2.4% to 4.7%) and by 29% in the arch (from 
5.8% to 7.5%). Moreover, pulsatile circumferential strain proximal to 
the stent-graft, at the LSA, increased with 315% (from 1.3% to 5.4%). 
The aortic dissection in this patient remained stable and showed no 
progression at one-year follow-up CTA imaging, after which the patient 
returned to a local center for further monitoring. All other patients were 
free of any major complications at one-year follow-up imaging.

Association between Time and Pulsatile Strain Change
After linear regression analysis, we observed a significant negative as-
sociation between longer time from TEVAR to postoperative imaging 
and pulsatile longitudinal strain increase in the arch (OR -0.05; 95% CI; 
-0.10 to -0.01; p=0.04). No significant association was found between 
length of time between TEVAR to postoperative imaging and circumfer-
ential strain changes.

Intra-observer and Inter-observer Agreement
For intra-observer measurements, mean differences (SD) for length, 
diameter, and area were -0.9 (3.2) mm, 0.2 (0.4) mm, and 4.4 (23.4) mm², 
respectively, with subsequent LCCCs of 0.99 (95% CI, 0.99 to 1.00), 0.99 
(95% CI, 0.98 to 0.99), and 0.98 (95% CI, 0.96 to 0.99). This indicated 
excellent intra-observer agreement. Regarding inter-observer measure-
ments, mean differences (SD) for length, diameter, and area, were 0.60 
(3.6) mm, -0.51 (1.3) mm, and 9.3 (24.3) mm², respectively, with LCCCs of 
0.99 (95% CI, 0.99 to 1.00), 0.91 (95% CI, 0.81 to 0.94), 0.98 (95% CI, 0.97 
to 0.99). This indicated excellent intra-observer agreement for length 
and area, and moderate agreement for diameter.
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Discussion
We found that TEVAR induced an increase of pulsatile longitudinal strains 
proximal to the stent-graft, with an average of 77% in the arch and 69% 
in the ascending aorta. Overall, the highest pulsatile longitudinal strains 
were observed in the arch. Pulsatile circumferential strains were similar 
throughout the thoracic aorta and increased following TEVAR at the 
level of the non-stented celiac trunk, with a trend of increase at the STJ.

To improve outcomes following TEVAR, it is important to understand 
the biomechanical impact of stiff stent-grafts on the pulsatile thoracic 
aortic wall. So far, this impact remained unclear while the use of TEVAR 
increases, even in younger patients who have highly compliant aor-
tas.3,4,20,21 Our dynamic imaging study evaluated pulsatile longitudinal 
and circumferential strains of the thoracic aorta, before and after TEVAR 
performed for aneurysms.

Before TEVAR, we found pulsatile strain rates to be consistent with 
recent literature.1,3,15 Pulsatile longitudinal strains were 5.6±2.3% in the 
ascending aorta and were higher in the two females (8.5±0.8%, p=0.04). 
These findings agree with the report of Bell et al who studied aortic 
strain through magnetic resonance in a large cohort.1 Moreover, pul-
satile longitudinal strains were considerably lower in the descending 
aorta (p<0.001), when compared to the arch and ascending aorta, which 
supports findings of Morrison et al who used a comparable imaging 
technique.3 In our study, the highest longitudinal strains were observed 
in the arch (7.1 ± 2.5%), for which we could not find comparison data 
in the literature. Pulsatile circumferential strains ranged between 3.6% 
and 5.0% in our study, which agrees with current literature.1,3,15

After TEVAR, we observed increased pulsatile longitudinal strain proxi-
mal to the stent-graft. This observation might be explained by the fact 
that the heart pulls the STJ downwards with each heartbeat, as also 
reported by Beller et al and Bell et al, causing the thoracic aorta to 
extend longitudinally.1,2 However, after TEVAR, the descending aorta 
is stiffened for which the ascending aorta and arch are, hypothetically, 
forced to compensate, leading to increased strain in those segments. 
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This elevated strain might weaken the aortic wall, associated with aortic 
dilatation and dissection.2,8

We found that longer time between TEVAR and postoperative imaging 
was associated with reduced longitudinal strain elevation in the aortic 
arch. This finding might be explained by the concept that mechanical 
stretching causes fibrous aortic remodeling, as a healing process.22,23 
The observed increased longitudinal strains in the arch following TE-
VAR might have triggered such a remodeling process, which most likely 
stiffened the aorta over time resulting into reduced longitudinal strain 
changes.

Pulsatile circumferential strains increased after TEVAR in the non-stented 
levels of the celiac trunk, while tending to increase at the STJ. Although 
we were not able to quantify this at the stented intersections due to 
artefacts in the segmentations, several other studies reported that (T)
EVAR stiffens the aorta.15,24,25 Brekken et al showed through echography 
that circumferential strains decreased with about 40-70% after EVAR for 
abdominal aneurysms.15 Such a reduction of the pulsatile “Windkessel 
effect”,26 resulting from increased impedance in the stent-graft, might be 
corrected in part by increased pulsatile strains in the non-stented adja-
cent sections to maintain storage of kinetic energy. This further enlarges 
the pulsatile mismatch. Indeed, we found a statistical trend of increase 
of pulsatile circumferential strains proximal to the stent-graft, with an 
average of 26% at the STJ and a significant increase distal to the stent-
graft, which averaged at 42% at the celiac trunk. Such elevated pulsatile 
strains have been associated with aneurysm formation,8 but also with 
rupture11 and retrograde dissection,9 two major feared complications 
following TEVAR with reported mortalities of about 50% and 40%, 
respectively.9,27 On this note, as mentioned, one patient in our cohort 
(patient 1) developed retrograde dissection following TEVAR (Figure 5). 
This patient showed considerable increases of pulsatile longitudinal 
and circumferential strains proximal to the stent-graft. Such elevated 
pulsatile strains might have triggered the retrograde dissection in this 
patient; however, studies including larger cohorts are warranted to 
investigate the association between pulsatile strain and the formation 
of retrograde or antegrade dissection.
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Certain stent-graft designs might be more compliant than others. For 
instance, in our study the Bolton Relay stent-graft was used, which has 
a longitudinal sidebar connecting the stents. This may limit longitudinal 
strain. Nevertheless, we did not observe statistically significant dif-
ferences in pulsatile longitudinal strains between this device and the 
Medtronic Valiant stent-graft, which does not have a longitudinal bar. 
This may be due to our limited size cohort. However, our study might 
give direction to future research, as scarce data exist regarding direct 
comparisons of clinical performances of different stent-graft designs, 
and therefore randomized controlled trials may be considered. In ad-
dition, future dynamic imaging studies should continue to investigate 
the biomechanical interaction between stent-grafts and aortic elasticity, 
with the goal to improve outcomes following TEVAR. More compliant 
devices might fit the elastic aortic environment better, potentially reduc-
ing the pulsatile strain mismatch. However, this is yet to be confirmed.

Limitations of our study include a low sample size and therefore the 
results cannot be completely generalized. This is in particular important 
when interpreting our multiple comparisons such as inter-gender dif-
ferences, since only two females were included, and our comparison 
between stent-graft type, as only three Bolton and five Medtronic im-
planted devices were available for analysis. Also, we were unable to 
report circumferential strains within stented segments due to artefacts. 
Moreover, blood pressure data for all patients both before and after 
TEVAR was unavailable to us. Therefore, we could not quantify aortic 
distensibility, which takes pulse pressure into account.28 Additional 
studies with larger cohorts and inclusion of blood pressure data are 
required to confirm our findings and to study circumferential geomet-
ric changes within the stented segments. These studies should aim to 
implement dedicated tools to reduce such artefacts.29 Our study may 
serve as a base for such future larger studies, which would ideally have 
a prospective design with randomization to different stent-graft types, 
using consistent and highly detailed image acquisition. Furthermore, 
with the advancements in medical imaging, the pixel spacing and the 
number of equidistance time steps during the cardiac cycle could be 
improved, and should be investigated in the future.



Impact of TEVAR on Pulsatile Strains in Aneurysm Patients 205

Conclusion
This dynamic imaging study in patients managed with TEVAR for aneu-
rysm showed that current thoracic stent-grafts are associated with an 
increase of pulsatile longitudinal and circumferential strains adjacent 
to the device. These data may yield insight into the pathogenesis of 
TEVAR-related complications, such as retrograde or antegrade dissec-
tion, aneurysm formation, and rupture, and might imply the need for 
more compliant stent-graft designs.
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Supplemental Table 1. Diastolic aortic lengths and diameters, pre- and post-
TEVAR.

Variable, mean ± SD Pre-TEVAR Post-TEVAR p-valuec

End-diastolic length, mm

Total thoracic aorta 384.9±35.0 391.1±30.1 0.11

Ascending aorta 73.2±6.4 71.5±4.8 0.14

Aortic arch 42.6±5.0 44.0±4.9 0.20

Descending aorta 266.6±28.9 271.6±25.4 0.18

End-diastolic diameter, mm

STJ 29.5±5.8 30.3±5.2 0.26

Brachiocephalic trunk 34.6±2.7 34.4±2.6 0.49

LSAa 27.8±3.2 28.6±4.2 0.48

Celiac trunkb 26.6±4.5 26.7±2.5 0.91

aValues of two patients are given, as six patients were excluded due to arte-
facts; bValues of five patients are given, as three patients were excluded due to 
artefacts; cp-values were computed for pre-TEVAR vs. post-TEVAR using paired 
t-testing.

Supplemental Table 2. Pulsatile longitudinal and circumferential strains after 
TEVAR per segment for the different stent-graft types.

Variables, mean ± SD Bolton Relay Medtronic
Valiant

p-valueb

Pulsatile longitudinal strain, % (mm)

Total thoracic aorta 1.8±0.6 (7.2±2.7) 2.5±1.7 (10.0±8.0) 0.57

Ascending aorta 7.0±3.0 (5.2±2.5) 10.9±5.2 (7.6±3.5) 0.29

Aortic arch 9.7±3.4 (4.1±1.0) 14.3±6.0 (6.1±2.1) 0.28

Descending aorta 1.7±0.9 (4.5±1.8) 2.2±1.6 (6.2±5.1) 0.65

Pulsatile circumferential strain, % (mm)

Proximal adjacent to stent-graft 5.3±1.6 (5.0±0.7) 4.4±2.1 (4.7±2.7) 0.96

Distally adjacent to stent-grafta 7.7±1.7 (4.3±0.7) 5.3±1.5 (7.7±0.5) 0.29

aValues of six patients are given, as two patients were excluded due to arte-
facts; bp-values were computed for Bolton Relay vs. Medtronic Valiant using 
independent sample t-testing.
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Abstract
Background
Pulsatile aortic strain and the impact of thoracic endovascular aortic 
repair (TEVAR) remain undetermined in patients with type B aortic 
dissection (TBAD), while important complications occur. We aimed to 
quantify this in TBAD patients and control subjects.

Methods
We retrospectively analysed the TBAD patients from our database with 
cardiac-gated CTA-imaging available before and after TEVAR (n=2), and 
two controls (67- and 76-year-old males). Patient 1 (54-year-old female) 
presented with acute TBAD. Patient 2 (55-year-old male) had Marfan 
syndrome and ruptured acute TBAD. Custom developed software 
computed aortic lengths, diameters, and areas during the cardiac cycle. 
Pulsatile strains were quantified as systolic increments of length and 
circumference divided by the corresponding diastolic values.

Results
Before TEVAR, pulsatile longitudinal strain of the thoracic aorta was 
lower in the TBAD patients (1.4-1.7%) than in the controls (2.1-4.5%). 
After TEVAR, pulsatile longitudinal strain increased proximal to the 
stent-graft by 65% in the arch of patient 1 and by 70% in the ascending 
aorta of patient 2. Pulsatile circumferential strain was elevated in case 
of false lumen patency (4.4-6.2%) when compared to thrombosed false 
lumen (1.4-2.1%) and controls (0.9-3.3%). Following TEVAR, circumfer-
ential measurements within stented segments were deemed unreliable 
due to artefacts.

Conclusions
TEVAR was followed by a considerable increase of pulsatile longitudi-
nal strain proximal to the stent-grafts, while TBAD was associated with 
longitudinally stiffer aortas than controls. This might well be part of the 
pathophysiology of TEVAR-related complications such as retrograde 
dissection and aneurysmal dilatation. These preliminary data call for 
larger prospective studies.



Pulsatile Strains and Impact of TEVAR in Type B Dissection 211

Introduction
Thoracic endovascular aortic repair (TEVAR) has been successfully 
adopted to treat complicated TBAD patients, improving survival con-
siderably.1,2 However, important TEVAR-related complications are still 
widely reported in these patients, with retrograde or antegrade dissec-
tion, typically originating at the proximal or distal end of the device, 
and rupture being the most lethal.3–5 Unfortunately, the mechanisms of 
these TEVAR-related drawbacks are mostly unknown. Changes of aortic 
dynamics during the cardiac cycle, induced by a mismatch between the 
stent-graft and the aorta, is suggested to play a key role.3,6,7 However, 
little is known about deformations of the dissected aortic wall and only 
few studies have reported strain after endovascular repair.8

Biomechanical studies have shown that current thoracic stent-grafts 
are about 125 times stiffer than the adult thoracic aorta (55.2 Mpa vs. 
0.44 Mpa).9,10 Implantation of such stiff devices may underlie reported 
cases of TEVAR induced acute hypertension and cardiac remodelling.11,12 
However, the exact nature of TEVAR induced local changes in aortic wall 
strain remains to be determined. Whereas most dynamic imaging stud-
ies have focused on aortic area or diameter changes during the cardiac 
cycle,7,13 the importance of longitudinal strain should be not underesti-
mated. In fact, it predominantly appears to be the longitudinal axis that 
fails in the event of aortic dissection,14,15 resulting into transverse intimal 
tears, as found in the majority of patients.16 It has been demonstrated 
that during each cardiac contraction, the heart pulls the aortic root down-
wards, resulting in longitudinal strain of about 7-9% in the ascending 
aorta.15,17 Implantation of a rigid stent-graft in the proximal descending 
aorta might stiffen that segment, potentially forcing the ascending aorta 
and aortic arch to overstretch during each heartbeat, as we observed in a 
study on eight aneurysm patients managed with TEVAR.[personal data] 
Such elevated wall stress has been associated with increased risk of 
aortic dissection,15 aneurysm growth and weakening of the aortic wall.6

The abovementioned considerations interested us to quantify pulsatile 
aortic strain in both longitudinal and circumferential directions in acute 
TBAD patients, before and after TEVAR, as well as in controls. For this 
purpose, we used a semi-automatic technique to post-process cardiac-
gated computed tomography angiography (CTA) image data.
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Materials and 
methods
For this retrospective study we included the patients with acute TBAD 
enrolled in our imaging database that underwent cardiac-gated CTA, 
both before and after TEVAR, at the University of Utrecht, the Nether-
lands. This resulted in a limited set of patients, since few TBAD patients 
underwent cardiac-gated CTA-imaging both before and after TEVAR at 
our centre (n=2). Two patients without thoracic aortic disease served as 
controls (Table 1). The local ethical review board evaluated the study 
protocol; formal approval was given and informed consent was waived.

Patient population
Patient 1 was a 54-year-old female who presented with acute chest 
pain. Acute TBAD was confirmed using cardiac-gated CTA-imaging and 
extended just distal from the LSA till the aortic bifurcation (Figure 1A). 
The false lumen was thrombosed. This patient was selected for TEVAR 
using two Bolton Relay (Bolton Medical Inc, Sunrise, FL) stent-grafts 
(Figure 1B). The proximal landing zone was just distal to the left com-
mon carotid artery, covering the LSA, with distal extension 10 cm above 
the celiac bifurcation. Stent-graft oversizing was 8%. A postoperative 
cardiac-gated CTA-scan was conducted 3 weeks later, which was used 
for this study. During 5-years of follow-up, no endoleaks or other stent-
graft related complications were noted.

Patient 2 was a 55-year-old male with Marfan syndrome who presented 
with acute chest pain and hypertension. He was diagnosed with acute 
TBAD starting just distal to the origin of the LSA with extension into the 
right iliac artery. The false lumen was patent from the mid-descending 
aorta till the iliac arteries. This patient was initially managed with 
medical therapy. Six days after the initial acute event, he developed a 
contained rupture of his proximal descending aorta and was managed 
with emergency TEVAR (Figure 1C). Two Medtronic Captivia (Medtronic 
Vascular, Santa Rosa, CA, USA) stent-grafts were implanted, with exten-
sion distal from the LSA to just proximal to the celiac bifurcation (Figure 
1D). The stent-graft diameter was oversized by 40% evaluating the rup-
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tured aorta and the hypotension18 during examination and, additionally, 
the unavailability of smaller devices in the acute setting in our hospital. 
The cardiac-gated CTA-scans conducted at the second presentation 
and at 3 days postoperatively were used for this analysis. After one 
month, CTA-imaging revealed a pseudoaneurysm caused by aortic per-
foration of a proximal bare stent strut, as reported before.19 A proximal 
extension was implanted with an additional stent-graft (32-32-164 mm), 

C D

A BA

Figure 1. CTA-imaging showing (A) the acute TBAD of patient 1 before and (B) 
after TEVAR, and of patient 2 with (C) ruptured acute TBAD, (D) managed with 
TEVAR.
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landing just distal from the left common carotid artery, covering the 
origin of the LSA. After this additional procedure, no endoleaks or other 
stent-graft related complications occurred during 5-years of follow-up, 
with complete thrombosis of the false lumen and subsequent positive 
remodelling of the aorta.

Patients 3 and 4 were both males (67- and 76-years-old) with no visible 
evidence of thoracic aortic disease and no medical history of prior aortic 
surgery or a connective tissue disorder.

Workflow from data collection to strain quantification
The workflow for this study is illustrated in Figure 2 and discussed 
stepwise in the following.
1. Image acquisition and data collection: Basic input data was a di-

com set of cardiac-gated CTA-images obtained in eight phases of 
the cardiac cycle. These dynamic CTA scans were performed with 
a 256-row multislice CT system (Philips Medical System, Best, the 
Netherlands) and imported in 3Mensio software (3Mensio Medi-
cal Imaging, Bilthoven, Netherlands) for analysis. A 3-dimensional 
scan volume was acquired at all eight time steps. Only if image 
acquisition was accomplished successfully and image quality 
was considered adequate, patients were included in this study. 
Pixel spacing and slice thickness were similar for all patients and 
are demonstrated in Supplemental Table 1. For enhanced vessel 
contrast, each patient received between 90 and 150 ml of a non-
ionic contrast medium (Iopromide, Schering, Berlin, Germany), 
followed by a 60 ml saline chaser bolus.

2. Image segmentation: For this step, a workstation with dedicated 
medical image software was created for post-processing the 4-D 
(cardiac-gated) image sets. Dedicated software named ITK-Snap20 
was used to segment the thoracic aortic geometries of each time 
step, both pre- and post-TEVAR. This software implements a 3-D 
active contour segmentation method, called snake evolution, 
which works on a closed surface (i.e. the aortic lumen). In ad-
dition, 3-D reconstruction of the different levels of interest was 
conducted at each of the different time steps (Figure 2B). The 3-D 
reconstructions for both TBAD patients before and after TEVAR are 
shown in Supplemental Figure 1.
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3. Quantification of the dynamic aortic geometries: A customized 
script was developed combining methods implemented by Vi-
sualization Toolkit and Vascular Modeling Toolkit libraries.21 This 
semi-automatic script automatically extracts aortic geometries 
per segment/level of interest, starting with the calculation of the 
vessel centreline of the true lumen. Subsequently, the spatial co-
ordinates of the points of interest along that centre lumen line are 
identified. The script then splits and computes the centreline at 
the origins of each side branch of interest (Figure 2C). Each centre 
lumen line or segmentation slice was checked by an investigator 
and manually adjusted if needed.

4. Pulsatile longitudinal strain: The thoracic aorta was divided into 
three anatomical length segments of interest through an auto-
mated aortic arch branch splitting procedure. Vascular Modeling 
Toolkit tools were used to recover the topology of the vascular 
structure. The arch centre lumen line was subdivided in three 
regions consistent with the supra-aortic branch splitting. Three 
segments of interest were identified: the ascending aorta, starting 
at the STJ up to the brachiocephalic trunk; the aortic arch, extend-
ing from the brachiocephalic trunk till the LSA; and the thoracic 
descending aorta, stretching from the left subclavian artery (LSA) 
till the celiac trunk (Figure 2D). For each patient, pulsatile longitu-
dinal strain was then calculated as the difference between systolic 
and diastolic lengths divided by the diastolic length.

