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Acute Aortic Dissection and its Classification

Acute aortic dissection is a life-threatening cardiovascular event, which occurs in 2.9-4 
per 100.000 people per year, with increasing incidence due to an aging population and 
improved imaging modalities.1,2 An aortic dissection is caused by a laceration of the inti-
mal layer of the aortic wall, defined as entry tear, allowing blood inflow along the medial 
layer, separating both layers of the aorta. The septum or intimal flap usually extends 
distally and divides the aortic lumen into a true and false lumen. It is a life-threatening 
disease due to its associated complications such as malperfusion syndrome and aortic 
rupture. Several classification systems have been proposed, based on entry tear loca-
tion, extent of dissection, and time interval between symptom onset and presentation. 
The Stanford classification is most commonly used and distinguishes type A and type B 
aortic dissection based on entry tear location; type A aortic dissection (TAAD) involves 
the ascending aorta, while type B aortic dissection (TBAD) involves the descending 
aorta distal from the left subclavian artery. 
Recently, the International Registry of Acute Aortic Dissection (IRAD) reported a time 
classification system for acute aortic dissection based on survival analysis. When survival 
curves were constructed, four distinct time periods were noted: hyperacute (symptom 
onset to 24 hours), acute (2-7 days), subacute (8-30 days), and chronic (>30 days).3 
Overall survival was progressively lower through the four time periods. Therefore, the 
hyperacute phase, defined as that one within 24 hours from the onset of symptoms, 
represents in aortic dissection the most dangerous interval time, during which mortality 
is higher irrespective of management.3 Several other time classification systems have 
been proposed specifically for TBAD, including acute (0-2 weeks), subacute (2-8 weeks), 
and chronic (>8 weeks) aortic dissection.4

Clinical Presentation

TBAD patients most typically present in their 5th to 7th decade of life. The majority of pa-
tients presents with abrupt onset of pain, tearing or ripping in nature, and located in the 
chest and/or back.1,5 The pain is described by most patients as severe, unrelenting, and 
with specific migration of the pain along the affected aorta. Nevertheless, the diverse 
clinical presentation might challenge the diagnosis of aortic dissection, as it can mimic 
other more common disorders like myocardial ischemia. Complications associated with 
TBAD include dynamic or static obstruction of the aortic side branches resulting in 
malperfusion and end-organ ischemia.1,6  Other associated complications include aortic 
rupture and shock, spinal cord ischemia, cerebrovascular accident, mesenteric ischemia, 
renal failure, limb ischemia refractory/recurrent pain and refractory hypertension.1



GENERAL INTRODUCTION AND OUTLINE OF THE THESIS

13

Associated Conditions and Diagnosis

Several conditions are associated with aortic dissections, as they may either increase 
the shear stress on the aortic wall, or decrease the vascular wall strength. Important 
risk factors are systemic hypertension, increasing age, and atherosclerosis,7 while other 
risk factors like cocaine abuse, pregnancy and congenital bicuspid aortic valve are less 
common.8-10 Furthermore, connective tissue disorders like Ehlers-Dahnlos, Marfan, and 
Loeys-Dietz syndrome, are strongly associated with higher incidence of aortic dissec-
tions and require more intensive follow-up, necessitating prophylactic interventions.11,12 
Additionally, multiple biomarkers and genes have been identified which predispose 
for thoracic aortic aneurysm and dissection.13,14 To detect aortic dissection, a contrast-
enhanced computed tomography scan is used as the golden standard imaging modality 
with high specificity and sensitivity.15 In contrast, despite high sensitivity and specificity, 
magnetic resonance imaging is not frequently adopted in the acute setting, because of 
the prolonged time to obtain the images.16 Arteriography is reserved for patients with 
a high suspicion for malperfusion and is currently used as first step for endovascular 
therapy.17

Therapy

Initial treatment of aortic dissection is mainly focused on prevention of extension of the 
dissection or aortic rupture by stabilization of the hemodynamic situation. Therefore, 
invasive hemodynamic monitoring with adequate blood pressure and heart rate control 
is warranted.5,18,19 Current management of uncomplicated TBAD includes intensive 
medical therapy with blood pressure and heart rate reduction to decrease wall stress. 
However, despite adequate antihypertensive treatment, delayed aortic dilatation can 
develop in 20% to 50% of patients with uncomplicated TBAD, which might lead to aortic 
rupture or late-term complications.20,21

Descending thoracic aortic diseases include a variety of acute and chronic pathologies, 
which are associated with high morbidity and mortality rates, potentially requiring 
intervention. Traditionally, conventional open aortic repair has been the preferred treat-
ment modality for thoracic aortic pathologies of the descending aorta, including TBAD 
and thoracic aortic aneurysm (TAA). However, in recent decades operative techniques 
have evolved to include endovascular and hybrid approaches to treat these diseases.22-24 
Several clinical and radiological predictors of aortic growth have been studied to 
identify at an early stage those patients prone for aortic growth who may benefit from 
stricter follow-up or prophylactic intervention.18,25-27 In light of this, some randomized 
controlled trials evaluated the importance of prophylactic thoracic endovascular aortic 
repair (TEVAR) in uncomplicated TBAD. These studies failed to show TEVAR was benefi-
cial in the short-term, but recently, a more positive long-term outcome after TEVAR was 
observed.20,28 In contrast, for patients with acute TBAD presenting with complications, 
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such as rapid aortic expansion, retrograde dissection, malperfusion syndromes or signs 
of imminent rupture, TEVAR has evolved as the treatment of choice. TEVAR is performed 
to cover the primary entry tear, with adequate stabilization of the dissection, restora-
tion of true lumen perfusion, and induction of aortic remodeling, with reported early 
outcomes of stroke (4%-6%), spinal cord ischemia (3%-5%) and mortality (9%-12%), and 
5-year survival ranging from 61% to 87%.20,29-31

Advancements in Dynamic Aortic Evaluation

Despite positive experiences with TEVAR for the management of thoracic aortic pa-
thologies, this approach has also been associated with stent graft related complications 
like endoleaks, migration, retrograde dissection and collapse.32-34 Those complica-
tions might be caused by pulsatile aortic changes during the cardiac cycle. Dynamic 
electrocardiographic-gated (ECG-gated) CTA, MRA, and ultrasonography imaging have 
been introduced over the last decade and demonstrated significant changes in aortic 
dimensions during the cardiac cycle.35,36 Those dynamic changes should be taken into 
account to accomplish adequate sizing of the stent graft in the preoperative planning. 
Aortic distensibility, defined as the maximum aortic diameter change during the cardiac 
cycle, has been reported around 18% in the thoracic aorta and therefore the use of 
static imaging for TEVAR planning can lead to relative undersizing of the stent graft to 
the aortic diameter.37 This potential mismatch might be the reason for common stent 
graft related complications, such as migration and type I endoleak.34,36 Previous studies 
have shown significant distension of the thoracic (descending) aorta during the cardiac 
cycle in patients with TAA, both pre- and post-TEVAR.37 Based on these conditions, aortic 
dynamics have a profound impact on correct stent graft sizing, design and durability.

Computational Fluid Dynamics (CFD)

More recently, an increasing number of studies focused on aortic hemodynamics after 
TEVAR using CFD, which is a numerical technique for evaluating the hemodynamic en-
vironment of a vessel segment.38,39 A patient-specific computational model can be cre-
ated, using information from medical imaging, to investigate the different forces acting 
on the aortic wall and stent graft.40 To accomplish this goal, integration of knowledge 
between different scientific fields is required (i.e., engineering, informatics and medi-
cine). The technological development in medical imaging and parallel computing has 
contributed to the ability to perform complex simulations for patient-specific modeling. 
These simulations might be used and further implemented into clinical decision-making 
in the near future.41 Additionally, CFD can help in understanding the magnitude and ori-
entation of the loads experienced in vivo, with the aim to improve stent graft design and 
performance.42 Those imaging and computational techniques and studies are steadily 
evolving, however wide implementation into clinical practice is yet to be established. 
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Advancements in Endovascular Aortic Repair