5. Pulsatile circumferential strain: Aortic diameters and areas were 
measured at six different levels: the level of the STJ, 1 cm proxi-
mal to the brachiocephalic trunk, the LSA, 10 cm and 20 cm distal 
to LSA, and at the level of the celiac trunk, as shown in Figure 
2E. Diameters were measured in 360 degrees by calculating the 
distance between all points constituting the section of interest 
perpendicular to the centre lumen line and then extracting the 
minimum (end-diastolic) and maximum (end-systolic) values, as 
described before.22,23 Aortic areas were measured by triangulating 
that particular section and summing the area of all the obtained 
triangles. Circumferences derived from area measurements to 
compute pulsatile circumferential strain as the difference between 
end-systolic circumference and end-diastolic circumference, di-
vided by end-diastolic circumference.



216 Chapter 10

A B C
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A B

STJ

BCT

LSA

LSA+10cm

LSA+20cm

CT

Figure 2. Workflow. (A) Cardiac-gated CTA-imaging provides dicom imaging 
sets at 8 phases during the cardiac cycle. (B) The thoracic aorta is then seg-
mented at each phase, computing 3D-reconstructed models. (C) Centre lumen 
lines are computed. Longitudinal and circumferential segments are identified 
using side branch origins as anatomical landmarks, resulting into (D) longitu-
dinal segments: ascending aorta (purple), aortic arch (green), and descending 
aorta (red), and (E) circumferential levels: sinotubular junction (STJ), just before 
the origin of the brachiocephalic trunk (BCT), left subclavian artery (LSA), 10 cm 
(LSA+10cm) and 20 cm (LSA+20cm) distal to left subclavian artery, and celiac 
trunk (CT). Lengths, areas and diameters are then calculated by custom devel-
oped script.21
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Intra- and inter-observer variability
Length and area measurements were acquired twice by the same inves-
tigator (C.T.) and blindly repeated by another investigator (F.N.) to allow 
for intra- and inter-observer variability.

Statistical analysis
Data were entered in spreadsheets (Microsoft Excel, 2011; Microsoft, 
Redmond, WA) and transferred to SPSS 22.0 (SPSS, Chicago, Ill) for 
description and analysis. Continuous data are presented as mean ± 
standard deviation unless stated otherwise, categorical data are given 
as counts (percentage). Intra- and inter-observer variability was calcu-
lated according to Bland and Altman. Normal distribution of the data 
was assessed by skewness and kurtosis Z-values between -1.96 and 
1.96, the Shapiro-Wilk test P-value above 0.05, and visualization of ap-
proximately normally distributed data with histograms. P values < 0.05 
were considered statistically significant.
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Results
Patient and procedural characteristics are listed in Table 1. Median in-
terval from TEVAR to postoperative cardiac-gated CTA-imaging was 0.4 
(0.1-0.7) months.

Table 1. Patient and procedural characteristics.

Pt Age, y/
Gender

Aortic 
Disease

Dissection 
extension

Stent-graft 
types

Stent-graft 
sizes, mm

Stent-graft 
length
in situ, mm

1 54, F Acute TBAD 5 cm distal to 
LSA till aortic 
bifurcation

Bolton 
Relay

36-36-200
36-36-200

174

2 55, M Ruptured 
acute TBAD, 
Marfan

3 cm distal to 
LSA into right 
iliac artery

Medtronic 
Captivia

34-34-200
36-36-150

235

3 66, M None - - - -

4 75, M None - - - -

LSA, left subclavian artery; TBAD, type B aortic dissection.

Aortic lengths and pulsatile longitudinal strains
Aortic lengths and pulsatile longitudinal strains, before and after TEVAR, 
are listed in Table 2.

In patient 1, the end-systolic length of the descending aorta decreased 
following TEVAR, while the ascending aorta and the arch elongated. 
Patient 2 showed similar shortening of the descending aorta with elon-
gation of the ascending aorta and the arch after TEVAR.

Pulsatile longitudinal strains before and after TEVAR in the two acute 
TBAD patients are illustrated in Figure 3. Before TEVAR, pulsatile longi-
tudinal strain throughout the thoracic aorta ranged from 1.5% to 9.9% 
in the two TBAD patients and from 1.7% to 14.0% in the two controls, 
with mean pulsatile longitudinal strain of the total thoracic aorta of 1.9 
± 0.5% and 3.3 ± 1.2%, respectively.
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Table 2. End-systolic aortic lengths and longitudinal strains per patient.

Pt Location Total thoracic Ascending Arch Descending

End-systolic lengths, mm

1 Pre-TEVAR 363.7 ± 1.8 80.7 ± 1.6 38.2 ± 1.0 246.3 ± 1.5

Post-TEVAR 361.1 ± 2.2 83.4 ± 1.4 42.6 ± 1.8 238.6 ± 1.8

2 Pre-TEVAR 391.2 ± 3.1 74.0 ± 2.5 42.3 ± 1.4 281.0 ± 4.2

Post-TEVAR 398.7 ± 5.4 80.6 ± 3.8 43.9 ± 1.4 275.1 ± 1.8

3 Control 373.3 ± 5.1 73.0 ± 3.5 55.1 ± 0.9 246.3 ± 1.4

4 Control 336.3 ± 2.3 52.0 ± 2.2 50.1 ± 0.8 235.2 ± 1.3

Longitudinal strain, %

3 Control 4.5 14.0 3.9 1.7

4 Control 2.1 12.9 4.2 1.7

Values are given as mean ± SD, where appropriate.

-65%

+70%

  +7%

4.9
1.7

9.5

9.9
16.8

Pre-TEVAR
Post-TEVAR

-1%9.6

1.5
2.4

8.6
14.2+65%

5.0
5.3

  +6%

Pre-TEVAR
Post-TEVAR

+60%

-65%

+70%

Figure 3. Pulsatile longitudinal strain before and after TEVAR in patient 1 with 
acute TBAD (left) and patient 2 with ruptured acute TBAD and Marfan (right). 
Pre- and post-TEVAR strain values are given in %. Relative strain changes were 
computed as the % increase or decrease of post-TEVAR strain relative to pre-
TEVAR strain.
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After TEVAR, an increase of pulsatile longitudinal strain was observed 
proximal to the stent-graft in both TBAD patients (65% increase in the 
arch of patient 1, and 70% increase in the ascending aorta of patient 2). 
In the descending aorta, patient 1, with in situ stent-graft length of 174 
mm, showed increased longitudinal strain (+60%) following TEVAR. On 
the contrary, patient 2, with longer in situ stent-graft length of 235 mm, 
demonstrated a decrease (-65%) of longitudinal strain in the descend-
ing aorta after TEVAR.

Aortic diameters and pulsatile circumferential strains
End-systolic diameters and circumferential strains are listed in Table 3. 
Overall smaller diameters of the true lumen were observed in the TBAD 
patients when compared to the controls (from level 10 cm distal to the 
LSA till the celiac trunk).

Figure 4 illustrates pulsatile circumferential strains before TEVAR. 
Pulsatile circumferential strain ranged from 0.9% to 3.3% and was 

Table 3. End-systolic diameters and circumferential strains.

Location STJ BCT LSA LSA+10cm LSA+20cm CT

End-systolic diameters, mm

1 Pre-TEVAR 33.6 ± 0.8 36.3 ± 0.4 30.2 ± 0.4 23.7 ± 0.3 22.8 ± 0.1 24.2 ± 0.3

Post-TEVAR 33.2 ± 0.7 36.4 ± 0.4 stent stent stent 27.2 ± 0.6

2 Pre-TEVAR 32.3 ± 0.5 31.7 ± 0.4 24.2 ± 0.2 20.5 ± 0.5 22.4 ± 0.9 19.8 ± 1.3

Post-TEVAR 32.9 ± 0.8 32.2 ± 0.8 24.9 ± 0.6 stent stent 21.6 ± 0.3

3 Control 34.3 ± 1.4 34.0 ± 0.9 31.4 ± 1.1 27.2 ± 1.1 26.5 ± 1.1 26.5 ± 1.0

4 Control 34.2 ± 0.7 36.6 ± 0.6 28.2 ± 0.5 28.0 ± 0.4 27.4 ± 0.2 27.0 ± 0.1

Circumferential strain, %

1 Pre-TEVAR 2.1 1.5 2.0 2.1 1.4 1.9

Post-TEVAR 2.2 1.6 stent stent stent 3.2

2 Pre-TEVAR 2.4 1.5 1.9 2.8 4.4 6.2

Post-TEVAR 3.5 2.7 3.6 stent stent 2.5

3 Control 3.3 2.1 1.8 1.7 2.2 2.0

4 Control 2.3 1.2 2.9 1.8 1.2 0.9

Values are given as mean ± SD, where appropriate.
BCT, brachiocephalic trunk; CT, celiac trunk; LSA, left subclavian artery; STJ, 
sinotubular junction.



Pulsatile Strains and Impact of TEVAR in Type B Dissection 221

STJ
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BCT
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LSA+10cm

LSA+20cm
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C

Figure 4. Pulsatile circumferential strain of (A) patient 1, with acute TBAD and 
thrombosed false lumen and (B) patient 2, with acute ruptured TBAD, Marfan 
Syndrome and patent false lumen at the levels LSA+20 cm and CT. (C) Compari-
son of pulsatile circumferential strains among all patients.
BCT, brachiocephalic trunk; CT, celiac trunk; LSA, left subclavian artery; 
LSA+10cm, 10 cm distal to the LSA; LSA+20cm, 20 cm distal to the LSA; STJ, 
sinotubular junction.
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comparable between patient 1 and the two controls. But, patient 2, who 
presented with acute TBAD and a patent false lumen, demonstrated 
considerably higher circumferential strain rates at the sections of the 
patent false lumen (4.4% at level 20 cm distal to the LSA and 6.2% at the 
celiac trunk).

After TEVAR, the true lumen expanded in sections adjacent to the 
stent-graft (brachiocephalic trunk and at the celiac trunk). Pulsatile 
circumferential strains also increased in sections adjacent to the stent-
grafts, except for the distal adjacent section in patient 2 (celiac trunk 
with patent false lumen), which decreased considerably (6.2% before 
TEVAR vs. 2.5% after TEVAR). Diameter and area measurements within 
stented sections were deemed unreliable due to stent artefacts in the 
segmentations, which resulted into unrealistic high variability in di-
ameter, area, and subsequent strain rates. These measurements were 
therefore excluded from this analysis.

Intra- and inter-observer variability
For area changes, the intra-observer repeatability coefficient (RC) 
was 22.85 mm². Mean differences between pre- and post-TEVAR area 
changes were smaller than the RCs and linear regression analysis was 
non-significant (P = 0.31). Inter-observer repeatability showed an RC of 
17.88 mm², and mean differences between pre- and post-TEVAR area 
changes were smaller than the RCs. Linear regression analysis was 
again non-significant (P = 0.46). This indicates good intra- and inter-
observer agreement for area measurements.

For length changes, the RC for intra-observer repeatability was 2.78 mm 
and mean differences between pre- and post-TEVAR length changes 
were smaller than the RCs. Linear regression analysis was non-signif-
icant (P = 0.70). The RC for inter-observer repeatability was 2.84 mm. 
Mean differences between pre- and post-TEVAR area changes were 
smaller than the RCs and linear regression analysis was non-significant 
(P = 0.64). This indicates good intra- and inter-observer agreement for 
lengths.
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Discussion
We quantified pulsatile longitudinal and circumferential strains through 
cardiac-gated CTA-imaging and custom developed post-processing 
software in two patients with TBAD, before and after endovascular 
repair, and in two controls. In both TBAD patients, TEVAR was followed 
by elevated pulsatile longitudinal aortic strains proximal to the stent-
graft. Moreover, the TBAD patients showed lower pulsatile longitudinal 
strains of the total thoracic aorta before TEVAR, when compared to the 
controls. Regarding pulsatile circumferential strains, patient 1, who 
presented with a patent false lumen, showed higher strains of the true 
lumen when compared to patient 2, who had a thrombosed false lumen. 
Pulsatile circumferential strains in the controls ranged between 0.9% 
and 3.3%, and was consistent along the thoracic aorta, which agrees 
with current literature.24

After TEVAR, we found increased pulsatile longitudinal wall strain in 
both TBAD patients in segments proximal to the stent-graft. It is sug-
gested by other authors that increased wall stress with each heartbeat 
is associated with aortic wall fatigue, resulting in aneurysmal dilatation 
and increased risk of new entry tears at the proximal or distal end of 
the stent-graft, or rupture.3–6,15,25 Patients with fragile aortic walls, such 
as those with aortic dissection, are at particular risk for such sudden 
strain changes.25 On this comment, in our study, patient 2 developed 
perforation of the aortic wall due to a stent strut at the proximal end 
of the stent-graft. In this patient we observed a considerable increase 
of 89% (1.9% vs. 3.6%) of circumferential strain after the initial TEVAR 
procedure at the level of the LSA. This elevated strain adjacent to the 
severely oversized and stiff stent-graft may have triggered the strut 
perforation. To better understand the pathophysiology of such com-
plications, studies are warranted to further investigate pulsatile strain 
changes following TEVAR.

In our study, pulsatile longitudinal strain was lower in the TBAD patients 
when compared to the older aged controls (1.4-1.7% vs. 2.1-4.5%), even 
though aging is associated with aortic stiffening.10,24,26 This observation 
might suggest that aortic stiffening is a risk factor of aortic dissection; 
however, this remains to be confirmed in larger studies.
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We noticed markedly high pulsatile circumferential strain at the level 
of a patent false lumen in patient 1. This was in contrast to the con-
trols and to patient 2, with thrombosed false lumen. This observation 
emphasises the potential role of variables like dissection flap motion 
and thrombosis on prognosis. It sheds light on differences between 
acute and chronic TBADs, and it underscores the clinical importance of 
dynamic imaging to assess these risk factors and to choose the correct 
size of stent-graft. Moreover, the substantial pulsatile circumferential 
strains observed in this study suggest that dynamic imaging may play a 
role in future device selection. Patients with more compliant aortas may 
benefit most from more compliant stent-grafts. However, the choice of 
device stiffness is so far not available.

Aortic stiffness has been reported to be higher in Marfan patients.27 We 
did not observe this in our study, most likely because our patient with 
Marfan (patient 2) presented with acute TBAD complicated by rupture. 
The movement of the dissection flap elevated the pulsatile circumfer-
ential strain before TEVAR. In addition, this patient was younger of age 
than the two controls, which is known to be associated with higher 
strain rates.24

One can assume that the pulsatile mismatch between a stiff stent-graft 
and an elastic aorta is higher in young patients with compliant aortas 
when compared to older patients with stiffer aortas.24,26 However, age-
related aortic stiffening leads to increased pulse pressure of up to 4-fold 
in the ascending aorta,26 which may suggest that the older the patient is 
the higher the forces on stent-grafts are due to pre-existent high pulse 
pressure. Both findings indicate that the thoracic aorta is a complex, 
dynamic environment in which compliant prostheses should be consid-
ered to reduce the mismatch.

To continuously improve treatment outcomes of TBAD, it is important to 
compute data on biomechanical behaviour of dissected aortas, includ-
ing intimal flap motion. In particular, promising developments of Com-
putational Fluid Dynamics, consisting of patient-specific computational 
modelling, offer unique insights into complex vascular pathologies.10 
However, such computational techniques highly depend on clinically 
measured data to input as boundary conditions, which are only sparsely 
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available for TBAD. This study provides preliminary data on dissection 
flap strain and the authors anticipate future studies with great interest.

The main limitation of this study is the small size of our cohort. We 
were only able to include two TBAD patients and two control subjects. 
Therefore, this study cannot be generalized and can only be consid-
ered descriptive. Moreover, we were unable to report circumferential 
strain within stented segments due to artefacts. Furthermore, we used 
anatomical landmarks to ensure consistency of segments and levels 
measured before and after TEVAR. But, this did not allow a reliable com-
parison of specifically the stented versus the non-stented segments. 
More systematic studies are needed to elucidate the effects of aortic 
stent-grafts on the physiologic function of the aorta. And finally, with 
the advancements in medical imaging, pixel spacing and the number of 
equidistance time steps during the cardiac cycle could be improved and 
should be further investigated.
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Conclusions
This study represents an initial investigation on pulsatile aortic strain 
in patients with acute TBAD, before and after TEVAR. We observed con-
siderably higher pulsatile circumferential strain in case of a patent false 
lumen, when compared to thrombosed false lumen. After TEVAR, both 
TBAD patients showed increased pulsatile longitudinal strain proximal 
to the stent-graft, which is known to be associated with increased risk 
of proximal aortic dissection. These observations may motivate future 
research to assess the biomechanical impact of TEVAR in order to con-
tinuously improve treatment outcomes for patients with TBAD.
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Supplemental Table 1. Pixel spacing and slice thickness of cardiac-gated CTA-
imaging used for the analysis.

Pt Pixel spacing pre, 
mm

Pixel spacing 
post, mm

Slice thickness 
pre, mm

Slice thickness 
post, mm

1 0.7/0.7 0.5/0.5 0.9 0.9

2 0.7/0.7 0.8/0.8 0.9 0.9

3 0.6/0.6 - 0.9 -

4 0.6/0.6 - 0.9 -

A

B

Supplemental Figure 1. 3D-aortic reconstructions for (A) patient 1 before (left) 
and after (right) TEVAR and for (B) patient 2. True lumen expansion after TEVAR 
is shown in the descending aortas of both patients.
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Abstract
Introduction
The use of thoracic endovascular aortic repair (TEVAR) increases rapidly. 
However, current endografts are orders of magnitude stiffer than the 
native aorta and their impact on cardiovascular elasticity and function 
remains unclear. This study aims at elucidating these effects.

Methods
All thoracic aortic aneurysm patients managed with TEVAR between 
2013 and 2015 at a single center were included. Exclusion criteria in-
cluded significant valve, lung, or congenital heart disease. Computed 
tomography angiography, echocardiography, and blood pressure mea-
surements before and one year after TEVAR we collected. Based on this 
patient-specific image data, computational models were created both 
before and after TEVAR for each included patient (n=6). Computational 
analyses were conducted using a recently developed heart and coronary 
model to assess the impact of TEVAR on cardiac workload and coronary 
perfusion.

Results
Mean age was 80.5±4.1 years and all six patients were female. We ob-
served a significant increase, 33% on average, of left ventricular mass 
after one year follow-up (P = 0.047). A trend of increased mean pulse 
pressure was observed after TEVAR (59.3±13.7 mmHg before TEVAR ver-
sus 72.2±23.6 mmHg after TEVAR, P = 0.37), even though beta-blockers 
tended to be more frequently used at follow-up (P = 0.08).