Besides advancements in medical imaging and computational techniques, also innova-
tive endovascular approaches are more frequently implemented into clinical practice. 
Over recent decades, several minimally invasive techniques have been successfully 
introduced.23,24,43 Focusing on TEVAR, alternative access techniques have been devel-
oped to expand the applicability of this procedure.44-46 Moreover, besides treatment 
of relatively common thoracic aortic pathologies, TEVAR might be performed also to 
manage relatively rare aortic anomalies, like aberrant subclavian arteries with associ-
ated Kommerell diverticulum.47

oBjECTIvEs AnD ouTlInE oF THE THEsIs

The primary objective of this thesis is to provide further insight in the understanding 
of thoracic aortic pathologies, particularly TBAD, studying advanced imaging technolo-
gies and innovative endovascular approaches. Part one provides insight in both acute 
and chronic type B aortic dissection and its management, either with optimal medical 
treatment, conventional open repair, or with endovascular approaches. Chapter 2 
provides an update in the management of aortic dissection based on the best available 
evidence. Pharmacologic treatment with specific drugs, and interventional procedures 
for both type A and type B aortic dissection are outlined in this chapter. Chapter 3 stud-
ies predictors of aortic growth in uncomplicated type B aortic dissection. An overview 
of clinical and radiological predictors is provided after systematically reviewing the 
available literature.18,25-27 A cohort of uncomplicated TBAD patients at high risk for aortic 
growth can be identified, who may benefit from stricter follow-up and even prophylactic 
intervention. As stated previously, the present preferred treatment modality for com-
plicated TBAD is TEVAR20 and Chapter 4 studies several periprocedural details related 
to adverse early outcomes in those patients. The extent of disease and complexity of 
the procedure, indicated by certain patient- and TEVAR specific details, dictates adverse 
early outcomes in TBAD after TEVAR. Knowledge of those interventional details may 
be of importance in the perioperative assessment of patients presenting with TBAD. 
Although TEVAR appears to be the preferred treatment modality for complicated acute 
TBAD, its role remains controversial for chronic type B aortic dissection management. 
In Chapter 5 a comparative analysis of open and endovascular approaches for chronic 
de novo TBAD attempts to determine the most suitable approach for those patients 
requiring intervention. 
In part two, advancements in dynamic medical imaging techniques and potential ap-
plications for current clinical practice are studied. Chapter 6 provides an insight in the 
contemporary role of computational analysis in endovascular treatment for thoracic 
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aortic diseases. New, advanced imaging technologies are discussed. The importance of 
dynamic aortic evaluation in the preoperative planning of TEVAR is outlined in Chapter 
7, as dynamic imaging can assist in accurate stent graft selection and sizing pre-TEVAR, 
and also evaluates stent graft performance during follow-up. Dynamic aortic evalua-
tion is essential to prevent stent graft to aortic diameter mismatching leading to stent 
graft related complications. To create new imaging technologies and study those in 
the dynamic aortic environment, integration of knowledge between different scientific 
fields is the key to success.42,48 In Chapter 8 CFD is used to quantitatively evaluate the 
impact of TEVAR on aortic hemodynamics in a patient with post-dissecting aneurysm, 
and this chapter further illustrates the importance of a multidisciplinary approach (i.e., 
bioengineering, informatics and medicine). Morphologic aortic changes after TEVAR 
are studied, with a special focus on the bird-beak configuration, which is defined as 
a wedge-shaped gap between the undersurface of the stent graft and aortic wall on 
imaging.49 Dynamic aortic and morphologic changes might induce turbulence of flow 
at the bird-beak location, supra-aortic branches, and in the with stent graft covered 
segment of the descending thoracic aorta. Chapter 9 evaluates the impact of TEVAR 
on pulsatile aortic changes in patients with TAA. The concept of pulsatile aortic changes 
can be evaluated by aortic distensibility (i.e. radial expansion) and aortic elongation, (i.e. 
longitudinal expansion) during the cardiac cycle, making use of dynamic CTA imaging. 
In part three, advancements in endovascular aortic repair techniques are studied. 
TEVAR is associated with access and device delivery challenges, especially in patients 
with small, tortuous, and calcified iliofemoral vessels, and alternative access techniques 
can be used to deliver the stent graft when a standard transfemoral access is not fea-
sible.44,46,50 Chapter 10 evaluates the open iliac artery conduit and the endoconduit 
approach as alternative access techniques for TEVAR. With the expansion of TEVAR to 
treat common thoracic aortic pathologies, TEVAR is now more commonly used to treat 
also rare aortic pathologies. In Chapter 11 the evolution from conventional open repair 
to the endovascular approach is evaluated in patients with aberrant subclavian arteries 
and related Kommerell diverticulum, as over the last decade operative techniques have 
evolved to include endovascular and hybrid approaches for this pathology.47 
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oPEnInG sTATEMEnT

Recent improvements in diagnosis, peri-operative management, surgical techniques 
and postoperative care have resulted in decreased mortality and morbidity in acute 
aortic dissections (AAD). The classic treatment algorithm indicates that type A patients 
require direct surgical intervention and type B patients should be treated medically, in 
absence of complications. Initial medical treatment is adopted in all AAD patients, as 
it reduces propagation of the dissection and aortic rupture. In type A aortic dissection 
(TAAD) several techniques have contributed to major changes in the surgical approach, 
such as cerebral protection using moderate circulatory arrest, selective cerebral perfu-
sion, and aortic valve sparing with root replacement. In TAAD with involvement of the 
descending aorta, thoracic endovascular aortic repair (TEVAR) can be performed as a 
part of a complex hybrid procedure, in which surgical ascending/arch repair is combined 
with the placement of a stent graft in the descending aorta. Future developments in 
stent graft technologies might broaden the usefulness of TEVAR for the total endovas-
cular repair of TAAD. In complicated type B aortic dissection (TBAD), the use of TEVAR 
has become the therapy of first choice. By covering the proximal entry tear, the stent 
graft reduces the pressurization of the false lumen, treating malperfusion and inducing 
favorable aortic remodeling. In uncomplicated TBAD, TEVAR has been used to prevent 
long-term complications, such as aortic aneurysm, but this concept is not yet routinely 
recommended. Regardless of their initial treatment, all AAD patients should be adminis-
tered to strict antihypertensive management combined with imaging surveillance and 
careful periodic clinical follow-up.

InTRoDuCTIon

Acute aortic dissection is a life-threatening disease with an increasing incidence up to 
14 per 100.000 people/year, due to aging population and improved imaging modalities.1 
Prognosis of aortic dissection in untreated patients is poor, with a mortality of 20-30% 
before hospital admission and 50% will expire within the first 48 hours.1, 2 The Stanford 
classification is most commonly used and classifies dissections into TAAD involving the 
ascending aorta and TBAD, without ascending involvement. Several conditions are asso-
ciated with AAD, related to the increase of shear stress on the aortic wall or the decrease 
of vascular wall strength. Systemic hypertension, increasing age, and atherosclerosis are 
the most important risk factors, while other risk factors like congenital bicuspid or uni-
commissural aortic valves, cocaine abuse and pregnancy are less common.3-5 Connec-
tive tissue disorders like Marfan, Ehlers-Danlos syndrome, and Loeys-Dietz syndrome, 
result in structural weakness of the aortic wall and are strongly associated with aortic 
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dissections.3, 4, 6, 7 The diagnosis of aortic dissection can be challenging because of the 
diverse clinical presentation, which can mimic more common disorders such as myo-
cardial infarction. The majority of patients present with an abrupt onset of pain, tearing 
or ripping in nature and located in the chest and/or back.4, 6 Obstruction of the aortic 
branches can lead to malperfusion and end-organ ischemia, which are the most feared 
complications.  Clinical presentation can include shock, cardiac tamponade, cardiac 
failure, myocardial ischemia/infarction, spinal cord ischemia, cerebrovascular accident, 
mesenteric malperfusion, renal failure, pulse deficit and limb ischemia.4, 8 
In TAAD patients, trans esophageal echocardiogram (TEE) is the preferred imaging mo-
dality as it offers the advantage of immediate diagnosis. The role of TEE can be expanded 
during the operation to assess cardiac and valve function. Computed tomographic im-
aging (CT) is the most widely adopted imaging modality to detect AAD, as it provides a 
more detailed visualization of the aorta and should be used at low threshold in patients 
suspected of AAD. Despite current developments, the classic treatment algorithm, 
where TAAD and complicated TBAD require surgical intervention and uncomplicated 
TBAD can be treated medically, remains intact. Improvements in the peri-operative 
management, surgical techniques and postoperative care have resulted in a significant 
decrease in AAD mortality over the last decades. The introduction of TEVAR has further 
improved the outcome. In this review we report the up-to-date knowledge regarding 
the current management strategies of AAD. 