Conclusion
These preliminary results show the potential adverse effects of TEVAR 
on adverse cardiac remodelling. This have implications for future stent-
graft design, however, further research is warranted to quantify the 
effect of TEVAR on cardiac workload and coronary perfusion.
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Introduction
Thoracic endovascular aortic repair (TEVAR) is the established treat-
ment of choice for descending thoracic aortic aneurysm.1,2 The use of 
TEVAR is increasing rapidly, even in younger patients,3 due to its ben-
eficial early and mid-term outcomes over open surgery.4 However, cur-
rent endografts have biomechanical properties that are several orders 
of magnitude stiffer than the native aorta.5,6 The impact of such a stiff 
endograft on cardiovascular elasticity and function has not yet been 
elucidated and might determine long-term outcomes. Nonetheless, it is 
well known that aortic elasticity serves a critical function in damping the 
highly pulsatile flow coming from the heart, known as the Windkessel 
effect.7,8 Alterations to the Windkessel effect through aortic stiffening has 
implications for cardiovascular disease development and progression.7–9 
Naturally, the aorta stiffens with age, which is accelerated by smoking, 
high cholesterol levels, or by genetic predisposition. However, aortic 
stiffening might also be caused by endografts. Pre-clinical and clinical 
studies have reported acute stiffening of the heart and aorta (cardio-
vascular remodeling) following TEVAR resulting in acute elevated pulse 
pressure, hypertension, reduced coronary perfusion, and eventually, 
heart failure.9–14 However, these studies have important limitations such 
as mixed cohorts, limited hemodynamic insights, and use of animal 
models. This study aims to quantify cardiovascular remodeling following 
TEVAR through patient-specific image-based computational modelling 
using Fluid-Structure Interaction (FSI) based on computed tomography 
angiography (CTA) and transthoracic echocardiography in six thoracic 
aortic aneurysm (TAA) patients with over a year of follow-up.
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Methods
Patients
All TAA patients managed with TEVAR between 2013 and 2015 at the 
University of Michigan Health System were retrospectively included. Ex-
clusion criteria were: a history of surgical or endovascular aortic repair, 
no transthoracic echocardiography and CTA imaging available before 
TEVAR and at follow-up, no brachial blood pressures at the time of CTA 
imaging available, echocardiographic confirmation of ejection fraction 
<50%, significant valve, lung, or congenital heart disease, left ventricular 
regional wall motion abnormality confirmed on echocardiography, atrial 
fibrillation, hepatic cirrhosis, history of open-heart surgery, and chronic 
renal failure on hemodialysis. This yielded a cohort of six patients.

Computed tomography angiography (CTA) examination was performed 
with 64-slice scanners with intravenous injection of 80 to 120 mL of 
non-ionic iodinated contrast material. Approval was obtained from the 
Institutional Review Board, and the need for informed consent was 
waived. The patients’ medical charts were reviewed to retrieve infor-
mation on demographics, medical and surgical history, and clinical 
outcome of the patient.

Image-Based Computational Modelling
Two patient-specific hemodynamic models were created for each pa-
tient, one before TEVAR and one after TEVAR. Each model consists of a 
three-dimensional geometric model of the thoracic aorta, the coronar-
ies, and the upper arch branches, and of a set of boundary conditions 
representing the patient-specific pressure and flow. CTA images were 
collected for all patients from which three-dimensional computational 
models were created of the thoracic aorta, the coronaries, and the upper 
arch branches using the software package CRIMSON.15 The workflow of 
this procedure is illustrated in Figure 1.

Centerline paths were defined through the vessels of interest and the 
imaging data were resampled in planes perpendicular to the path. 
Each three-dimensional vascular structure was then segmented and 
combined by an automated lofting process. Subsequently, a finite ele-
ment mesh was created for each model. Mesh adaptation and curvature 
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refinement techniques were used to increase the resolution and capture 
high velocities and turbulent flow along the walls in a broad range of 
arterial diameters. Smaller vessels, such as the coronary arteries, were 
built from smaller elements whereas larger vessels consisted of greater 
elements. The final finite element meshes consisted of about 1.4 million 
tetrahedral elements. No-slip wall boundary conditions were enforced 
on the wall of each rigid model.

1. CTA-scan 2. Pathlines 3. Segmentation 4. Lofting

5. 3D-model 6. Assignment of Wall Properties5. 3D-model

Figure 1. Illustration of the workflow for generating the three-dimensional 
computational models of the thoracic aorta, coronary arteries, and upper arch 
branches reconstructed from CTA image data for all patients, before and after 
TEVAR. Segmentations performed along manually selected path lines were in-
terpolated to produce a 3-D geometric solid model of each vessel. The close-up 
on the right shows the results of adaptive mesh refinement techniques that 
facilitated adequate resolution for the smaller vessels.
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Flow waveforms were digitalized from the transthoracic echocardiogra-
phy as measured in the left ventricular outflow tract and imposed at the 
aortic root inlet of the model. Patient-specific brachial blood pressure at 
baseline was used as target pressure for that model. First, these rigid 
models were used to fine-tune the boundary conditions as described 
next. This was followed by the assignment of wall properties (i.e. wall 
thickness and elastic modulus) for each particular region to provide a 
deformable model for the analysis of Fluid-Structure Interaction.

An iterative process was conducted to match the patients-specific 
hemodynamics (i.e. systolic, diastolic, and mean pressure, and flow 
waveform) through the fine-tuning of the Windkessel parameters at the 
outlets. Each Windkessel represents the vasculature distal to its outlet 
and consist of three components: a proximal and distal resistor, and a 
capacitor. The total resistance was tuned to match the patients’ mean 
pressure and reference flow splits.16,17 About eighteen percent of the 
cardiac output was appointed to the innominate artery, while the left 
common carotid and the left subclavian artery (LSA) each receives 8% 
of the cardiac output. If the LSA was over-stented during TEVAR its flow 
split was added to the left common carotid artery flow. Each coronary 
received about 3% of the cardiac output and the thoracic outlet about 
60%.16,17 The compliance of each Windkessel was tuned to reproduce 

Figure 2. Computational models for all six studied patients, before and after 
TEVAR.
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each patients’ pulse pressure. Blood was modelled as a Newtonian fluid 
with a density of 1060 kg/m³ and a dynamic viscosity of 4.0 mPa. All 
models used in this study are presented in Figure 2.

Heart and Coronary Models
We used a recently developed CFD tool that reproduces coronary flow 
as function of myocardial oxygen demand and contraction (Figure 3).18 
The coronary control function is computed from lumped parameter 
models of the left heart, and the left and right coronary arteries. A time-
varying left ventricular elastance is used to compute LV pressure from 
LV volume. A full-cycle, patient-specific time-varying left ventricular 
pressure waveform, P(t), was created by first performing a preliminary 
simulation, in which the aortic valve flow was directly imposed in agree-
ment with ultrasound measurements; from this simulation we extracted 
the aortic root pressure over the cardiac cycle. Whilst the aortic valve is 
open, the aortic root pressure provides an appropriate approximation 
of the LV pressure; we complete the waveform for the period during 
which the valve is closed by supposing exponential decay after valve 
closure, to approximately 0 mmHg in diastole, followed by again an 
exponential rise again in systole to the point where the aortic valve 
opens.19 The left ventricular volume curve, V(t), was computed by sub-
tracting from an estimated LVEDV the integral of the ultrasound aortic 
flow measurement to time t. A patient-specific LV elastance function, 
E(t), was then computed by pointwise division of P(t) by V(t). In subse-
quent simulation, because the heart model tracks the current ventricular 
volume, this patient-specific E(t) could then be used to determine LV 
pressure throughout the cardiac cycle, and using the resulting ventricu-
lar PV loops, myocardial work could be computed and used as input 
to the coronary metabolic control model, adjusting coronary flow to 
match the metabolic demand.18 Right ventricular pressure was sup-
posed to have the same morphology as that of the LV, but was linearly 
scaled to have a physiological peak systolic pressure. The left and right 
ventricular pressures were then passed to the left and right coronary 
models, respectively, in order to simulate the characteristic coronary 
systolic-diastolic flow patterns; the pressures provide an extravascular 
compression term which impedes coronary flow during systole.20 The 
use of this coronary model was important to correctly represent hemo-
dynamics in the ascending aorta as diastolic coronary perfusion has 
an important impact on local flow patterns, and such a model allows 
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for investigation of the effects of changing preload or afterload on the 
cardiac workload and coronary flow. The heart model iteratively creates 
a stable pressure volume loop for any particular case.

Aortic Outlet Windkessel

Right Coronary

Left Coronary

Heart Model

Upper Arch Branches

Figure 3. The heart and coronary model used in this analysis. The patient-spe-
cific time-varying left-ventricular elastance (marked in the green box) is respon-
sible for left-ventricular pressure generation. Left atrial pressure is maintained 
constant in this model. The mitral valve and aortic valve are each represented 
by a diode, resistor, and inductor. The left ventricular internal resistance is non-
linear, dependent upon the current left ventricular pressure. In the coronary 
circulation, extravascular compression of the intramyocardial vasculature is 
modelled by passing left ventricular pressure to one node of the myocardial 
capacitor. This capacitor, together with the proximal and microvascular resis-
tances experience adjustment due to the control systems, which lead to dia-
stolic coronary perfusion.
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Results
All six patients were female with mean age of 80.5±4.1 years old. Mean 
time from preoperative transthoracic echocardiography to the TEVAR 
procedure was 56.2±47.4 days and mean follow-up time to postopera-
tive transthoracic echocardiography was 522.5±245.3 days.

Clinical Outcomes
Patient characteristics at baseline and at follow-up are listed in 
Table 1. Mean systolic blood pressure showed a trend of increase from 
129±12.3mmHg before TEVAR to 147.7±23.1 mmHg at one year follow-
up. Moreover, mean pulse pressure increased from 59.3±13.7 mmHg 
to 72.2±23.6 mmHg, although not significant. However, the usage of 
beta-blockers was also increased at follow-up, although not statisti-
cally significant (P = 0.08). Interestingly, a significant increase of left 
ventricular mass was observed at follow-up (119.2±25.0 grams versus 
158.8±33.6 grams, P = 0.047).

Table 1. Patient characteristics at pre-TEVAR and post-TEVAR.

Pre-TEVAR
(n=6)

Post-TEVAR
(n=6)

P-value

Systolic 129.3±12.3 147.7±23.1 0.26

Diastolic 70.0±9.3 75.5±7.9 0.10

Pulse pressure 59.3±13.7 72.2±23.6 0.37

Heart rate 68±9.2 69.8±11.8 0.97

Ejection Fraction, % 66.7±5.6 62.3±3.0 0.24

Left ventricular mass, g 119.2±25.0 158.8±33.6 0.047

Left ventricular mass index, g/m² 66.92±12.0 88.9±15.8 0.047

Antihypertensive drugs, g

B-blocker 16.7 ± 23.6 25.8 ± 19.5 0.13

Ace-inhibitor 8.3 ± 1.6 5.8 ± 9.3 0.62

Ca-channel blocker 4.2 ± 4.5 1.7 ± 2.4 0.20

Antihypertensive drugs, n (%)

B-blocker 2 (33.3) 5 (83.3) 0.08

Ace-inhibitor 1 (16.7) 2 (33.3) 0.36

Ca-channel blocker 3 (50.0) 2 (33.3) 0.36
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Computational Outcomes
Flow and pressure waveforms were computed and collected for the 
models. Figure 4 illustrates the acquired flow waveforms as demon-
strated for patient number 1 before TEVAR.
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Figure 4. Flow waveforms are given at each outlet as well as the pressure vol-
ume loop of the left ventricle which is used to compute cardiac workload.
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Discussion
The preliminary results of this study show that TEVAR was associated 
with a significant 33% increase of left ventricular mass (P = 0.047). 
Moreover, mean pulse pressures showed a trend of increase after TE-
VAR from 59.3±13.7 mmHg to 72.2±23.6 mmHg (P = 0.37). Interestingly, 
before TEVAR only two out of the six patients was using beta-blockers, 
while at follow-up five out of the six patients were taking beta-blockers. 
This might have inhibited the further increase in pulse pressure after 
TEVAR.

Some clinical studies have reported increased pulse wave velocities and 
pulse pressures following endografting, although limited.9,10,21,22 In pre-
clinical studies, similar effects were observed in addition to significant 
increase of left ventricular myocardial oxygen consumption and left 
ventricular mass.23,24 Diminished coronary perfusion and myocardial 
and aortic stiffening have implications for long-term outcomes as they 
are well-known determinants of all-cause mortality and cardiovascular 
events.7,12,25

Using sophisticated computational models including a coronary and 
heart feedback system,18 we aim to investigate the effects of TEVAR on 
pulse pressures, but also on cardiac workload and coronary perfusion. 
Once our models are validated against the clinical data, computational 
analyses are performed to virtually assess the impact of more compli-
ant endografts on cardiac and aortic hemodynamics.
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Conclusion
TEVAR was associated with a 33% increase of left ventricular mass after 
a year of follow-up in an aged population. Moreover, a trend of elevated 
pulse pressure was observed, even though more beta-blockers tended 
to be administered following TEVAR. These signs of adverse cardiovas-
cular remodeling after TEVAR underlie the potential harmful long-term 
effects of aortic stent-grafts on cardiovascular health and may imply 
the need for more compliant devices. However, further research is war-
ranted to confirm this.
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Abstract
Introduction
Thoracic aortic stent-grafts are orders of magnitude stiffer than the na-
tive aorta. These devices have been associated with acute hypertension, 
elevated pulse pressure, cardiac remodelling, and reduced coronary 
perfusion. However, a systematic assessment of such cardiovascular 
effects of thoracic endovascular aortic repair (TEVAR) is missing. The 
CardiOvascular Remodelling following Endovascular aortic repair 
(CORE) study aims to: 1) Quantify cardiovascular remodelling following 
TEVAR and compare echocardiography against magnetic resonance 
imaging (MRI), the reference method; 2) validate computational model-
ling of cardiovascular haemodynamics following TEVAR using clinical 
measurements, and virtually assess the impact of more compliant 
stent-grafts on cardiovascular haemodynamics; and 3) investigate 
diagnostic accuracy of electrocardiography and serum biomarkers for 
cardiac remodelling compared to MRI.

Methods and analysis
This is a prospective, nonrandomised, observational cohort study. We 
will use MRI, computed tomography, echocardiography, intraluminal 
pressures, electrocardiography, computational modelling, and serum 
biomarkers, to assess cardiovascular remodelling in two groups of 
patients with degenerative thoracic aneurysms or penetrating aortic 
ulcers: 1) patients managed with TEVAR and 2) control patients man-
aged with medical therapy alone. Power analysis revealed a minimum 
total sample size of 20 patients (α = 0.05, power = 0.97) to observe sig-
nificant left ventricular mass increase following TEVAR after one year. 
Consequently, we will include 12 patients in both groups. Advanced 
MRI sequences will be used to assess myocardial and aortic strain and 
distensibility, myocardial perfusion, and aortic flow. Electrocardiogra-
phy, echocardiography, and serum biomarkers will be collected and 
compared against the imaging data. Computational models will be 
constructed from each patient imaging data, analysed and validated. All 
measurements will be collected at baseline (prior to TEVAR), and 1-year 
follow-up. The expected study period is 3 years.
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Introduction
Background
Thoracic endovascular aortic repair (TEVAR) entails the implantation of 
a stiff stent-graft in a diseased or ruptured thoracic aorta. The use of TE-
VAR is increasing rapidly and is being employed in younger patients.1,2 
For instance, the rate of TEVAR for descending thoracic aortic aneurysm 
(TAA) in Great-Britain has almost tripled between 2006 and 2010, from 
0.45 to 1.27 cases per 100,000, and more than doubled for type B aortic 
dissection from 0.22 to 0.50 cases per 100,000.2

Current stent-grafts have biomechanical properties that are several or-
ders of magnitude stiffer than the native aorta.3 The elastic modulus of 
the thoracic aorta in a middle-aged subject is 0.44 MPa. Conversely, a 
typical stent-graft has an elastic modulus of 55.2 MPa.3,4 The impact of 
such a stiff device on cardiovascular function has not yet been elucidated, 
despite the critical role of aortic elasticity in damping the highly pulsatile 
flow entering the aorta from the left ventricle (LV). The elastic aorta stores 
flow during systole and releases it in diastole. This phenomenon, known 
as the “Windkessel effect”, results in a more continuous flow pattern to 
the distal vascular beds throughout the cardiac cycle. Alterations in aortic 
stiffness have been linked to disease.5–7 The aorta stiffens naturally with 
age, and also with smoking, high cholesterol levels, genetic predisposi-
tion and stent-grafting.8–10 Pre-clinical and clinical studies have reported 
acute aortic stiffening following TEVAR resulting in hypertension, elevated 
pulse pressure, reduced coronary perfusion and adverse cardiovascular 
remodelling leading ultimately to heart failure.9–11 However, these studies 
have important limitations such as animal models not directly translat-
able to humans, retrospective design, use of echocardiography alone, 
and mixed (e.g., abdominal and thoracic aneurysms) patient populations.

We next provide an overview of several modalities used to quantify 
cardiac remodelling.

Electrocardiography (ECG): is the most commonly used non-invasive 
test to assess cardiac structure and function. However, this test has low 
sensitivity in detecting LV hypertrophy.12,13 Nevertheless, it should be 
noted that the combined use of ECG and serum cardiac biomarkers has 
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shown beneficial results, which may offer an easily available, minimally 
invasive diagnostic and prognostic test for cardiac remodelling.14,15

Echocardiography: is widely used to study cardiac remodelling.16,17 
Takeda et al. found an increase of LV mass and left atrial volume fol-
lowing endovascular aortic repair through echocardiography.9 Recently, 
our research group retrospectively investigated cardiac remodelling 
following TEVAR using echocardiography. We enrolled all thoracic aortic 
aneurysm (TAA) patients managed with TEVAR at our centre between 
2012 and 2015. Patients with severe heart or heart valve disease were 
excluded. Pre-and post-operative (1 yr. follow-up) echocardiography and 
CT data were available for 6 patients. We observed an average LV mass 
increase of 39% (n = 6, P = 0.047) at follow-up. This motivates further 
research with larger sample size and higher quality imaging since echo-
cardiography is associated with low reproducibility and high operator-
dependency, even when using three-dimensional echocardiography.17,18

Cardiac magnetic resonance imaging (MRI): is the gold standard to as-
sess cardiac remodelling due to its high resolution and tissue contrast, 
high accuracy, lack of ionising radiation, and plethora of functional, 
structural and anatomical parameters that can be used to evaluate the 
heart condition.18,19 It has been shown that MRI has significantly higher 
reproducibility and lower operator-dependency than echocardiography 
for diagnosing cardiac remodelling.18 Modern sequences such as MRI-
Tagging, strain-encoding (SENC) and Steady State Free Precession pro-
vide detailed quantification of cardiac and aortic strain and distensibil-
ity, and first-pass perfusion contrast-enhanced MRI can assess coronary 
perfusion.20–23 Moreover, phase-contrast (PC)-MRI offers a non-invasive 
technique to measure pulse wave velocity (PWV) along a particular seg-
ment of interest.24 Using cardiac MRI as research imaging modality may 
be challenging, as it requires local expertise, longer examination time 
and higher costs than echocardiography. In 2011, our group studied 
the relationship between aortic stiffness and diastolic dysfunction in 
heart failure subjects with normal ejection fraction (HFNEF) compared 
to controls using MRI. Aortic stiffness was assessed using PWV via 
PC-MRI and the transit time method. Myocardial regional function was 
evaluated by tissue strain via MRI tagging, and LV diastolic function 
was assessed by the early-to-late atrial filling ratio (E/A) (Figure 1).20 The 
results showed that, aortic PWV was higher in HFNEF than in volunteers 
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Figure 1. Top: MRI-Tagging sequence to quantify myocardial strain. Short-axis 
(SAX) and 4-chamber (4CH) tagged images at end-diastole (ED) and end-systole 
(ES). Bottom: Transit time (Δt) between proximal and distal flow waveforms mea-
sured with phase-contrast MRI sequences is used to evaluate PWV in the aorta.20
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due to reduced vessel compliance. The E/A ratio and myocardial strain 
measurements showed inverse correlations.

Computational Fluid Dynamics (CFD): Recent developments in CFD 
are amongst the most promising means to understand the effects of 
regional variations in material properties and arterial geometry on local 
and systemic haemodynamics.25 A preliminary CFD study assessing the 
impact of systemic (i.e. aging) and localized stiffening (i.e. ascending 
aortic stent-graft repair) on cardiac function has been recently performed 
by our group. The study demonstrated that increases in LV contractility 
(20% for the aging, 8.5% for the stent-graft repair) and work (11% for the 
aging, 5% for the stent-graft repair) are required to maintain baseline 
cardiac output (Figure 2). These results highlight that alterations in stiff-
ness in a relatively short segment of the aorta have comparable impacts 
to those resulting from generalized age-induced stiffening.

To date, the impact of stent-grafts on cardiovascular remodelling has 
not been assessed systematically. The lack of qualitative data presses 
the need for prospective, well-designed, controlled research to study 
such impact, which is the purpose of this protocol.

Objectives and Hypotheses
Our objectives are:
1. To quantify cardiovascular remodelling following TEVAR through 

MRI and intraluminal pressure measurements. Echocardiography 
will be compared against MRI to assess its diagnostic accuracy.

2. To investigate the diagnostic accuracy of ECG and serum bio-
markers for evaluating cardiac remodelling compared to MRI, the 
reference method.

3. To validate computational modelling of thoracic aortic haemo-
dynamics following TEVAR using the acquired clinical measure-
ments. Once validated, computational analyses will be performed 
to virtually assess the impact of more compliant stent-grafts on 
cardiac and aortic haemodynamics.

The ultimate goal of this study is to protect patients from potential 
unknown adverse effects of TEVAR, thus improving TEVAR-related out-
comes. We hypothesize that TEVAR stiffens the thoracic aorta resulting 
in adverse cardiovascular remodelling, while more compliant stent-
grafts reduce this impact.
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Figure 2. Top: Arterial stiffness for a baseline “middle age” subject, an “old age” 
subject showing generalized arterial stiffening, and a “stent repair” case with 
identical stiffness to the baseline except for the ascending aortic segment, in 
which a stent-graft (presented in grey), whose stiffness is 125x higher than the 
native aortic tissue, was inserted. Bottom: Changes in LV function required to 
maintain cardiac output following generalized (old age) or stent-induced stiff-
ening. Left: changes in cardiac contractility, as given by a LV elastance function. 
Right: changes in LV work, estimated by computed pressure-volume loops.(un-
published data Lau et al. 2016)
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Methods and 
analysis
Study Design and Settings
This is a single-centre, prospective, nonrandomised, observational 
cohort study conducted at the Frankel Cardiovascular Center at the 
University of Michigan Health System, a large regional hospital with 
expertise in managing aortic disease. All consecutive patients with 
descending TAA or penetrating aortic ulcers (PAU) will be evaluated by 
the cardiac surgeon in charge and, if deemed eligible, invited to take 
part in the study.

Participants
The patient population will consist of adult patients (aged 18 years or 
older) with descending degenerative TAA or with PAU managed with 
TEVAR (TEVAR group, n=12) or with optimal medical treatment alone 
(control group, n=12). Choice of management will be left to the discre-
tion of the care taking physician, as well as the size and manufacturer 
of the stent-graft used. Patients will be excluded if they present with 
any of the following conditions: ejection fraction < 35%; LV wall motion 
abnormality; poor renal function (estimated glomerular filtration rate 
(eGFR) < 60 mL/min/173 m²); pregnancy; connective tissue disorder; 
significant valve, lung or congenital heart disease; history of cardiac or 
aortic surgery; expected cardiac or aortic surgery within the study pe-
riod; and standard MRI contraindications (pacemakers, non-compatible 
metal implants, and claustrophobia).

Procedures and Standard Care
The study flowchart is illustrated in Figure 3.

TEVAR Group
Standard work-up examinations for TEVAR will be collected, consisting 
of computed tomography (CT), echocardiography, brachial blood pres-
sure, heart rate, ECG and blood tests. Once consent is confirmed, and 
prior to the TEVAR procedure (window of 0 – 30 days), a non-invasive 
MRI scan and blood samples will be acquired in addition to the standard 
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of care measurements. Intraluminal pressure measurements will be 
collected during the TEVAR procedure. One year (window of 275 – 455 
days) following TEVAR, the subject will undergo a second MRI study in 
addition to the standard clinical imaging follow-up CT-scan. Measure-
ments of brachial blood pressure, heart rate, ECG, and blood testing will 
also be repeated at follow-up.

Control Group
Patients with stable degenerative TAA or PAU not requiring aortic repair 
are monitored in the outpatient clinic as standard of care. We will collect 
standard of care measurements on brachial blood pressures and heart 
rates in these patients. In addition, these subjects will undergo an ECG, 
blood testing and one MRI scan at baseline. One year (window of 275 
– 455 days) after baseline, this group will undergo a second MRI study, 
with subsequent brachial blood pressure and heart rate measurements, 
ECG and blood testing.

Blood Testing
We will acquire the following cardiac biomarkers: B-type Natriuretic 
Peptide (BNP); N-terminal of the prohormone brain natriuretic peptide 
(NT-pro-BNP); and Troponin T. In addition, standard blood tests will be 
collected, which include complete blood count with platelets (i.e. white 
blood cells, haemoglobin, haematocrit, and red blood cells), and a basic 
metabolic panel (including sodium, potassium, glucose, and calcium).

Echocardiography
Preoperative echocardiography is standard of care in all patients requir-
ing TEVAR. The obtained echocardiographic measurements (LV mass 

Figure 3. Patient population and clinical measurements of our study. BP = blood 
pressure; CT = computed tomography; HR = heart rate; MRI = magnetic reso-
nance imaging.
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index, left atrial volume index, and E/A filling ratios) will be collected 
and compared to the preoperative MRI data.

Intraluminal Pressure
During TEVAR, an angiography will be performed as standard of care. 
Intraluminal pressure measurements will be conducted in the TEVAR 
group, using the catheters and guidewires that will be already in place 
for the deployment of the stent-graft, as is common practice at the 
University of Michigan Health System.

Magnetic Resonance Imaging
Table 1 summarises the MRI sequences used in this study, which are 
either FDA- or IRB-approved. The protocol will be built and imaging 
parameters optimized by E.I.

PC-MRI measurements will be acquired at different levels of the thoracic 
aorta using through-plane velocity-encoding. Images will also be cap-
tured in an oblique sagittal view (in-plane velocity-encoding) to estimate 
the aortic vessel wall stiffness via PWV measurements. PC-MRI images 
will be acquired across the mitral valve to evaluate the LV diastolic func-
tion through the measurement of E/A filling ratios. Measurements from 
the cine images will include LV volume, LV mass and left atrial volume. 
MRI-Tagging or SENC will be used to measure different components of 
myocardial strain in standard short-axis and four-chamber views.

SENC sequences will measure cardiac- and aortic strain. Cine images 
will be used to measure strain of the thoracic aorta through measure-
ments in the ascending aorta just distal to the coronary branches and 
proximal to the celiac trunk. The sequence is obtained in accordance 
with FDA safety guidelines. The total anticipated scan time is approxi-
mately 1 hour. We will use a 3T scanner to gain from the double signal-
to-noise ratio provided by this higher field strength compared to 1.5T 
scanners. Inter- and intra-observer variability analyses (with P.A. and E.I. 
as observers) will be computed to validate reproducibility.

Computational Fluid Dynamics
CFD has been used profusely in the last decade for the investigation of 
haemodynamics in complex anatomical models built from image data. 
The so-called “image-based modelling” paradigm uses anatomical 
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data (obtained from CT or MRI images) to create a 3D computer model 
representing the blood vessels of interest where the simulation of 
haemodynamics will be performed. Additional physiological measure-
ments of flow, pressure or wall motion are used to inform the “boundary 
conditions” of the simulation. Computational analyses, usually requir-
ing high-performance computing hardware, are performed and detailed 
descriptions of hemodynamic quantities such as velocity, pressure, and 
wall shear stress, are obtained for the entire volume of interest. CFD 
techniques have been recently approved by the FDA for non-invasive 
assessment of coronary stenosis.26

Using the imaging and clinical data, simulations of blood flow and 
pressure will be performed in the High-Performance Computer cluster 
“Flux” at the University of Michigan. The parameters of the simulations 
will be iteratively adjusted until clinical data on flow, pressure, and wall 
motion are matched within ±5%. Highly detailed descriptions of veloc-
ity, flow, pressure, wall shear stress and other hemodynamically signifi-
cant quantities will be obtained. Once the models are validated against 
clinical data, additional computational analyses will be performed to 
virtually assess the impact of more compliant stent-grafts on cardiac 
and aortic haemodynamics.

Outcome Measures
Primary Outcome Measures
The primary outcomes are: LV mass; E/A ratios; aortic flow (in the as-
cending aorta, all arch branches, proximal descending aorta, and distal 
descending aorta); myocardial and aortic strain; central aortic PWV; and 
myocardial perfusion.

Secondary Outcome Measures
The secondary outcome measures are: diagnostic accuracy for cardiac 
remodelling of ECG alone, as well as in combination with BNP, NT-pro-
BNP, and Troponin T compared to MRI; validation of computational 
modelling of thoracic aortic hemodynamics following TEVAR against 
intra-luminal pressures and MRI; and performance of more compliant 
stent-graft designs on aortic hemodynamics.
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Statistical Methods
Sample Size Calculation
A sample size calculation was performed for the primary outcome: 
significant LV mass increase within one year following TEVAR. Our 
preliminary echocardiographic data of TAA patients treated with TEVAR 
at the University of Michigan Health System (unpublished data Nauta 
et al. 2016) revealed an average LV mass increase of 39% (P = 0.047) at 
1-year follow-up. Power analysis for a Mann-Whitney U test, based on 
these preliminary data, revealed that for a significant threshold of 5% (P 
< 0.05, two-sided test) a total sample size of 20 patients (α = 0.05, power 
= 97%) would be needed to observe a significant effect of TEVAR on LV 
mass increase. To ensure a margin of error, we aim to include 12 TEVAR 
patients and 12 control patients.

Statistical Analysis
Statistical analysis will include descriptive and comparative studies 
of both clinical measurements and data acquired from computational 
modelling. We will assign patients to either the TEVAR or control group. 
Sub-analysis will include grouping by stent-graft type and length, 
gender, and age. The patients identifying information and protected 
health data will be dealt with according to HIPAA guidelines. Categori-
cal variables will be compared using the χ² test or Fisher exact test and 
continuous variables will be analysed using the Student t test or the 
Mann–Whitney U test, as appropriate. Log-rank tests will be performed 
to compare between-group differences. Changes in haemodynamics 
will be evaluated by Wilcoxon signed rank testing. A P-value of < 0.05 
will be considered significant.

Ethics and Dissemination
Assessment of Risks
This study adds little risk to the standard of care for these patients. The 
main added risks include blood testing, use of a Gadolinium-based 
contrast agent, and intraluminal pressure measures. Gadolinium is as-
sociated with a minor risk (~2%) of headache, nausea, hives, temporary 
low blood pressure, and rarer side effects include renal failure and al-
lergic reactions. Intraluminal pressure measurement carries nearly no 
additional risks since the guidewires will already be in place for the 
TEVAR procedure.
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Informed Consent
Consent will be obtained during standard clinical visits required for 
surgery or follow up for medical management. The patient and his/her 
family members, if present, will be given information about the study 
and any alternative treatments that are available. The informed consent 
process will be documented and attached to the signed informed con-
sent document. A copy will be given to the patient and uploaded in the 
patients’ electronic dossier. The original, signed hardcopy will be kept 
in the subject binder.

Confidentiality / Security
The study team can access data linked to a subject’s identity. The patient 
privacy will be protected by a secured database that will be maintained 
and saved in a separate location from the research records. Only those 
directly involved with this study will have access to the records. The 
research records, data, and specimens will be protected against inap-
propriate use or disclosure, or malicious or accidental loss or destruc-
tion by keeping them in a locked office with restricted access. Blood 
samples will be processed, analysed and then destroyed. Furthermore, 
there will be restrictions on copying study related materials. All digital 
data will be kept on secure laptops, with individual ID and password 
protection and encryption of digital data.

No data will be generated that, if revealed, might place the subjects 
at risk of personal safety, criminal or civil liability, or damage to their 
financial standing, employability, or reputation and no data will be pro-
vided to a repository as part of a data sharing agreement. At the end of 
the study data will be retained for recordkeeping purposes for 7 years.

Patients are identified by direct identifiers stored on data records (e.g., 
name, initials, phone number, or medical record number) and indirect 
identifiers including a link to direct identifiers. This is necessary because 
the data must be linked to the patient for verification purposes. Link lists 
will be maintained and saved in a separate location from the research 
records. Only those directly involved with the study will have access to 
the records. No individually identifiable sensitive information will be 
disclosed.
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Discussion
The CORE study will systematically assess the effects of TEVAR on 
cardiovascular function through a unique dataset consisting of serum 
biomarkers, imaging, intraluminal pressure measurements, and com-
putational modelling. This research is timely and clinically important 
since TEVAR is being performed increasingly and long-term effects 
remain undetermined. Detailed data on the cardiovascular effects of 
stent-grafting, such as provided by the CORE study, are needed since 
its practice may extend towards the aortic arch and ascending aorta in 
the near future, where the stiffening impact could be more profound. 
Moreover, the stiffening effects of current stent-grafts may be of particu-
lar importance in young patients, as their hearts and aortas are more 
compliant than those of older patients. This calls for further evaluation 
since TEVAR is performed increasingly in young patients. Future aortic 
patients might benefit from data provided by the CORE study through 
improved aortic stent-graft designs and long-term outcomes.

As a single-centre, nonrandomised, observational cohort study, gen-
eralisability of results may be limited, which will require replication 
at other centres and patients populations. Moreover, potential loss of 
follow-up may lead to a prolonged study period as such patients will be 
excluded from the study. Control subjects managed with aortic repair 
during the follow-up period may also lead to exclusion (in case of open 
surgery) or to a switch to the TEVAR group, which might increase the 
study period. Moreover, stent-grafts of different manufacturers will be 
used. Therefore, care should be taken when translating our findings to 
devices other than those used in this study. Lastly, pressures in our 
CFD models of control subjects will rely exclusively on non-invasive 
brachial pressure data, while models of TEVAR patients will also rely on 
intraluminal pressure data measured by a catheter.
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Abstract
Background
Endovascular management of thoracic aortic disease is continuously 
in development. This review aims to describe the operative techniques 
and outcomes of advanced endovascular treatment methods for aortic 
arch disease.

Methods and findings
A systematic search of Medline, Embase, and Cochrane databases was 
performed to identify relevant studies. Articles were included if they 
described operative technique and postoperative outcomes specifically 
for fenestrated, scalloped, or branched thoracic endovascular aortic 
repair (TEVAR) procedures involving the aortic arch. Review articles, 
studies on thoracoabdominal repair, congenital disease, and ‘standard’ 
TEVAR were excluded. Twenty-five articles reporting on fenestrated or 
scalloped TEVAR were included. There was considerable heterogeneity 
in the described operative techniques, including the type of stent graft, 
and the number of fenestrations. High rates of technical success of 90-
100% were reported. Early outcomes varied widely, with postoperative 
mortality rates of 0-25%, stroke rates of 0-10%, paraplegia rates of 0-7%, 
and retrograde type A dissection rates of 0-7%. Seven articles reporting 
on branched TEVAR were included. Use of single, dual and combined 
branched and fenestrated stent grafts was reported, with technical suc-
cess rates of 84-100%. Early outcomes varied, with mortality rates of 
0-13%, disabling stroke rates of 0-3%, minor stroke rates of 0-33%, and 
paraplegia rates of 0-3%. Few data are available beyond one year of 
follow-up for both fenestrated and branched TEVAR. Conclusions

Fenestrated, scalloped and branched TEVAR seem feasible with high 
reported rates of technical success, but worldwide experience with 
these new endovascular techniques is limited. Early outcomes vary, and 
little evidence is available beyond one year of follow-up. Nonetheless, 
further developments in imaging methods and stent graft design are 
likely to benefit patients with aortic arch disease in the future.
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Introduction
Since the first successful graft replacement of a thoracic aortic aneu-
rysm (TAA) in 1953,1 technical and procedural treatment changes have 
significantly improved survival rates of TAA patients.2 The introduction 
of thoracic endovascular aortic repair (TEVAR) has been a major step 
forward due to the minimally invasive nature compared to open surgi-
cal aneurysm repair. Nevertheless, many patients with TAA or aortic 
dissection are still managed with open repair. From 1999-2007, TEVAR 
accounted for 8-18% of all TAA repairs in the US (National Inpatient 
Sample and Medicare databases),2,3 while from 2006-2011, it was per-
formed for 60% of descending TAA repairs in the UK (Hospital Episode 
Statistics database).4 The majority of type A dissections are currently 
being managed with open surgery (90%) and only one third of type B 
dissections with TEVAR.5–7 Although the use of TEVAR appears to be in-
creasing over time, its application for aortic disease affecting the aortic 
arch is still relatively limited, due to several anatomical constraints.

Improvements to endovascular management can contribute to a widen-
ing of indications for TEVAR. These include the availability of more stent 
graft sizes, better fixation and sealing systems, advanced imaging meth-
ods, and the development of (pre-fabricated) fenestrated and branched 
stent grafts. This systematic review will focus on the development of 
techniques towards a wider application of endovascular therapy in the 
aortic arch. It will provide an overview of clinical evidence for these 
advanced applications of TEVAR, thus aiming to provide insight in the 
current and future status of TEVAR.

Design of past and current stent graft and delivery systems
The first thoracic stent grafts implanted for TAA were custom-made 
and were composed of a stainless-steel endoskeleton composed of 
Z-shaped stent bodies covered with a woven Dacron polyester fabric 
graft.8 Later custom-made designs consisted of a separate manufac-
tured modular type of stent graft with proximal and distal nitinol stents 
and an unsupported Dacron tube graft in between, which was stented 
after deployment.9 The first commercially available endovascular tho-
racic device for TAA featured a longitudinal supporting wire to preserve 
column strength, which was later replaced with a fabric layer due to 
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relatively frequent fractures of the wire. Current, second generation 
thoracic stent graft designs allow for even more conformability.

First-generation devices were difficult to maneuver in the arched 
shape of the thoracic aorta. Later delivery systems featured a flexible 
disposable catheter with an integrated handle to provide a mechanical 
advantage while lowering deployment forces, to improve trackability 
and pushability.10 The development of tip-capture mechanisms, used in 
the Bolton Relay thoracic stent graft system (Bolton Medical) and in 
the Captivia Delivery System (Medtronic), led to further increases in 
deployment accuracy.11,12 The Zenith devices are introduced through a 
preloaded catheter with triggers which allows stent graft repositioning 
after proximal component deployment followed by release of the bare 
metal barbs with a trigger, avoiding the need of hypotension and bra-
dycardia inducement.13 An overview of technical details of various stent 
graft types is shown in table 1.

Table 1. Technical characteristics of the most widely used thoracic aortic stent 
grafts.

Conformable 
Gore TAG

Cook Zenith 
Alpha

Bolton Relay Medtronic 
Valiant

Stent material Nitinol Nitinol Nitinol Nitinol

Stent design U-shaped, 
continuous

Z-shaped, 
interrupted

Z-shaped, 
interrupted

Z-shaped, 
interrupted

Graft material ePTFE Woven 
polyester

Woven 
Polyester

Woven 
polyester

Available diameters 21-45 mm 18-46 mm 22-46 mm 18-44 mm

Introduction device 
(outer diameter)

18-24F 18-23F, 
precurved

22-26F 22-25F

Other characteristics Fixation barbs Longitudinal 
support wire

Anatomical limitations of TEVAR
Choice of management (i.e. open surgery, endovascular repair, or 
hybrid) is influenced by multiple factors, including comorbidity, type 
and extent of the aortic lesion, and clinical urgency. Several anatomical 
criteria limit the feasibility of TEVAR. First, the peripheral access ves-
sel needs to be large enough for the delivery device of the stent graft. 
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Therefore, tortuous or calcified access vessels are an important limiting 
factor for TEVAR.14 This can be addressed with adjunctive access pro-
cedures, however, these increase operation complexity.14,15 Secondly, 
although stent grafts are available in many different sizes, designs and 
configurations (i.e. tapered, branched, conformable, stiff), the size or 
angulation of the native aorta and the access vessels can be such that 
no fitting stent graft is available. Thirdly, an endovascular graft needs a 
sufficient length of contact with healthy aortic wall tissue both proximal 
and distal to the lesion to successfully exclude it from the circulation. 
Inadequate sealing zones and malapposition of the stent graft to the 
aortic wall can cause complications such as stent graft migration and 
the so-called “bird-beak” configuration, which in turn can lead to en-
doleak, stent graft collapse and, ultimately, end-organ malperfusion, 
aneurysm rupture and death.16–18 An overview of anatomical require-
ments provided by stent graft manufacturers is given in table 2.

Table 2. Anatomical limitations of most widely used ‘standard’ thoracic aortic 
stent grafts as reported in instructions for use.