TREATMEnT

In AAD patients the goal of the initial medical management is to prevent progression of 
the dissection and aortic rupture. Blood pressure should be regulated between 100 and 
120 mmHg systolic and ≤ 60-70 mmHg diastolic, and the heart rate < 60 beats/minute.7

The pharmacologic management consists of intravenous β-blockers or combined α 
and β-blockers, utilizing primarily short-acting agents, as they can be easier titrated to 
optimal levels.7   
In patients who are unresponsive, have untoward side effects or contra-indications to 
β-blockers, calcium-channel blockers and angiotensin converting enzyme (ACE)-inhibi-
tors are an alternative therapy. Most typically this would include a non-dihydropyridine 
calcium-channel blocker (i.e., diltiazem or verapamil) to maintain a low heart rate.
Surgical and endovascular interventions are utilized to prevent cardiac and aortic com-
plications.
Surgical repair is indicated in all TAAD, while TEVAR is reserved for complicated TBAD. For 
uncomplicated TBAD, medical treatment is currently the initial strategy of choice.
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Diet and lifestyle
•	 Diet	and	lifestyle	restrictions	should	be	focused	on	avoiding	situations	in	which	the	

mean arterial pressure will increase.
•	 To	effectively	control	blood	pressure	and	cholesterol,	low	fat	and	low	salt	diets	are	

suggested.
•	 Cocaine	or	other	stimulating	drugs	such	as	methamphetamine	are	associated	with	

aortic rupture and should be avoided.
•	 Heavy	weight	 lifting,	competitive	sports,	or	a	 job	 involving	 isometric	exercise	may	

induce hypertension and provoke aortic dissection or aortic rupture and should be 
avoided.

•	 The	importance	of	adherence	to	medical	treatment	must	be	emphasized,	especially	
regarding the lifelong treatment with antihypertensive agents.

Pharmacologic treatment
The initial management of AAD is directed to clinically stabilize the patient and prevent 
propagation of the dissection and aortic rupture. Immediate adequate invasive hemo-
dynamic monitoring is advised, through an intra-arterial catheter and urinary catheter.2, 

4, 9 
In patients presenting with refractory hypotension, rapid volume expansion should 
be administered in combination with vasopressors such as nor-epinephrine or phenyl 
epinephrine to maintain organ perfusion, before the patient receives definitive surgical 
repair.6 
In patients with hypertension at presentation, medical therapy is administered to 
decrease aortic wall stress. Decreasing the force of the left ventricular contraction and 
lowering systolic blood pressure and heart rate can accomplish this. Blood pressure 
should be regulated between 100 and 120 mmHg systolic and ≤ 60-70 mmHg diastolic, 
and the heart rate < 60 beats/minute.6

Pain should be treated promptly with intravenous opiates. Persisting pain may indicate 
progression of the dissection or an impending rupture. In TBAD patients, this condition 
should be considered as a complication requiring intervention. During hospital stay the 
intravenous antihypertensive regimen is converted into oral medication.10 
All AAD patients require life-long follow up for blood pressure regulation, as well imag-
ing surveillance to detect aneurysmal aortic enlargement. 
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Specific drugs:

Beta adrenoreceptor antagonists (β-blockers) Intravenous β-blockers are the treatment 
of choice for patients suspected for AAD. β-blockade has a negative inotropic and 
chronotropic effect, which prolongs the diastolic filling time and results consequently 
in an increased left ventricle end-diastolic volume, thereby lowering blood pressure 
and heart rate.

standard dosage Titrate dosage for symptom control, establish a target heart rate of 
50-60 beats/minute and systolic blood pressure down to 100-120 mm Hg. 
Contraindications Sick sinus syndrome, 2nd and 3rd degree atrioventricular block (AV 
block), prolonged first-degree AV block without pacemaker in place (PR interval > 0.24 
sec), cardiogenic shock, sinus bradycardia, hypotension (systolic blood pressure of less 
than 100 mm Hg), severe bronchospastic disease, congestive heart failure.
Main drug interactions Combined use of a β-blocker with verapamil or diltiazem and 
specific antiarrhythmic medications (eg, amiodarone) increases the risk of bradycardia 
and AV block. 
Main side effects Bradycardia, possible wheezing in susceptible patients. Rarely 
hyperkalemia in elderly patients with diabetes or in combination with an angiotensin-
converting enzyme inhibitor (ACE-inhibitor).
special points -
Cost effectiveness Adequate β-blockade can usually be achieved intravenous with 
metoprolol or propanolol, which are relatively inexpensive medicine, while esmolol is 
expensive and reserved for the very initial treatment.

Sodium nitroprusside Nitroprusside is administered in the early setting of AAD patients 
with refractory hypertension after initiation of β-blocker therapy. It induces venous 
and arterial vasodilatation, thereby increasing the cardiac output. Vasodilator therapy 
may be associated with reflex tachycardia that increases the aortic wall stress, which 
potentially can cause expansion and propagation of thoracic aortic dissection. For this 
reason, vasodilator therapy should only be administered after adequate heart rate 
control.

standard dosage Titrate dosage for symptom control, establish a target systolic blood 
pressure down to 100-120 mm Hg. 
Contraindications Significant hypotension, inadequate cerebral circulation, optic 
atrophy, decreased systemic vascular resistance (SVR), concomitant unstable angina or 
recent myocardial infarction, renal or hepatic failure. 
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Main drug interactions Generally, nitroprusside will synergistically decrease the blood 
pressure if used with other vasodilators, especially with PDE5-1 (e.g., sildenafil). 
Main side effects Hypotension, metabolic acidosis, brady- and tachyarrhythmias, 
cyanide toxicity, myocardial ischemia. With impaired renal function and infusion of the 
agent for more than 48 hours, the risk of thiocyanate toxicity is increased. Reduction of 
arterial oxygen saturation in some patients with hypoxic pulmonary vasoconstriction.
special points Do not use as a sole agent in patients with aortic dissection because the 
vasodilating effect can cause reflex tachycardia and an increased force of left ventricular 
contraction. Avoid the use in patients with renal failure. Further, infusion periods should 
be as short as possible because of the possible thiocyanate and cyanide toxicity. Nitro-
prusside is light sensitive, for this reason infusion bags should be protected from light.
Cost effectiveness Sodium nitroprusside in combination with an intravenous β-blocker 
controls the blood pressure effectively in the majority of patients with AAD. Sodium 
nitroprusside is inexpensive in comparison to other intravenous agents used for rapid 
control of hypertension.

Non-dihydropyridine Calcium channel blockers (Ca-blockers) In patients not responding, 
or poorly tolerating β-blockers, Ca-blockers can be used as an alternative. In addition, 
usage of Ca-blockers in TBAD might reduce aortic expansion over time.10, 11

standard dosage Titrate dosage for symptom control, establish a target heart rate of 
50-60 beats/minute and systolic blood pressure down to 100-120 mm Hg. 
Contraindications Acute myocardial infarction, 2nd or 3rd degree AV block, sino-atrial 
node dysfunction, hypotension, sick sinus syndrome, Wolff-Parkinson-White syndrome, 
congestive heart failure, wide QRS tachycardia of uncertain origin, concomitant intrave-
nous use of a β-blocker. 
Main drug interactions  β-blockers, digoxin and cyclosporine. 
Main side effects  Myocardial infarction, dyspnea, ileus, flushing.
special points  -
Cost effectiveness  Inexpensive and effective.