Conformable 
Gore TAG

Cook Zenith Alpha Bolton 
Relay

Medtronic
Valiant

Proximal neck length ≥ 20 mm ≥ 20 mm ≥ 15, ≥ 
20, or ≥ 
25 mm*

>20 mm

Distal sealing zone 
length

≥ 20 mm ≥ 20 mm ≥15 or 
≥25 mm*

>20 mm

Aortic neck diameter 23-42 mm 
(inner)

15-42 mm (outer) 19-42 
mm

18-44 mm

Recommended 
oversizing**

6-22% 9-20% 10-20%

Radius of curvature 
of aortic arch

≥ 20 mm

Localized angulation ≥ 45 degrees

Other “If aortic 
angulation is 
less than 60, 
additional neck 
length may be 
required”

“In large proximal 
aortic vessel diameter, 
there is a risk angu-
lated graft deployment 
if the sealing zone is 
<20 mm”

*Depending on stent graft diameter
** values can differ in case of dissection
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Expanding indications for TEVAR
The alternative to endovascular treatment is medical therapy alone or 
open surgical aortic repair. In cases of anatomical suitability, endovascu-
lar procedures are generally preferred, and only a very small proportion 
of patients that undergo open arch repair nowadays could also have 
been managed with ‘regular’ endovascular therapy.19

In cases with unfavorable anatomy or proximal extent of disease, open 
surgical repair remains the gold standard.20,21 However, many patients 
are not deemed eligible for open repair because of the substantial pro-
cedural risks associated with sternotomy and cardiopulmonary bypass, 
in particular in the presence of severe comorbidities. As a result, ways 
are sought to extend the benefits of TEVAR to patients with pathology 
located in the proximal aortic arch or ascending aorta. Hybrid interven-
tions composed of surgical creation of extra-anatomical bypasses of 
the carotid or subclavian arteries preceding TEVAR are used to allow 
proximal stent graft deployment.22 A standardized totally endovascular 
treatment proximal to the left subclavian artery (LSA) or left common 
carotid artery (LCCA) has until now been inhibited by the curvature of 
the aortic arch and the presence of the supra-aortic branches, situated 
close to each other. Experience with branched and fenestrated stent 
grafts in abdominal aortic pathology show that complications associ-
ated with the branches are rarely the cause of death.23 This might be 
different in the aortic arch, where geometric and hemodynamic factors 
pose a challenge for sealing and device integrity, and especially because 
the risk of mortality caused by emboli might be greater. Despite these 
obstacles, totally endovascular treatment options have already been 
reported for highly selected groups of patients with type A aortic dissec-
tion and (pseudo)aneurysms in the aortic arch and ascending aorta.24–29 
Broadening of indications for TEVAR might be achieved in the future 
through the development of the following modifications and add-ons 
to endovascular technology and imaging methods.
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Methods
Search strategy
A search of Medline, EMBASE and Cochrane databases was performed 
using the following search terms: ‘thoracic aorta’, ‘ascending aorta’, 
‘aortic arch’, ‘descending aorta’ and ‘endovascular repair’, ‘TEVAR’, 
‘endograft’, ‘stent graft’,’stentgrafting’, ‘endografting’ and ‘fenestrated’, 
‘branched’, ‘scallop’, ‘complex’, ‘advanced’, ‘debranching’. The search 
was last updated on 22 April 2016. Limiting search results to full-length, 
English language papers that were published in the past 10 years yielded 
a total of 1002 articles. Original reports were included if they described 
the operative technique and postoperative outcomes specifically for 
fenestrated, scalloped, or branched procedures involving the aortic 
arch. Review articles, studies on thoracoabdominal repair, congenital 
disease, and ‘standard’ TEVAR were excluded. In case of multiple re-
ports describing (partly) the same patient cohort, the most recent report 
was included. Reference lists of the studies that remained after applying 
in- and exclusion criteria were checked for additional relevant articles. 
A total of 32 articles were included for this review; a flow chart of the 
study selection procedure can be seen in figure 1.

Figure 1. Flow chart of study selection.
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Results
Fenestrated and scalloped stent grafts
Stent grafts with an opening window (fenestration) at the level of one or 
more aortic branches can be used when the stent graft will cover those 
branches. A balloon-expandable covered stent can subsequently be de-
ployed in the branch vessel, although in some described methods, this 
part is left out, raising concerns of type I endoleak.30 Any of the two meth-
ods requires the fenestrated stent graft to be custom-made per patient 
based on preoperative imaging, which is a timely and costly process. A 
scalloped stent graft is similar to a fenestrated one. It features a custom-
made U-shaped notch in the graft fabric at the proximal end of the stent 
graft and the site of the branch vessel (figure 2). This technique is most 
commonly used for the LSA, but can also be used for other branches 
when combined with a fenestration or an extra-anatomical bypass.

Figure 2. 3D reconstruction based on CTA imaging of a patient treated with scal-
loped TEVAR with proximal deployment in zone 2 and a scallop for the left subcla-
vian artery.
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Twenty-five studies reporting on use of fenestrated or scalloped stent 
grafts for aortic arch branch vessel preservation were identified (table 
3).30–54 Reported treatment indications, operative techniques, types 
of stent graft, proximal deployment zone, and amount of emergency 
repairs varied widely between included studies. Overall, high rates of 
technical success and low early complication rates were reported. The 
largest series comprises of 393 patients, who were managed with a 
customized, precurved fenestrated stent graft, and showed promising 
outcomes, with 99.2% successful deployment and 95.8% of patients had 
no type I or III endoleak on initial postoperative CTA.50 Thirty-day follow-
up showed an incidence of 1.6% for all-cause mortality, 1.8% for stroke, 
0.8% for permanent paralysis, one instance of stent graft collapse and 
three conversions to open repair.50 O’Callaghan et al. reported a 6.7% 
mortality rate, 6.7% spinal cord ischemia rate and 6.7% stroke rate in a 
series of 15 patients with customized fenestrated grafts.45

Branched stent grafts
While branched stent grafts are increasingly used for suprarenal ab-
dominal aneurysms, their use in aortic arch pathology has been limited 
so far. There is currently no FDA-approved prefabricated branched stent 
graft. However, major stent graft manufacturers are trying to develop 
such devices. Medtronic and Gore have started enrolling patients in 
early feasibility studies for single branched devices, while Cook and 
Bolton offer customized dual branched investigational devices (figure 
3).55–57 Seven studies were included which reported on the use of 
branched stent grafts for aortic arch branch vessel preservation (table 
4).55,57–62 There was considerable variation among the few included 
studies in terms of treatment indication (degenerative aneurysm and 
chronic aortic dissection), type of branched stent graft (single and dual 
branched devices, as well as combined branched and fenestrated stent 
grafts), technical success rates, and stroke rates.

Various customized branched systems have been reported. Inoue et 
al. designed a device with external branches that could be inserted 
transfemorally.63 After insertion, the device is held in place by a carrying 
wire and a traction wire, while another traction wire was attached to the 
branch for the LSA. This wire could be caught with a snare wire inserted 
in the left brachial artery, and by retracting the snare wire, the branch 
is deployed into the LSA. A single branched device was successfully 
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implanted in 15 patients, and the same technique was used to implant a 
triple branched device in one patient.63

A different approach is to build a modular stent graft system with a 
bifurcated proximal component and a tubular distal component. An 
LSA-LCCA bypass, and later an LCCA-RCCA bypass have to be con-
structed surgically before endovascular repair can take place. This can 
then proceed along the following steps. The RCCA is used as an access 
vessel to advance the proximal component of the modular stent graft 
into the ascending aorta. The proximal part of the bifurcated component 
is deployed in the ascending aorta without covering the coronary ostia, 
the long distal limb in the innominate artery, with the end before the 
origin of the right subclavian artery, and the short distal limb in the 

Figure 3. 3D reconstruction based on CTA imaging of a patient treated with dual 
branched TEVAR with proximal deployment in zone 0 and branches for the in-
nominate artery and left common carotid artery.
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aortic arch. Then, the stent graft is extended with the distal components 
advanced from a femoral access site. After the first case report by Sch-
neider et al.,64 several others followed.58,65,66 An important limitation of 
this technique is the need to introduce a delivery device with a large 
diameter through the carotid artery, which is often not of sufficient 
caliber for this purpose.

Lioupis et al. developed a modular stent graft system that could be in-
serted transfemorally, and reported results in six patients.67 The system 
has a precurved delivery device and a stent graft with two branches 
folded on the inside, and an LSA-LCCA bypass is created before starting 
the endovascular procedure. This involves cannulation of the innominate 
artery from the right brachial artery or RCCA and of the LCCA from an 
LCCA access site after stent graft insertion, and using a bridging stent to 
connect the internal branch to the target vessel. These first six patients 
were included in a larger series of 38 patients with arch branch stent 
grafts published by Haulon et al.55 The results show a steep learning 
curve even for the highly skilled endovascular specialist, with an early 
mortality rate of 30% in the first 10 cases. An improvement followed in 
the next 28 cases, in which a mortality of 7.1% was noted, which is an 
indication of the possible advantages of endovascular treatment of arch 
aneurysms in patients with severe comorbidity.
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Discussion
Some limitations of fenestrated and branched TEVAR
Concerns exist about the durability of fenestrated repair of the aortic 
arch. The few studies with a follow-up duration beyond one year reported 
considerable rates of type I endoleak and endovascular reinterventions 
of around 10%.30,45,46 The assumption is that branched repair might of-
fer better long-term outcomes, but there is too little evidence for either 
fenestrated or branched repair to allow for comparison.

Secondly, customizing fenestrated or branched stent grafts takes about 
four to six weeks. This generally precludes its use to elective cases, 
although several in-situ fenestration techniques have been described 
to allow emergency endovascular repair for patients with inadequate 
landing zones in whom open repair was not an option. One way has 
been to create the fenestration and add radiopaque material before in-
serting the device.37,68 Another possibility is to expose the branch vessel, 
insert the stent graft and advance a needle or a stiff guidewire through 
the branch vessel to puncture the stent graft in a retrograde fashion, 
followed by dilation of the fenestration with a cutting balloon.35,54,69 In-
travascular fenestration has also been performed in an elective setting 
using a laser or a radiofrequency catheter.48,70

The risk of embolic stroke is a major concern for branched TEVAR due to 
the need of wire manipulation in the arch, which is frequently burdened 
by atherosclerosis in aneurysm patients.55,57 This leads to debate about 
which access vessel to use for some or all of the guidewires (retrograde 
versus antegrade), and whether additional embolic protection devices 
should be used in combination with branched TEVAR.

Additionally, even though fenestrated and branched TEVAR are custom-
ized for the individual patient, they are still confined by several ana-
tomical limitations. Previous aortic valve replacement, which precludes 
adequate guidewire placement and stability in the ascending aorta, 
is an important contraindication. Ascending aortic sealing length and 
diameter and innominate artery diameter are among the other mor-
phological contraindications and differ slightly for the type of stent 
graft. Finally, because fenestrated and branched TEVAR are technically 
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challenging procedures, which require optimal equipment and surgical 
experience, they are currently only performed in selected centers of 
expertise.

Parallel graft procedure
TEVAR with a parallel graft procedure is more commonly performed 
than fenestrated or branched TEVAR, because it does not need a custom-
ized stent graft. This technique, which is also called chimney, snorkel, 
double-barrel or periscope graft procedure, involves retrograde stent-
ing of one or more arch vessels. A guidewire is placed in a carotid or 
brachial artery depending on which artery will be stented, and a regular 
(off-the shelf) thoracic stent graft can be placed. A self-expandable or a 
balloon-expandable stent is advanced over the already present guide-
wire and deployed alongside the aortic stent graft, with one end slightly 
proximal to it, and the other end into the arch vessel. The advantage of 
this technique is that all the components are readily available, so it can 
be done in urgent settings. Concerns about the procedure include the 
risk of type I endoleak through a space between the stent graft and the 
stent (gutter endoleak), especially when more than two parallel grafts 
are deployed in tandem. Several systematic reviews and a registry, 
together providing data on over 300 patients treated with parallel grafts 
for aortic arch disease, show technical success rates of 89-98% and good 
patency rates, early type I endoleak rates of 10-14%, and little evidence 
for mid- to long term follow-up.71–74 These data seem to support that the 
use of parallel grafts for the aortic arch is effective, but should remain 
reserved to high-risk patients for whom other treatment options are not 
available.

Videoscopic guidance systems
The complexity of operations performed with branched and fenestrated 
stent grafts increases procedure duration and exposure to radiation and 
contrast agent. Real-time three-dimensional visualization of the cath-
eter tip or the guide wires with electromagnetic or ultrasound guidance 
systems are new ways to aid the operator. Studies in phantom- and 
animal models show reduction in fluoroscopy time and radiation dose, 
but not in contrast volume.75 Another method currently under investiga-
tion is robotic steering of the catheter tip, which has been shown to lead 
to a reduction in cannulation time in phantom models, especially in 
extremely tortuous iliac vessels.76 It is not yet clear whether the possible 
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added value of these adjunctive visualization and navigation methods 
weighs up to their costs, and if this added value is limited to complex 
repairs or also counts for more straightforward cases.

Dynamic imaging
Imaging plays a crucial part at all stages of treatment with TEVAR, and a 
variety of options are at the clinician’s disposal. Computed tomography 
angiography (CTA) currently forms the cornerstone of preoperative as-
sessment for TEVAR. It is an accurate diagnostic tool for thoracic aortic 
pathology and 3D reconstructions of CT-acquired images can be used 
to determine anatomic eligibility and stent graft sizing.77 Nevertheless, 
stent-graft-to-aorta-mismatch is still a cause of complications like type 
I endoleak, stent graft migration, and potentially of aneurysmal dilata-
tion and retrograde dissection.78–80 Dynamic imaging techniques can 
play an important role in improving the preoperative workup of TEVAR 
to prevent such complications.78 With electrocardiography (ECG)-gated 
CTA and ECG-gated magnetic resonance angiography (MRA), images 
are acquired during the entire cardiac cycle. These images show sig-
nificant changes in thoracic aortic diameter and area during the cardiac 
cycle.81,82 ECG-gated imaging can thus be used to determine maximum 
aortic diameter more accurately, and prevent stent graft mis-sizing. An 
additional benefit of time-resolved MRA is that it can accurately detect 
the blood supply to the anterior spinal artery (artery of Adamkiewicz), 
which could reduce the risk of spinal cord ischemia.83 Four-dimensional 
phase-contrast MRI obtains images with quantitative information on 
aortic hemodynamics. Moreover, modern black-blood MRI quantifies 
thrombosis of the false lumen in chronic dissection more accurately 
than conventional CTA.84 Because of a causal relation between hemo-
dynamic parameters (i.e. flow velocity and helicity), false lumen throm-
bosis, and aortic expansion, this might allow for an early stratification 
of patients likely to benefit from TEVAR.

Intravascular ultrasound is an adjunctive imaging technique to assess 
stent graft deployment during TEVAR, which has been used as an 
alternative to angiography to reduce contrast use.85 It offers real-time 
dynamic measurements of aortic diameters. These diameters change 
as a function of hemodynamic status, which could theoretically lead to 
more accurate stent graft sizing for ruptured aneurysms or in traumatic 
aortic injury.86,87
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Computational fluid dynamics
Computational fluid dynamics represents a new entity in the field of 
surgical planning and cardiovascular research. It uses patient-specific 
imaging (including CT, MRI, ultrasound, catheterization) to create image-
based models of the vessel of interest.88–90 Once validated against the 
clinical data, computational analyses are conducted on these models 
to assess complex hemodynamic quantities, such as flow, pressure 
and wall shear stress, at any particular level of interest. Moreover, such 
modeling offers the unique opportunity to virtually assess the perfor-
mance of different types of surgical or endovascular aortic repair tech-
niques. Computational modeling may improve stratification of patient 
suitability for open or endovascular repair and may contribute to future 
stent graft design.91,92
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Conclusion
Continuing innovation of stent graft technology has already brought sig-
nificant improvements to TEVAR. Fenestrated, scalloped and branched 
TEVAR seem feasible with high reported rates of technical success, 
but worldwide experience with these new endovascular techniques is 
limited. Early outcomes vary, and little evidence is available beyond 
one year of follow-up. Nonetheless, further developments in imaging 
methods and stent graft design are likely to benefit patients with aortic 
arch disease in the future.
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Abstract
Background
We present the possible utility of Computational Fluid Dynamics (CFD) 
in the assessment of thrombus formation and virtual surgical planning 
illustrated in a patient with aortic thrombus in a kinked ascending aortic 
graft following thoracic endovascular aortic repair (TEVAR).

Methods
A patient-specific three-dimensional model was built from computed 
tomography. Additionally, we modelled three virtual aortic interven-
tions to assess their effect on thrombosis potential: 1) open surgical 
repair, 2) conformable endograft, and 3) single-branched endograft. 
Flow waveforms were extracted from echocardiography and used for 
the simulations. We used the computational index termed platelet ac-
tivation potential (PLAP) representing accumulated shear rates of fluid 
particles within a fluid domain to assess thrombosis potential.

Results
The baseline model revealed high PLAP in the entire arch (119.8±42.5), 
with significantly larger PLAP at the thrombus location (125.4±41.2, 
P<0.001). Surgical repair showed a 37% PLAP reduction at the thrombus 
location (78.6±25.3, P<0.001) and a 24% reduction in the arch (91.6±28.9, 
P<0.001). Single-branched endografting reduced PLAP in the thrombus 
region by 20% (99.7±24.6, P<0.001) and by 14% in the arch (103.8±26.1, 
P<0.001), whereas a more conformable endograft did not have a 
profound effect, resulting in a modest 4% PLAP increase (130.6±43.7, 
P<0.001) in the thrombus region relative to the baseline case.

Conclusions
Regions of high PLAP were associated with aortic thrombus. Aortic 
repair resolved pathologic flow patterns, reducing PLAP. Branched en-
dografting also relieved complex flow patterns reducing PLAP. CFD may 
assist in the prediction of aortic thrombus formation in hemodynami-
cally complex cases and help guide repair strategies.
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Introduction
The feasibility of thoracic endovascular aortic repair (TEVAR) is pro-
fusely being explored in the aortic arch and ascending aorta.1,2 However, 
important postoperative complications are reported with high rates 
of reintervention.3,4 This may be attributable to the considerable more 
complex hemodynamics (i.e. nonlaminar flow and high velocities) in the 
proximal thoracic aorta when compared to descending or abdominal 
or aorta. Over-stenting of the left subclavian artery, which is often per-
formed to provide a good proximal landing zone, might modify flow pat-
terns within the aortic arch. However, this remains to be determined. To 
optimize endograft design and treatment outcomes, it is timely to seek 
a deeper understanding of hemodynamics following proximal TEVAR.

Computational fluid dynamics (CFD) has been used increasingly in the 
last decade for the investigation of cardiovascular diseases and surgical 
planning.5,6 The so-called “image-based modeling” paradigm of CFD 
uses anatomical data obtained from computed tomography angiogra-
phy (CTA) or magnetic resonance imaging (MRI) to create a 3D com-
putational model representing the blood vessels of interest. Additional 
physiological measurements of flow, pressure and wall motion are used 
to inform the “boundary conditions” of the simulation. Computational 
analyses of these models provide detailed descriptions of hemody-
namic quantities such as velocity and pressure, but also of additional 
hemodynamic quantities including wall shear stress, oscillatory shear 
stress, displacement forces, etc. Recent CFD developments allow for the 
tracking of virtual “blood particles”, which gives insight into blood flow 
patterns and the pathlines of these particles. Recently, a metric termed 
the platelet activation potential (PLAP) has been proposed.6,7 This metric 
calculates the shear rates that a fluid particle accumulates during its 
travel in the blood stream, therefore providing an insight into potential 
platelet activation. The role of platelet activation in high shear flows has 
been recognized in the genesis of arterial thrombus.8 We thus use the 
PLAP index to investigate correlation between high platelet activation 
and localization of aortic thrombus by means of computational analy-
ses performed in a patient presenting with ascending aortic thrombus 
following TEVAR. Different virtual surgical and endovascular repairs will 
be assessed to study its impact on hemodynamics and on PLAP.
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Methods
Clinical Data
CTA was performed with 64-slice scanners and intravenous injection 
of 80 to 120 mL of nonionic iodinated contrast material. The CTA was 
used to build the computational models. MRI studies were conducted 
using a Gadolinium-based contrast agent (Multihance) and steady 
state free precession cine imaging. Additionally, black blood imaging 
and multiphase dynamic 3D MRI were performed with the injection of 
the contrast bolus to visualize aortic thrombus. Approval was obtained 
from the Institutional Review Board, and the need for informed consent 
was waived. The patients’ medical charts were reviewed to retrieve in-
formation on demographics, medical and surgical history, and clinical 
outcome of the patient.

Patient History
A 74-year female patient presented with ascending aortic thrombus fol-
lowing TEVAR for growing aneurysm of the distal aortic arch (Figure 1). 
Her surgical history included an uneventful ascending and arch repair 
for ascending aneurysm three years prior to presentation (Figure 1A). 
Postoperatively, a mild kink was observed in the surgical graft in the 
inner-curvature of the ascending aorta, which was left untreated (Figure 
1B). She was a non-smoker with a history of hypertension, chronic 
obstructive pulmonary disease and congestive heart failure, with a 
NYHA-score of 1. The patient was not known to have any hematologic 
disorder. Her blood pressures were stable around 125/80 mmHg with 
antihypertensive medication and a regular heart rate of about 80-90 
beats per minute. She had no symptoms relevant to her aortic disease 
(no back pain, shortness of breath, or palpitations). A para-anastomosis 
aneurysm dilatation was observed 3 years postoperatively (Figure 1C), 
which was treated with a TEVAR procedure, following a left carotid-sub-
clavian artery bypass with embolization of the proximal left subclavian 
artery (LSA, Figure 1D). Three overlapping Medtronic Valiant thoracic 
endografts were implanted (36x36x200 mm Freeflow, 36x36x200 mm 
closed, and a 36x36x160 mm). Her postoperative course was unevent-
ful. Follow-up angiography demonstrated seal without endoleak. 
However, one month follow-up CTA-imaging revealed a linear irregular 
area of low-attenuation within the lumen of the distal ascending aorta at 
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A B C

D E F

Figure 1. Patient history showing (A) ascending aortic aneurysm which was re-
paired with a (B) surgical graft in 2012. (C) Para-anastomosis aneurysm dilata-
tion 3 years postoperatively, which was treated with (D) TEVAR in December 
2015. (E) Computed tomography angiography one month post-TEVAR suggest-
ed intraluminal thrombus at the proximal endograft end, as indicated by the 
red circle. (F) Magnetic resonance imaging confirmed ascending aortic throm-
bus, as marked by the red circle. The kink in the endograft is denoted with the 
blue circle.
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the proximal landing zone of the endograft concerning for intraluminal 
thrombus. Maximum aortic diameter was 56 mm at the upper descend-
ing thoracic aorta within the stented segment. Intravascular ultrasound 
(IVUS) demonstrated intraluminal, echogenic and mobile material 
within the aortic lumen at the bare metal end of the proximal endograft, 
presumed to be thrombus. MRI confirmed ascending aortic thrombus at 
the proximal endograft end and a kink in the aortic arch region (Figures 
1E and 1F). Patient was started on Warfarin tablet of 2.5 mg/daily. She 
had a Thrombosis Risk Assessment or Caprini score of 9. Her blood 
pressure at time of MRI imaging was 133/77 mmHg with a regular heart 
rate of 67 beats per minute. Transthoracic echocardiography measured 
a cardiac output of 4.87 L/min, with no relevant valve disease or any 
intra-cardiac thrombus.

Patient-Specific Computational Modeling
First, a patient-specific computational model describing the aortic mor-
phology post-TEVAR was built. Additionally, we built three virtual surgi-
cal and endovascular repair models that seek to alter hemodynamics in 
such a way as to remove the aortic thrombus: 1) a surgical repair of the 
ascending aorta eliminating the kink in the graft, 2) a conformable endo-
graft in the arch reducing the kink in the arch, and 3) a single-branched 
endograft restoring perfusion into the LSA (Figure 2).

Baseline aortic 
geometry

Aortic surgical 
repair

Conformable
endograft

Single-branched
endograft

Figure 2. Models of the different aortic geometries. From left to right: the base-
line aortic geometry, the ascending aortic surgical repair, the conformable en-
dograft, and the single-branched endograft into the LSA.
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Each computational model consists of 1) a 3D geometric model of the 
thoracic aorta, the coronaries, and the upper arch branches, and 2) a set 
of boundary conditions that represent the physiological variations of 
the patients’ pressure and flow. The geometric models were build based 
from the CTA image data using a 3D path-planning approach in the soft-
ware package CRIMSON.9 A finite element mesh, consisting of about 1.4 
million tetrahedral elements, was created for each model. Mesh adapta-
tion and curvature refinement were used to increase the resolution in 
regions of high velocities and complex flow. The vessel walls were mod-
eled as rigid. Our workflow consisted of first building a baseline model, 
which was used to match the patients-specific hemodynamics through 
the fine-tuning of lumped parameter Windkessel models at the aortic 
outlets (Figure 3), a heart model10 and lumped-parameter coronary mod-
els.11 The use of a heart model and of coronary models was important 
to correctly represent hemodynamics in the ascending aorta as diastolic 
coronary perfusion has an important impact on local flow patterns.12

1 cycle = 0.86 sec

Ascending Thoracic 
Aorta

Descending Thoracic 
Aorta

Left Common 
Carotic Artery
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Each Windkessel represents the vasculature distal to its outlet and 
consist of a proximal resistance, a compliance, and a distal resistance. 
The sum of proximal and distal resistances of each branch was tuned 
through an iterative procedure to match the patients’ mean pressure of 
96 mmHg and reference flow splits.13,14 The tuning ensured that flow to 
the innominate artery was about 18% of cardiac output, whereas about 
8% of cardiac output was appointed to the LSA, 8% to the left common 
carotid artery and 60% to the thoracic outlet. The coronary lumped pa-
rameter models were adjusted such that each coronary received about 
3% of the cardiac output.13,14

To represent the increase in flow in the left carotid-subclavian artery 
bypass, the LSA target share of the total flow was added to that of the 
left common carotid artery for the baseline aortic, the ascending aortic 
surgical repair, and the conformable endograft models. The compliance 
of each Windkessel model was tuned to reproduce the patients’ pulse 
pressure of 56 mmHg. The velocity profile imposed at the aortic root 
was created using the volumetric flow waveform digitalized from the 
patients’ transthoracic echocardiography data. Blood was modelled as 
a Newtonian fluid with a density of 1060 kg/m³ and a dynamic viscosity 
of 0.004 Pa s. No-slip wall boundary conditions were enforced on the 
wall of the model.

The flow and pressure waveforms in Figure 3 highlight physiologically 
realistic profiles, including diastolically-dominant left coronary artery 
flow, increased diastolic flow in the right coronary artery, patient-
matched values of pulse pressure, and target values of flow splits 
between the different vessels.

Particle Tracking and Platelet Activation Potential (PLAP)
Our primary interest was in the estimation of regions of high shear 
within the aortic lumen that could lead to high platelet activation, flow 
recirculation and eventually thrombus formation. Another factor affect-
ing thrombus deposition is endothelial inflammation, a circumstance 
that is known to occur in the presence of disturbed flows and flow 
stasis. However, in this case the native ascending aortic tissue was 
replaced by a surgical Dacron graft in which no endothelial cells are 
present. Therefore, aortic thrombosis in this patient was assumed to 
be predominantly driven by platelet activation. We expected the kinked 
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Dacron graft to result in nonlaminar flow patterns leading to prolonged 
mechanical stimulation of blood platelets, which is known to increase 
the risk of thrombosis.15,16 To quantify this we used a CFD tool named 
‘particle tracking’ which allows evaluation of the history of shear rate 
that a particle experiences along its path within a fluid. We injected 1.3 
million particles into the aortic root and collected flow-induced shear 
rates for each particle at each time step using a Lagrangian particle 
tracking technique.6 Full details on this method have been reported 
previously.6 These data were used to quantify PLAP, a dimensionless 
scalar index that represents accumulated shear rates that have been as-
sociated with thrombosis.6,7 Data on PLAP was subsequently collected 
for each particle after two cardiac cycles. Two standardized regions of 
interest (ROI) were used for all models to define PLAP in: 1) the region 
stretching from the kink till the aortic arch, and 2) the specific location of 
thrombus as identified in CT and MRI imaging data (Figure 4).

Statistical Analyses
Data were analyzed with SPSS 23.0 (SPSS, Chicago, IL, USA) and are 
presented as mean±standard deviation (SD), where applicable. Statisti-
cal analyses of differences between models were performed using one-
way ANOVA testing for means of PLAP over all particles present in the 
ROI at the end of the second cardiac cycle after particle release. Normal 
distribution of the PLAP data was assessed by skewness and kurtosis 
Z-values between -1.96 and 1.96, the Shapiro-Wilk test P-value above 
0.05, and visualization of approximately normally distributed data with 
histograms. All P-values <0.05 were considered statistically significant.
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Results
The computed hemodynamics of the baseline model are summarized 
in Figure 3. Peak flow was 304.7 ml/sec and 254.2 ml/sec in the ascend-
ing and denscending aorta, respectively. Retrograde diastolic flow was 
observed in both ascending (with a peak of 0.2 ml/sec) and descending 
aorta (peak of 25.8 ml/sec). The different flow and pressure waveforms 
show realistic profiles for all branches of the model, including predomi-
natly diastolic flow in the left coronary artery, matched mean values of 
pressure and flows, as well as pulse pressure. These waveforms there-
fore ensure a physiologically-realistic distribution of pulsatile velocities 
in the aorta, which can then be used to examine the shear activation 
state of particles traveling through the blood stream.

Two cardiac cycles following virtual particle injection revealed signifi-
cant differences in PLAP among the different models (Figure 4).

Baseline model: The baseline model presented disturbed flow patterns 
at the location of the surgical kinked graft and high rates of PLAP in 
the ROI just distal to the graft kink and corresponding with the exact 
location of aortic thrombus (Figures 4A and 4B). This resulted in PLAP 
values in the entire aortic arch ROI of 119.8±42.5, and statistically signifi-
cant larger values of PLAP in the thrombus ROI (125.4±41.2, P<0.001).

Surgical repair model: When assessing hemodynamics in the virtual 
surgical repair model a significant 24% drop in mean PLAP was noted 
in the aortic arch ROI (91.6±28.9, P<0.001) and a 37% drop (78.6±25.3, 
P<0.001) at the thrombus ROI (see Figure 4 C). This result suggests that 
the kink in the surgical Dacron graft is behind the significant hemody-
namic alterations in the aortic arch and that it critically contributed to 
the formation of thrombus.

Conformable endograft model: This design did not have a profound 
effect on PLAP, resulting in a modest 4% increase in PLAP (130.6±43.7, 
P<0.001) in the thrombus ROI relative to the baseline case, and an even 
smaller 1% change in the aortic arch ROI (118.7±42.6, P<0.001), see 
Figure 4 D. This suggests that the effect of the distal endograft kink on 
thrombus formation in the Dacron graft region is minimal.
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Single-branched endograft: PLAP was significantly reduced in the 
single-branched endograft model in comparison to the baseline model. 
The aortic arch ROI exhibited a 14% drop in PLAP (from 119.8±42.5 
to 103.0±26.1, P<0.001) and 20% drop in PLAP at the thrombus ROI 
(125.4±41.2 to 99.7±24.6, Figure 4E). These results suggest that, altough 
the changes in hemodynamics, particularly in blood shear, relative to 
the baseline model are not as profound as in the surgical repair graft, 
they could lead to a situation in which thrombus would not have formed.

Clinical Follow-up
An 18 weeks follow-up CTA-scan demonstrated that the thrombus 
volume remained stable (Figure 5). Patient was continued on Warfarin 
tablets of 2.5 mg/daily.

Baseline
Volume: 8.43 ml

3 mo follow-up
Volume: 7.48 ml

Figure 5. Computed tomography at baseline and at 18 weeks follow-up demon-
strating stable three-dimensional volumes of the intra-aortic thrombus.
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Discussion
This study demonstrated a correlation between intraluminal ascending 
aortic thrombus and high levels of intraluminar shear through CFD 
analysis. Complex flow patterns in a complex geometry resulting from 
kinking of a vascular graft appear to significantly contribute to the in-
crease in shear rates between blood particles. Such shear is known to 
activate platelets with altered risk of thrombus formation.6,7 This study 
had two primary motivations: 1) to confirm the suitability of the platelet 
activation potential (PLAP) metric in identifying potentially high-risk 
locations for thrombus formation, and 2) to assess the efficacy of dif-
ferent virtual surgical and endovascular repairs to minimize the state of 
high shear observed the baseline kinked aortic geometry.

The high PLAP value in the baseline model suggests that complex flow pat-
terns, caused by the severely kinked Dacron graft in the ascending aorta, 
are associated with increased shear rates between particles. The hotspot 
of elevated PLAP matched the location of aortic thrombus at the proximal 
end of the endograft accurately, which highlights the potential added value 
of this quantification. More broadly, our findings stress the fundamental 
relationship between fluid mechanic pathways for platelet activation and 
disturbence of blood flow patterns due to surgical interventions.

Typically, thrombus formation occurs along the aortic wall. However, in 
case of ‘pathologic’ or surgically modified vessels, fluid stresses may 
be so severe that platelets are activated even in high-speed velocity 
fields, such as in the case presented here. This emphasizes the potential 
risks of geometric alterations in the natural curvature of the proximal 
thoracic aorta. It appears that it is the high tortuosity of the endograft 
itself that triggers thrombus formation as reported in a canine model 
showing intraluminal thrombus two months following endografting.17 
Furthermore, surgical Dacron grafts have been shown to induce inta-
luminal thrombus, in particular at the anastomosis site. This has been 
thought to be caused by the lower mechanical compliance of the graft 
versus the native aorta, which generates a disturbed flow pattern pro-
moting neointimal hyperplasia.18,19 These mechanisms, in combination 
with high intra-luminal shear, may have contributed to the thrombus 
formation in the patient presented in this study.
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The different surgical repairs examined in this paper produced distinct 
hemodynamic regimes in the asceding aorta. PLAP was significantly 
reduced following virtual surgical repair of the ascending aorta. It ap-
pears that restoration of normal flow patterns considerably reduces the 
shear rate between blood particles. This result demonstrates the predic-
tive and adjunctive value of CFD in planning aortic surgery. Conversely, 
elimination of the second kink in the endografted aortic arch did not 
result in improvements of PLAP in the segment of aortic thrombus. This 
result was expected as the distal kink was not severely stenotic and was 
located at a considerable distance from the thrombus region and thus 
had little effect on local flow disturbances. Lastly, we did find that the 
virtual single-branched endograft with extension into the LSA reduced 
PLAP signficantly in both the entire aortic arch but specifically in the re-
gion where thrombus was present. This result suggests that high shear 
rates may be relieved downstream of the stenotic flow disturbance by 
enabling the natural conduit of the LSA by means of a branched endo-
graft solution. Even though the reduction in PLAP is not as large as with 
the virtual surgical repair that eliminates the kink in the Dacron graft, 
its advantages over the baseline case are clear. In fact, this finding may 
have led to the consideration of fenestrating the implanted thoracic en-
dograft with a laser to restore LSA blood perfusion.20 Nonetheless, the 
LSA was embolized in this particular case which precluded the potential 
to restore LSA perfusion.

These results further emphasize the added value of CFD analysis in the 
planning of complex endovascular aortic repairs.5,21

Limitations
The main limitation of this study is the small sample size. The described 
computational analyses aimed at presenting and evaluating a recently 
introduced hemodynamic metric for thrombus formation in high-speed 
velocity fields. This was performed using a patient-specific case to il-
lustrate its potential value. However, larger sample sizes are needed 
to validate the predictive value of PLAP for thrombus formation. Fur-
thermore, a combination of high shear and high residence time, could 
lead to additional computational metrics with stronger correlation with 
thrombus localization. Ideally, a surgical or single-branched endograft 
repair would have been conducted on this patient to compare our com-
putational predictions with in-vivo clinical follow-up data. Nevertheless, 
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this patient was managed non-operatively. This pilot study may motivate 
further research to confirm the utility of CFD in predicting intraluminal 
thrombus potential and the feasibility of reversing increased platelet 
activation through aortic intervention.
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Conclusion
CFD enriches the analysis of hemodynamics in complex ‘pathologic’ 
aortic geometries. In this study we presented the added value of particle 
tracking and evaluation to quantify the potential risk of intraluminal 
thrombus. Particles that have accumulated a high shear history are sus-
ceptible to clot and cause thrombus, even in the high speed velocities of 
the ascending aorta. Additionally, CFD offers the assessment of virtual 
surgical or endovascular repairs on a metric of interest. We found that 
virtual surgical repair of the ascending aorta reduced flow complexity 
and simulated platelet activation considerably. Moreover, the use of a 
virtual branched endograft which restored flow through the over-stented 
LSA also decreased shear rates between particles. These findings may 
have implications for endograft design as they underline the impor-
tance preservation of flow through the upper arch branches. Finally, 
this analysis motivates further research on the complex hemodynamics 
following endograft repair, for which CFD provides a promising tool.
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Summary
This thesis investigates biomechanical and clinical performances of 
endovascular repair for thoracic aortic dissection (AD) and aneurysm. 
Insights from both medical and bio-engineering perspectives are 
pursued with the aim of providing scientific data that will help guide 
endovascular aortic treatment.

Part One: Novel Paradigms in the Management of Thoracic Aortic 
Diseases
Chapter 2 provides an update in current management strategies for 
type B AD. Developments in imaging and management have improved 
outcomes considerably, mainly attributable to the development of aortic 
stent-grafts. Nevertheless, ever since the introduction of thoracic endo-
vascular aortic repair (TEVAR) two decades ago, mortality for type B AD 
has not further declined, remaining at 10-12%. Advances in stent-graft 
design and diagnostic tools are warranted to further improve outcomes, 
for which genetic screening represents a promising field.

Chapters 3 and 4 give insights in management and outcomes of acute 
type B AD complicated by retrograde dissection through the analysis 
of the International Registry of Acute Aortic Dissection. This large-scale 
clinical registry reveals that retrograde dissection into the arch or as-
cending aorta is not uncommon in acute type B AD, occurring in about 
7% of cases. A subset of patients with acute retrograde AD originating 
from a tear in the descending aorta might be managed non-operatively 
with acceptable in-hospital results, particularly among those with proxi-
mal extension limited to the arch.

Part Two: New Aortic Biomechanics following Endovascular Repair
Stent-graft implantation may alter aortic pulsatility considerably as the 
devices are orders of magnitude stiffer than the native aorta. However, 
data on these biomechanical interactions are lacking while important 
postoperative complications are reported. We therefore aim to eluci-
date this through imaging and experimental studies, as well as by a 
systematic literature search.



314 Chapter 15

Chapter 5 assesses thoracic aortic pulsatility of the aged adult and 
reveals great deformations in both the radial and longitudinal direction 
with each heartbeat, in particular in the proximal thoracic aorta. A new 
formal definition is proposed, defining changes in length as the result 
of a force pulling up and down the proximal end of the aorta, referred to 
as extensibility. The significant aortic pulsatility reported in this chapter 
highlights the importance of dynamic imaging for stent-graft sizing, as 
well as the need for devices that can mimic these deformations.

Chapter 6 systematically reviews the literature on the biomechanical 
impact of TEVAR in type B AD. Several procedure related complications 
are reported together with potential explanations for their pathophysi-
ology. Direction is given for future clinical and experimental studies to 
deepen our understanding of the biomechanical behaviour of stented 
ADs, to optimize stent-graft design, and to identify which patients ben-
efit most from TEVAR.

Chapters 7 and 8 quantify changes in longitudinal and radial aortic strains 
induced by stent-grafting, using an ex-vivo porcine model. We show that 
TEVAR stiffens the aorta by two-fold in both directions. This resulted in 
a proximal strain mismatch between the non-stented and stented aorta. 
Tensile testing revealed that descending thoracic aortic tissue is most 
vulnerable in the longitudinal direction, in particular proximally 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. Moreover, such aortic stiffening 
is known to diminish the Windkessel function, increasing impedance 
and cardiac workload. These data may therefore have implications for 
future stent-graft design, in particular for TEVAR of the highly compliant 
proximal thoracic aorta.

Chapters 9 and 10 aim to translate our experimental findings into clin-
ics by evaluating the effects of TEVAR on pulsatile strains in aneurysm 
and dissection patients, respectively, through ECG-gated computed 
tomography and a dedicated software script. We found that TEVAR is 
followed by an increase of pulsatile strains in the non-stented aortic 
segments. This was most evident in the longitudinal direction of the 
arch, with an average strain increase of 77% in eight thoracic aneurysm 
patients. The potential biomechanical and clinical relevance of these 
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strain changes was underlined by the occurrence of complications in 
two studied patients who showed significant increases in aortic strain 
following TEVAR.

Part Three: Computational Fluid Dynamics and Innovations in 
EndoVascular Aortic Repair
Chapter 11 evaluates potential adverse cardiovascular effects of TEVAR 
through imaging and computational fluid dynamics (CFD). Retrospec-
tive analysis of thoracic aneurysm patients managed with TEVAR 
demonstrated a significant 33% increase of left ventricular mass after 
one-year follow-up. Motivated by these pilot data, a newly developed 
heart and coronary computational model is used to evaluate possible 
changes in cardiac workload and coronary perfusion. Additionally, 
we present the protocol of a prospective study in Chapter 12 that will 
systematically assess the potential adverse effects on TEVAR on cardio-
vascular remodelling using magnetic resonance imaging, serum-based 
biomarkers, intra-luminal pressure measurements, and computational 
modelling.

Chapter 13 provides a systematic review of novel endovascular 
treatment techniques and imaging methods for aortic arch disease. 
Fenestrated, scalloped, and branched TEVAR appear to be feasible 
strategies although worldwide experience and long-term follow-up 
data are limited. Advanced imaging methods including real-time three-
dimensional visualization of the catheter tip, robotic catheter steer-
ing, and intravascular ultrasound are new tools to guide stent-graft 
deployment. Novel magnetic resonance imaging sequences such as 
four-dimensional phase-contrast and black blood provide quantitative 
hemodynamic data and better assessment of false lumen thrombosis. 
In addition, CFD represents a new entity in the field of cardiovascular 
research, with the unique opportunity to virtually assess surgical or 
endovascular interventions.

Chapter 14 presents the utility of CFD in the assessment of aortic throm-
bus formation following TEVAR. We show that regions of high virtual 
platelet activation potential were associated with aortic thrombosis 
through a recently introduced particle tracking method. Virtual surgical 
repair and branched stent-grafting both reduced platelet activation po-
tential significantly. This study demonstrates the potential added value 
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of CFD for prognosis and surgical planning in complex aortic pathology 
and may have implications for endograft design.

Part Four: Discussion and Summary
Chapters 15 and 16 contain the summary. In chapter 17 the main results 
of our studies are discussed within the context of the international 
literature. Considerations and directions are defined for future endo-
vascular aortic repair.
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Nederlandse 
Samenvatting
Dit proefschrift onderzoekt biomechanische en klinische prestaties 
van endovasculaire reparatie van thoracale aortadissecties (AD) en 
aneurysmata. Inzichten uit zowel de medische- als de bio-ingenieurs-
wetenschappen worden nagestreefd met als doel wetenschappelijke 
gegevens te genereren en endovasculaire aortareparatie te verbeteren.

Deel Een: Nieuwe Paradigma’s in de Behandeling van Thoracale 
Aortaziekten
Hoofdstuk 2 geeft een overzicht van huidige behandelstrategieën voor 
type B AD. Verbeteringen in beeldvorming en behandeling hebben uit-
komsten aanzienlijk verbeterd, met name dankzij de ontwikkeling van 
stent-grafts. Echter, sinds de introductie van thoracale endovasculaire 
aortareparatie (TEVAR) twee decennia geleden, is sterfte voor type B 
AD niet verder afgenomen, resterend op 10-12%. Vooruitgangen in 
stent-graft ontwerp en diagnostische technieken zijn nodig om behan-
deluitkomsten verder te verbeteren waarvoor genetische screening een 
veelbelovende methode is.

Hoofdstukken 3 en 4 geven inzicht in de behandeling en uitkomsten van 
acute type B AD gecompliceerd door retrograde dissectie via de analyse 
van the International Registry of Acute Aortic Dissection. Dit grootscha-
lige klinische register toont aan dat retrograde dissectie in de boog of 
opstijgende aorta niet zeldzaam is in het geval van een acute type B AD, 
met een incidentie van ongeveer 7%. Een subgroep van patiënten met 
acute retrograde AD afkomstig van een scheur in de afdalende aorta kan 
non-operatief worden behandeld met aanvaardbare kortetermijnresul-
taten, met name als de proximale extensie zich beperkt tot de aortaboog.

Deel Twee: Nieuwe Biomechanica van de Aorta na EndoVasculaire 
Reparatie
Stent-grafts zijn ordes van grootte stijver dan de natieve aorta waardoor 
zij de pulsatiliteit van de aorta aanzienlijk kunnen veranderen. Gegevens 
over deze biomechanische interacties ontbreken echter terwijl belangrijke 
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postoperatieve complicaties worden gerapporteerd. Wij streven ernaar 
deze effecten te verhelderen door middel van beeldvormingsstudies, ex-
perimentele onderzoeken en door een systematisch literatuuronderzoek.

Hoofdstuk 5 evalueert de pulsatiliteit van de thoracale aorta van oude-
ren en onthult grote vervormingen in zowel de radiale als de longitudi-
nale richting tijdens iedere hartslag en in het bijzonder in de proximale 
thoracale aorta. Een nieuwe formele definitie wordt voorgesteld om 
lengteveranderingen als uitrekbaarheid te definiëren voortkomend uit 
een kracht die het proximale uiteinde van de aorta op en neer trekt. De 
significante pulsatiliteit die in dit hoofdstuk gerapporteerd wordt bena-
drukt het belang van dynamische beeldvorming voor het kiezen van de 
juiste stent-graft maat, alsmede de behoefte aan stent-graft materialen 
die zulke vervormingen kunnen nabootsen.

Hoofdstuk 6 bestudeert de biomechanische effecten van TEVAR voor 
type B AD middels een systematisch literatuuronderzoek. Verschillende 
postoperatieve complicaties en mogelijke verklaringen voor de bijbeho-
rende pathofysiologie worden besproken. Perspectief wordt gegeven 
voor toekomstige klinische en experimentele studies om het begrip 
van de biomechanica van gestente AD’s te verdiepen, het ontwerpen 
van stent-grafts te optimaliseren en om te bepalen welke patiënten het 
meest van TEVAR profiteren.

Hoofdstukken 7 en 8 kwantificeren veranderingen in de longitudinale 
en radiale richting van de aorta geïnduceerd door stent-grafts met be-
hulp van een ex-vivo varkensmodel. We laten zien dat TEVAR de aorta 
met een factor van twee verstijft in beide richtingen. Dit resulteerde in 
een proximale vervormbaarheidsmismatch tussen de gestente en niet-
gestente aorta. Trekproeven van het aortaweefsel toonden aan dat de 
aorta met name kwetsbaar is in de longitudinale richting, in het bijzon-
der proximaal nabij de aortaboog. Een dergelijke acute vervormbaar-
heidsmismatch van potentieel kwetsbaar weefsel kan een rol spelen in 
TEVAR-gerelateerde complicaties, waaronder retrograde dissectie en 
de vorming van aneurysmata. Bovendien is het bekend dat een derge-
lijke verstijving van de aorta het Windketeleffect vermindert en daarmee 
de impedantie en cardiale belasting vergroot. Deze gegevens kunnen 
gevolgen hebben voor toekomstig stent-graft ontwerp, met name voor 
TEVAR van de zeer vervormbare proximale thoracale aorta.



Nederlandse Samenvatting 323

Hoofdstukken 9 en 10 pogen onze experimentele bevindingen naar de 
kliniek te vertalen door effecten van TEVAR op pulsatiele uitrekking in 
aneurysma- en dissectiepatiënten, respectievelijk, te bestuderen mid-
dels het gebruik van ECG-gesynchroniseerde computertomografie en 
een toegewijd software script. We vonden dat TEVAR geassocieerd is 
met een stijging van pulsatiele uitrekkingen in de niet-gestente aorta-
segmenten. Dit was het meest evident in de longitudinale richting van 
de aortaboog, met een gemiddelde uitrekkingsstijging van 77% in een 
groep van acht thoracale aneurysmapatiënten. De potentiële biomecha-
nische en klinische relevantie van deze veranderingen werd bevestigd 
door het optreden van complicaties bij twee onderzochte patiënten die 
significante toenames in uitrekking van hun aorta presenteerden na 
TEVAR.

Deel Drie: Computationele Vloeistofdynamica en Innovaties in 
EndoVasculaire Aortareparatie
Hoofdstuk 11 evalueert de mogelijke nadelige cardiovasculaire effecten 
van TEVAR door middel van beeldvorming en computationele model-
lering. Een retrospectieve analyse van thoracale aneurysmapatiënten 
behandeld met TEVAR toonde een aanzienlijke 33% toename van linker 
ventrikel massa aan na een jaar follow-up. Gemotiveerd door deze 
pilot-data hebben we een nieuw computationeel model voor het hart 
en de coronairen gebruikt om mogelijke veranderingen in de cardiale 
werkbelasting en coronairperfusie te kwantificeren. Daarnaast presen-
teren we in hoofdstuk 12 het protocol van een prospectieve studie wat 
middels systematisch onderzoek de mogelijk nadelige gevolgen van 
TEVAR op cardiovasculaire remodellering zal evalueren met behulp 
van magnetische resonantie beeldvorming, serum biomarkers, intra-
luminale drukmetingen, en computationele modellering.

Hoofdstuk 13 biedt een systematisch literatuuronderzoek omtrent 
nieuwe endovasculaire behandelingstechnieken en beeldvormingsme-
thoden voor ziekte van de aortaboog. Gefenestreerde, geschulpte en 
vertakte TEVAR blijken gerechtvaardigde behandelstrategieën, hoewel 
wereldwijde ervaring en langetermijnresultaten beperkt zijn. Geavan-
ceerde beeldvormingsmethoden inclusief driedimensionale visualisatie 
van de kathetertip, robot-gestuurde katheterisatie en intravasculaire 
echografie zijn nieuwe instrumenten waarmee stent-graft implantatie 
begeleid kan worden. Nieuwe magnetische resonantie sequenties zoals 
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vierdimensionale fase-contrast en zwart bloed beeldvorming maken he-
modynamische kwantificatie mogelijk alsmede een betere evaluatie van 
trombose in het valse dissectielumen. Daarnaast biedt computationeel 
modelleren een nieuwe entiteit op het gebied van cardiovasculair on-
derzoek met de unieke mogelijkheid om chirurgische of endovasculaire 
interventies te simuleren en virtueel te beoordelen.

Hoofdstuk 14 rapporteert de toegevoegde waarde van computationele 
vloeistofdynamica in de analyse van aortatrombose na TEVAR. We to-
nen door middel van een nieuwe deeltjes-volgingsmethode aan dat ge-
bieden met hoge waarden van virtuele bloedplaatjes activatie potentie 
geassocieerd zijn met aortatrombose. Zowel virtuele chirurgische aorta-
reparatie van de opstijgende aorta als TEVAR met een vertakking leidden 
tot verminderde activatie van de virtuele bloedplaatjes. Dit hoofdstuk 
toont de potentiële meerwaarde van computationeel modelleren voor 
prognose en chirurgische planning in complexe aortapathologie en 
heeft mogelijk implicaties voor het ontwerp van stent-grafts.

Deel Vier: Discussie en Samenvatting
Hoofdstukken 15 en 16 bevatten de samenvatting. Hoofdstuk 17 
bespreekt de belangrijkste resultaten van onze studies in de context 
van de internationale literatuur. Afsluitend worden overwegingen en 
perspectieven gedefinieerd voor de toekomst van endovasculaire aorta-
reparatie.
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General Discussion
Management of Type B Aortic Dissection
Type B aortic dissection (AD) continues to be a challenging and life-
threatening disease with early mortality remaining at 10% (chapter 
2).1,2 Nonetheless, prompt diagnosis, aggressive medical therapy, 
urgent intervention in complicated cases, and emerging endovascular 
interventional options all contribute to improvements in outcomes. 
Moreover, insights in large clinical and imaging data continuously 
strengthen patient stratification through the identification of predictors 
of outcome, such as size, location, and number of entry tears, shape of 
the true lumen, aortic diameter, and false lumen thrombosis.3–8 Time 
to diagnosis can be limited through a better understanding on the role 
of familial aortic syndromes and connective tissue disorders in AD.9 
The risk of AD for first-degree relatives may be as high as 19%.10,11 Total 
aortic imaging is therefore recommended for first-degree relatives of 
AD patients to identify potential asymptomatic aortic patients.9–11 Genes 
associated with AD are also being increasingly identified which has 
led to the recommendation to consider gene sequencing in patients 
with a family history of AD, offering genetically personalized care.11–14 
Advancements in imaging techniques offer higher resolution images, 
direct quantification of aortic dynamics, and better visualization of false 
lumen thrombosis.15–17 Finally, the most effective development in the 
management of type B AD has been the introduction of stent-grafts, 
decreasing operative mortality over surgical repair considerably.18–20 
Its minimally invasive character offers several benefits, including 
fast hemodynamic stabilization, minimal procedural morbidity and 
interventional treatment of surgically unfit patients. TEVAR has been 
adopted as therapy of choice for complicated type B AD. Nevertheless, 
morbidity and mortality in type B AD appear not to decline over the 
past two decades1 and optimal intervention strategy remains a topic of 
debate, particularly for uncomplicated type B AD.21,22 Further studies, 
including randomized clinical trials, are required to identify which AD 
patients benefit most from an endovascular, surgical, or exclusively 
pharmacological approach.

Current AD classification schemes do not stratify patients with a primary 
entry tear in the descending aorta and retrograde extension into either 
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just the arch or also including the ascending aorta. Analysis of the Inter-
national Registry of Acute Aortic Dissection (IRAD), however, revealed 
that such retrograde dissection is not uncommon in acute type B AD, 
reaching up to 7% as reported in chapters 3 and 4. Patients with retro-
grade arch extension were managed by similar means as those with 
classic type B AD, showing comparable outcomes (mortality of 9-10%). 
In contrast, patients with retrograde extension into the ascending aorta 
were associated with higher mortality (19%) and a more frequent need 
for open surgical repair. Driven by these new data, we suggest better 
stratification of patients with a primary entry tear in the descending 
aorta and retrograde extension limited to the arch as retro-Arch AD, 
while referring to those with extension into the ascending aorta as retro-
Asc AD. Such an addition to the established Stanford classification for 
AD may improve communication among physicians, with potentially 
more tailored treatment recommendations. Nonetheless, optimal man-
agement recommendations for these new subtypes of AD remain to 
be determined. Extension of endovascular techniques for treating arch 
and ascending AD have been described,23–26 but its feasibility remains 
debatable because of the associated complex anatomic constraints, 
including curvature and presence of critical branches.27 Moreover, aortic 
pulsatility is more profound in the proximal thoracic aorta than in the 
descending aorta,15,28 and aortic biomechanical properties may differ 
considerably when comparing AD patients to aortic aneurysm patients. 
The latter is reflected in the higher rate of TEVAR-related complications 
in AD patients.29–33 Thus, a deeper understanding of disease-specific 
aortic biomechanics is needed to develop more tailored endovascular 
aortic repair strategies.

Biomechanical Effects of Aortic Stent-Grafts
Increasing evidence from the literature34–36 and from this thesis (chapters 
6-10) suggests that stent-grafts stiffen the aorta considerably, elevating 
stresses in the non-stented segments and in the heart. It is timely to 
elucidate this as indications for TEVAR are moving proximally towards 
the more compliant and dynamic proximal thoracic aorta.26,37 We sought 
to systematically investigate the biomechanical effects of stent-grafts 
through in-vivo imaging studies, benchtop ex-vivo research, and com-
putational modelling.
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We found that the thoracic aorta is particularly dynamic in the proximal 
region, in both the circumferential and longitudinal direction (chapter 
5). This was studied in an aged population to provide a better estimate 
of aortic pulsatility for the typical older aortic patient, as opposed to 
healthy young volunteers with more compliant aortas.28 Introducing a 
novel concept, we formally propose the term extensibility, to be defined 
as pulsatile aortic length changes as result of a force pulling up and 
down the proximal aorta. This force is approximated as the product 
of pulse pressure times aortic inlet area. Extensibility appears to be 
significantly larger in the ascending aorta when compared to the arch 
and descending aorta. We suggest to reserve the term distensibility for 
circumferential deformations, for which the patient-specific pulse pres-
sure is a main determinant.38 Distensibility was also significantly largest 
in the proximal thoracic aorta (chapter 5). Our reported high rates of 
extensibility and distensibility emphasize the need for devices that can 
mimic such deformations. Moreover, pulsatile diameter changes at 
the typical proximal landing zone for TEVAR, the left subclavian artery, 
reached up to 4 mm. Such considerable diameter changes underline that 
it is outdated to size the aorta based on non-gated computed tomogra-
phy as this may underestimate true systolic diameter substantially, in 
particular when planning TEVAR of the arch or ascending aorta. Thus, 
cardiac-gated imaging should be the standard when planning TEVAR.39

Several important complications are reported following TEVAR for type 
B AD, as described in chapter 6. Retrograde AD and aortic rupture are 
among the most feared complications and have been associated with 
malapposition of the proximal stent-graft end, referred to as the bird-
beak sign, and severe stent-graft oversizing.29,30,32,40 This finding further 
underlines the importance of correct systolic aortic diameter measure-
ments prior to TEVAR. Stent-graft induced AD, both retrograde and 
antegrade, was thought to be primarily caused by bare metal stenting. 
However, large studies without the use of bare springs report similar 
rates of retrograde AD when compared to studies that did use bare 
springs.30,41 It is more likely that stent-graft induced new AD results from 
altered wall stresses acting on already predisposed weakened wall 
tissue. Factors associated with these serious complications include se-
vere stent-graft oversizing, severe arch angulation, poor perioperative 
antihypertensive control, proximal landing in the ascending aorta, con-
nective tissue disorders, prior thoracic AD, and female gender.29–32,41–43 
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Moreover, stiffness of stent-grafts appears to straighten the distal arch, 
further increasing the risk of bird-beaking.44 It has also been suggested 
that stent-graft induced alterations of blood pressure may provoke extra 
wall stress.30,40 In an effort to elucidate stent-graft related complications, 
we investigated changes in aortic biomechanics following TEVAR.

We found that TEVAR reduced longitudinal and circumferential strains 
by two-fold in controlled experimental ex-vivo studies (chapter 7 and 
8). These findings are clinically relevant as aortic stiffness is an impor-
tant predictor of cardiovascular death.36,38,45 The high rates of aortic 
pulsatility as reported in chapter 5 reflect the considerable energy that 
arises from each cardiac contraction for which the Windkessel function 
acts as an elastic buffer. Simple math shows that volume expansion, 
which is a main determinant of the Windkessel function, predominantly 
(quadratically) depends on radial deformation; Volume = π * Radius² * 
Length. Thus a 50% decrease in radial strain is expected to diminish the 
Windkessel function substantially, in particular if the highly compliant 
proximal thoracic aorta is affected. Such aortic stiffening will adversely 
alter pulse pressures, aortic wall stress, and cardiac afterload, while it 
will reduce diastolic peripheral perfusion including that of the coronary 
arteries.34–36,38,46,47 Thus, a diminished Windkessel function may aggra-
vate or even induce cardiovascular disease.36,38,48 On this comment, sev-
eral studies have shown that cardiac remodelling and angina pectoris 
complaints can be treated by the reduction of peripheral resistance and 
cardiac afterload through baroreflex activation.49–51 Current stent-grafts, 
however, appear to result in the exact opposite mechanism as they 
stiffen the aorta considerably (chapters 7 and 8), increasing impedance 
and cardiac afterload with potential adverse cardiac remodelling as 
result (chapter 11).34–36,47,52 This most likely plays an important role in 
the pathophysiology of TEVAR-related complications and should be the 
focus of further studies.

TEVAR resulted in a significant longitudinal strain mismatch between 
the stented and non-stented aorta in an ex-vivo experimental setting 
(chapter 7). Moreover, uniaxial tensile testing demonstrated that the 
thoracic aorta is particularly vulnerable for rupture in the longitudinal 
axis, most profound in the proximal descending aorta. This finding 
underlies why most intimal tears are circumferentially orientated as 
result of longitudinal intima failure.53,54 The described longitudinal strain 
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mismatch in potentially vulnerable tissue is of clinical importance as it 
might play a role in TEVAR-related complications, including new AD, 
aneurysmal dilatation, and rupture. Additionally, tissue vulnerability 
of the proximal thoracic aorta is of important notice as indications for 
TEVAR are moving proximally.26,37 When assessing the impact of TEVAR 
on radial strain in a similar experimental setting, we again observed a 
two-fold strain reduction in the stented segment, as reported in chapter 
8. This also led to a significant proximal strain mismatch between the 
stented and non-stented aorta.

Translating our experimental findings into clinics through in-vivo imag-
ing studies, we made three interesting observations. Firstly, we noted 
that TEVAR is followed by a considerable increase of pulsatile strains in 
the non-stented aortic segments (chapters 9 and 10). Longitudinal strain 
proximal to the stent-graft increased up to 77% in the aortic arch and up 
to 69% in the ascending aorta after TEVAR. Circumferential strains at the 
levels of the brachiocephalic trunk and the celiac artery also increased 
following TEVAR. In addition, we observed lower strains in two AD 
patients when compared to two older controls, even though aging is 
associated with aortic stiffening.28,55 If confirmed, these findings reflect 
an association between aortic stiffening and AD.

Finally, we noticed considerable higher circumferential strains at the 
levels of patent false lumen when compared to thrombosed false lu-
men. This new observation sheds light on differences in dissection flap 
motion along the aortic wall, which might provide a new predictor of 
outcomes. Further, it marks the importance of dynamic imaging for the 
evaluation of AD and stent-graft sizing in such patients.39

Our pre-clinical and clinical findings suggest that stent-grafts segmen-
tally stiffen the aorta and induce altered strains in non-stented segments. 
The potential clinical relevance of such strain changes was underscored 
by the occurrence of complications in two studied patients. One pa-
tient developed retrograde AD following TEVAR, in whom longitudinal 
strain was increased with 96% in the ascending aorta (chapter 9). While 
another patient suffered an aortic perforation from a stent strut at the 
proximal device end, at which circumferential strain was increased by 
89% after TEVAR, as reported in chapter 10. To reduce such stent-graft 
related complications it is important to continuously seek a deeper 
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understanding of its local and systemic effects in different aortic condi-
tions to improve and tailor its design.

Computational Fluid Dynamics and Innovations in EndoVascular 
Aortic Repair
Computational fluid dynamics (CFD) is an emerging tool for the inves-
tigation of cardiovascular diseases and surgical planning.56–59 Based on 
patient-specific image data, CFD enriches our understanding on car-
diovascular hemodynamics and biomechanics as it provides detailed 
descriptions of hemodynamic quantities such as velocity and pressure, 
but also of novel measures such as wall shear stress, oscillatory shear 
stress, displacement forces, etc.56,60 We used CFD tools in combination 
with patient-specific clinical and imaging data to investigate local and 
systemic cardiovascular effects of TEVAR. A novel CFD technique was 
assessed to investigate its possible utility for the hemodynamic assess-
ment in a patient with intraluminal thrombus following TEVAR. With 
the use of “particle tracking”, which consists of the virtual injection of 
hundreds of thousands of particles, friction between each particle was 
quantified to compute virtual platelet activation potential (PLAP).57,61

Our computational results confirmed that high rates of PLAP corre-
sponded with aortic thrombosis (chapter 14). Moreover, we found that 
virtual aortic surgical repair, which eliminated a considerable kink in the 
ascending aorta, reduced PLAP significantly. The use of a virtual single-
branched stent-graft that restored blood flow through the over-stented 
left subclavian artery also decreased PLAP. Such a computational in-
vestigation provides the unique opportunity to assess hemodynamics 
following different virtual surgical and endovascular repairs. In addi-
tion, it gives detailed insights into the complex hemodynamics and bio-
mechanics (i.e. nonlaminar flow and high flow forces) of the proximal 
thoracic aorta which may help guide future stent-graft design (chapters 
13 and 14).

TEVAR was associated with a 33% increase of left ventricular mass after 
one year follow-up in thoracic aneurysm patients, as reported in chapter 
11. Pulse pressures tended to be higher following TEVAR even though 
the use of antihypertensive medication showed a trend of increase. 
These findings agree with the few pre-clinical and clinical studies 
published on this topic.34–36,47 Moreover, diminished coronary perfusion 
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following TEVAR has also been reported due to increased impedance 
and reduced diastolic flow.48,62 The described cardiovascular changes 
following TEVAR may therefore have profound adverse effects in pa-
tients with coronary artery disease or in whom left ventricular systolic 
reserve is reduced. In addition, young patients may be at long-term risk 
of irreversible cardiovascular remodelling since segmental aortic stiff-
ening is associated with adverse remodelling of both the aorta and the 
heart.47,63 Nonetheless, well-grounded data on these effects are limited. 
This motivated us to seek a deeper understanding of these effects by 
using recently developed heart and coronary computational models.64 
With these sophisticated tools we aim to quantify changes in cardiac 
workload and coronary perfusion as result of TEVAR in chapter 11. This 
‘work in progress’ intends to shed light on the observed significant 
increase of left ventricular mass following TEVAR.
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Conclusions and 
Future Directions
In the current era, still one-third of patients that present with acute 
type B AD die within 5 years.65 This outcome is to be improved by con-
tinuous research on AD pathogenesis and optimal treatment. During 
recent years several new diagnostic and treatment tools have emerged. 
Genetic testing is among the most promising and should be further 
explored to provide genetic-specific care. Preventive anti-hypertensive 
care also represents an important field that should be improved as 
uncontrolled hypertension appears to be the most underestimated but 
treatable risk factor for acute AD.65 The considerable number of TEVAR-
related complications together with our current studies imply that 
there would be considerable potential for improvements in treatment 
if tailor made stents could be provided. Tailor made not only in size, 
but especially in stiffness to reduce the potential significant adverse 
effects as also reported in this thesis. Additionally, we clearly noted a 
strain mismatch between the stent-graft and the thoracic aortic wall 
in both the circumferential and the longitudinal direction. To improve 
outcomes of TEVAR for thoracic AD, dissection-specific devices should 
be considered to better address the biomechanical properties of a 
fragile dissected aorta. Reduced radial forces may be justified for these 
dissection-specific devices since stent-graft migration is extremely rare 
in AD. Moreover, devices that better match the biomechanical proper-
ties of either an aneurysmal of dissected aorta are expected to reduce 
the compliance mismatch. For this purpose, studies are warranted that 
quantify elastic properties of aneurysm and AD patients through biaxial 
tensile testing and dynamic imaging.

With a view to the future, a well-grounded formal answer to the car-
diovascular effects of TEVAR is pursued using prospective evidence 
through our recently initiated CORE (CardiOvascular Remodelling 
following Endovascular aortic repair) study (chapter 12). This study 
aims to systematically assess the potential adverse effects of TEVAR 
on cardiovascular remodelling using magnetic resonance imaging, 
serum-based biomarkers, intra-luminal pressure measurements, and 
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computational modelling. Such a thorough investigation might provide 
solid evidence on the cardiovascular effects of TEVAR. This may direct 
current stent-graft design and protect patients from the potential delete-
rious effects of stent-grafts on cardiovascular stiffening. We expect this 
to be of particular importance in the current era in which TEVAR of the 
highly compliant proximal thoracic aorta is explored. It is anticipated 
that devices which better match aortic elasticity will reduce stiffening 
of the Windkessel function and related adverse effects on the heart and 
aorta.
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sible. Franco! You placed me on the back of your Vespa and showed me 
Milan. You’ve thought Sicilian, how to prepare Spaghetti alla bottarga, 
and why Inter is better than Milan. Also, thank you for traveling the world 
with me: Chicago, New York, San Francisco, Ann Arbor, Houston, Las 
Vegas, Frankfurt, Orlando. It was an incredible journey. Finally, I quote 
you here: “There is no reason to finish a good dinner without a dessert”, 
so I am sure we will stay in touch. Shoes for life, friendship for life.

Beste dr. J.A. van Herwaarden, beste Joost, veel dank voor onze half-
jaarlijkse meetings in Utrecht, Pavia, New York, en voor je adviezen op 
afstand. Jouw overtuigende interesse in de dynamiek van de aorta heb-
ben mij vanaf dag 1 gemotiveerd dit pad in te slaan. Toen ik terugkwam 
uit de VS zorgde jij voor een goede landing in Utrecht en heb je mij 
goed begeleid tijdens het afronden van dit proefschrift. Erg veel dank 
daarvoor!

Dear dr. C.A. Figueroa, dear Alberto, you have made my time in Ann 
Arbor very constructive from both a scientific and a social perspective 
as my supervisor in Michigan. I have deep respect for your expertise in 
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the field and passion for science. In particular, I want to thank you for 
your personal lectures, which taught me more about physics than six 
years of high school did! Even though we, the lab, sometimes made 
you feel like there was “a vuvuzela blowing in your head”, you managed 
to run two labs in different continents, which is impressive. Congratula-
tions with your beautiful family: Oliver, Clara, and Andrea, and I hope 
we will stay in lifelong contact.

Dear Prof. dr. K.A. Eagle, dear dr. Eagle, thank you for inviting me to the 
University of Michigan. My time at UMich has been remarkably fruitful. 
It is truly inspiring to see what you accomplish at the Cardiovascular 
Center, but also all around the world with IRAD. Thank you so much 
for introducing me into the IRAD family. This has broadened my inter-
national horizon and friendships tremendously. Finally, I specifically 
thank you for inviting my girlfriend, Rosa, to join your research team 
of Project Healthy Schools for a year. We are both very grateful for the 
opportunities you gave us.

Dear dr. Patel, thank you for involving me in the Division of Cardiac Sur-
gery at the University of Michigan. Your expertise has greatly improved 
the clinical aspects of this thesis. Moreover, I would like to thank you 
and your family for your warm hospitality. All the wonderful dinners 
at your house immediately made Rosa and myself feel at home in Ann 
Arbor. Thank you so much for this all.

Geachte leden van de beoordelingscommissie, prof. dr. W.P.Th.M. Mali, 
prof. dr. R.L.A.W. Bleys, prof. dr. H.J.M. Verhagen, prof. dr. G.J. de Borst 
en dr. P. Agostoni, hartelijk dank voor uw tijd en expertise om dit proef-
schrift te beoordelen. Uw deskundigheid drijft de wetenschap vooruit.

Dear Prof. dr. F. Auricchio, dear Ferdinando, thank you involving me in 
the βeta-lab. Your drive for the field really motivates us as clinicians to 
think deeply and try to answer clinical questions from a bio-engineering 
perspective. It is inspiring to see how you have created such a large and 
effective lab in Pavia, while keeping it family-like. All the best e grazie 
mille!

Dear Dr. M. Conti, dear Mic, you were the engine behind the Italian 
biomechanical studies of this thesis. I really enjoyed working with you 
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because of your drive to get stuff done while enjoying life. We worked 
hard to build the ex-vivo setup and to get the papers published. “βeta-lab, 
where the magic happens.” But meanwhile we sang songs (Macklemore 
et al. Thrift Shop), played tennis, and ate the best mozzarella. One day 
I will sit next to you in Sicily under that olive tree con una birra fresca. 
Thanks Mic!

Beste dr. G.J. de Borst, dr. de Borst, ik wil u graag nadrukkelijk bedan-
ken voor het warme welkom terug in Utrecht tijdens de afrondende 
maanden.

Arnoud, Arno, Arnoudovic, Kamman. Je kwam San Donato in als collega 
en bent nu een van mijn beste maten. Dank voor alles wat we samen 
hebben meegemaakt met als hoogtepunten Las Vegas, New York, Chi-
cago, Detroit en Santi’s feest waar je werkelijk alles gaf. Je permanente 
gevoel voor humor hield de sfeer er altijd goed in. Ik herinner me nog 
goed dat je om 3 uur ’s nachts aankwam in Las Vegas en naast m’n 
bed stond te stuiteren: “We moeten even de straat op, sfeertje proeven”. 
Deze levenslust typeert jou. Koester deze. De vriendschap is gesloten. 
Tot snel!

Guido, Gwuido, vanB. Keizer van de gastvrijheid. Toen je aankwam in 
Milaan kenden wij elkaar nog niet, maar na jouw warme welkom in 
Italië veranderde dit snel. Je landde vanuit de VS om mij in te werken 
en liep gejetlagd in de brandende zon richting de markt om zoveel lek-
kernijen in te slaan dat je de terugweg niet meer haalde...Dat is passie 
voor de zaak! In die zomer ‘14 heb je mij alles van Milaan geleerd wat ik 
moest weten: Rocket fuel, Byblos, Jos en de Banshee. Daarnaast intro-
duceerde je mij in Pavia, reviseerde je mijn stukken en beantwoorde je 
al mijn vragen over dit proefschrift. Veel dank daarvoor! Wij zetten deze 
vriendschap door!

Jip! Sfeermaker en motor van the Transatlantic Research Team. Je on-
uitputbare positieve energie is aanstekelijk en sleept ons allemaal mee. 
In de Banshee scanderen ze niet voor niets nog steeds je naam. Je nam 
voor mijn vertrek naar Italië uitgebreid de tijd om mijn onderzoek richting 
te geven en mij de do’s and don’ts van het vak te leren. Jouw bereidheid 
om mijn stukken te reviseren, zoals mijn eerste review die jij prachtig be-
stempelde met “een heerlijke stuk proza, een spannend jongensboek!” 
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heb ik als heel waardevol ervaren. In Amsterdam zijn we vanaf nu buren 
en hoop ik je vaak te zien. Bedankt voor alles en tot snel maat.

Freek, Founding Father van het Team. Ik heb dit hele promotietraject 
aan jou te danken. Jij legde het contact tussen prof. dr. F.L. Moll en mij 
waar ik je ontzettend dankbaar voor ben. Ondanks je drukke leven ben 
je altijd bereid af te spreken en bij te praten. En wat was het bijzonder 
om jullie huwelijk met het hele onderzoeksteam en Michelle in Guate-
mala te mogen vieren! Dank voor je betrokkenheid en laten we van de 
Transatlantic Research Meetings maar een maandelijks iets maken.

Ciao Hector. Je kwam in ‘15 in San Donato het team versterken. Een 
waardevolle toevoeging! Je sloeg direct una bella donna aan de haak. 
Je leerde de taal beter dan alle Nederlandse PhD-ers bij elkaar. Erg 
indrukwekkend! Daarnaast richtte jij je al snel op de biomechanische 
studies in het lab van Pavia. Ik heb er alle vertrouwen in dat je daar 
mooie onderzoeken zult uitvoeren en publiceren. Ci vediamo.

Diederik, welkom in de groep. De korte indrukken die ik van je heb zijn 
veelbelovend. Ik heb er alle vertrouwen in dat jij je mannetje wel zult 
staan daar in Milaan en in de VS en zeker iets moois gaat neerzetten 
deze jaren. Ik kijk ernaar uit je deze zomer op te zoeken in San Donato.

Dear lab and friends in Ann Arbor: Kevin, Fede, Miquel, Sabrina B, Sabrina 
L, Jonas, Prady, Paula, Amaia, and Allen. Thanks so much for all your help 
and impressive patience when teaching me how to use all the software. 
Making it Foeke-proof, that was the challenge. Also, thanks so much for 
all the great times we had at Sleeping Bear Dunes, karaoke, Ann Arbor 
Brewing Company, etc. And oh yes, Dan, king of spices, thank you too for 
all the hilarious moments. Best to you all and let’s stay in touch!

Dear lab and friends in Pavia not mentioned yet: Simone, Anna, Ro-
drigo, Stefania, Chiara, Gianluca, Adrien, Pieroangelo, and all others. 
You guys have helped me tremendously with the experimental aspects 
of this thesis. The βeta-lab was always a welcoming place. It was also a 
great way for me to get a taste of the rich Italian culture, with lunches in 
the cantina including homemade Limoncello and fresh Mozzarella from 
Amalfi. You guys are truly building something special there. Keep it up 
e grazie mille!
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Beste Susan en Cobie, ontzettend veel dank voor jullie tomeloze hulp 
tijdens dit promotieonderzoek. Jullie ervaring en assertieve houding 
hebben vele fouten doen voorkomen en er continu voor gezorgd dat 
we vooruit gingen. Daarnaast zorgden jullie altijd weer voor een warm 
onthaal in Utrecht met uitgebreid koffie & bijpraten. Heel veel dank!

Dear dr. Froehlich, Eva, Elise, Dan, Alice and all others at MCORRP. 
Thank you for welcoming me so nicely into your research group. The 
Zingermann’s lunches, drinks in Roger Monk’s, but also the conferences 
in Chicago and Orlando were a blast. Thanks a lot much for this all!

Ladies at the Michigan Cardiovascular Center: Nickole, Mary, Emily, 
Katie, thank you for your endless help with the IRB’s, patient inclusion, 
appointments, finding a white coat, finding the OR, etc. Besides work, 
thank you for showing me around in town!

Beste gouden krachten in het UMC: Anouk Jansze, Robert Valkenburg, 
en alle anderen die mij altijd onvoorwaardelijk hebben geholpen met 
het verzamelen van de benodigde data terwijl ik in de VS zat. Jullie werk 
is absoluut cruciaal voor dit proefschrift geweest waarvoor erg veel 
dank.

Paranimfen, beste David en Koen. Jullie zijn mijn twee beste vrienden 
en ik ken jullie beter dan wie dan ook. Jullie gaan nu allebei in Rotter-
dam wonen maar weet dat jullie altijd welkom zijn in 020 en ik veel op 
de stoep zal staan in 010. Ik vind het heel bijzonder dat ik dit proefschrift 
met jullie twee aan mijn zijde mag verdedigen. Dank daarvoor!

Lieve koude kant, familie de Visser en aanhang, ondanks dat ik ‘jullie 
Rosa’ mee naar het buitenland nam steunden jullie mij door dik en 
dun. Dank ook voor de onvergetelijke weekenden bij Lago Maggiore en 
Lake Michigan. Met vragen als “Wat heeft de mensheid eigenlijk aan je 
onderzoek?” hielden jullie mij altijd scherp om over het grote plaatje na 
te blijven denken. Heel veel dank daarvoor en voor jullie eeuwige steun!

Lieve Jan en Sas, broeder en zus, jullie zijn er altijd voor mij. Wij worden 
als drietal steeds hechter en ik hoop dan ook weer veel van jullie mee te 
mogen maken in Nederland. Jullie beide levens inspireren mij enorm 
om er zoveel mogelijk uit te halen. In de VS zochten jullie ons direct op 
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en wanneer Roos en ik dakloos in Nederland waren boden jullie ons 
een bed, goed eten, en nog beter gezelschap. Welkom in dit gezelschap 
Lou, je bent een bofkont. Catrien en Tim, ik dank jullie uiteraard ook 
voor dit alles!

Lieve Pap en Mam, ik kan jullie niet genoeg bedanken voor jullie eeu-
wige steun in mij en jullie open blik voor de wereld. Mede door jullie 
avontuurlijke levensinstelling - op het moment van schrijven zeilen 
jullie ergens rondom de Schotse Shetlandeilanden - en steevaste steun 
ben ik aan dit internationale promotieonderzoek gestart. Dit is iets waar 
ik mijn leven lang met trots en een grote glimlach op terug zal kijken. 
Daar wil ik jullie heel erg voor bedanken.

Lieve, lieve Roos, ik ben zo dankbaar dat ik jou heb. Je gaf je zekerheid 
in Nederland op en ging met mij dit onbekende, buitenlandse avontuur 
aan. Romantischer wordt het niet. Jouw instelling om het bekende, 
zekere, op te geven voor iets onbekends, mogelijk beters, is bewon-
deringswaardig. Je weet me altijd aan het lachen te brengen en met je 
positieve uitstraling maak je mijn leven simpelweg mooier. Je trekt mij 
mee de natuur in en stimuleert mij na te denken over wat wel en niet 
belangrijk is. Ik hou van je en kan niet wachten om samen met jou en 
Addie, ons mooiste aandenken aan de VS, alles uit het leven te halen.
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