Angiotensin-converting enzyme inhibitors (ACE- inhibitors) In absence of adequate blood 
pressure control, ACE-inhibitors should be administered to reduce the blood pressure 
and to maintain adequate end-organ perfusion. Intravenous administration of an ACE-
inhibitor is rarely needed for the treatment of AAD.
standard dosage Titrate dosage to establish a target systolic blood pressure down to 
100-120 mm Hg.
Contraindications Angioedema on previous therapy, pregnancy. Caution in patients 
with renal insufficiency, bilateral renal artery stenosis or elevated potassium levels, as 
these agents increase the risk of renal failure.
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Main drug interactions Severe hyperkalemia can occur, if the agent is used in 
combination with potassium-sparing diuretics or potassium supplements. First-dose 
hypotension can occur, if the agent is used in combination with α-blocking agents, 
such as doxazosin, prazosin or terazosin. Other antihypertensive agents augment the 
antihypertensive effects of an ACE-inhibitor.
Main side effects Impairment of renal function, hyperkalemia, potential for hypoten-
sion, angioedema, dry cough.
special points ACE-inhibitors can be useful in case of unirenal malperfusion with 
concomitant increasing renin levels.
Cost effectiveness Generic agents are very inexpensive. 

Angiotensin receptor blockers (ARBs) ARBs can be used as an alternative for ACE-
inhibitors, when patients have persistent cough after administration of ACE-inhibitors. 
In addition, there is increasing evidence that patients with Marfan syndrome may 
benefit from ARBs instead of ACE-inhibitors, as losartan looks to be associated with a 
reduced ascending aortic growth rate.12 
standard dosage Titrate dosage to establish a target systolic blood pressure down to 
100-120 mm Hg.
Contraindications Caution in patients with renal insufficiency, bilateral renal artery 
stenosis or elevated potassium levels, as these agents increase the risk of renal failure.
Main drug interactions Severe hyperkalemia can occur, if the agent is used in combi-
nation with potassium-sparing diuretics or potassium supplements. Other antihyper-
tensive agents augment the antihypertensive effects of ARBs.
Main side effects Potential for hypotension, impairment of renal function, hyperka-
lemia. The incidence of cough is lower with ARBs (1%) compared with ACE-inhibitors 
(10%). The incidence of angioedema with ARBs (very rare) is lower in comparison with 
ACE-inhibitors. ARBs can be used as an alternative in patients who suffered from angio-
edema due to ACE-inhibitors.
special points The administration of ARBs should be initiated during hospitalization. 
Cost effectiveness Generic agents are inexpensive.

Alpha-adrenergic blocking agents (α-blockers) If the blood pressure is still uncontrolled 
despite using a combination of the earlier mentioned antihypertensive agents, 
addition of α-blockers can be a valuable option. It lowers the peripheral vascular 
resistance by dilation of the arterioles and venules.
standard dosage Titrate upward to achieve a systolic blood pressure down to 100-120 
mm Hg.
Contraindications (Orthostatic) hypotension, heart failure, myocardial infarction.
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Main drug interactions Simultaneous use with other antihypertensive agents can 
have a synergistic effect. Combination of use with PDE-5 inhibitors, such as sildenafil, 
can cause hypotension.
Main side effects (Orthostatic) hypotension, respiratory- or urinary tract infection, diz-
ziness, palpitations, tachycardia, dyspnea.
Cost effectiveness It is a valuable therapeutic adjunct and inexpensive.

Hydralazine Hydralazine lowers blood pressure by exerting a peripheral vasodilation 
effect through a direct relaxation of vascular smooth muscle.  However, it is associated 
with reflex tachycardia and increase in the left ventricular contractility, plasma renin 
levels and the release of norepinephrine. For these reasons, this arteriolar dilator is 
considered to be relatively contraindicated for patients with suspected acute AAD, 
except when the heart rate is well controlled and hypertension persists.

Interventional procedures

Transcatheter fenestration
standard procedure: Through the groin, a guide wire is utilized to puncture the sep-
tum flap, which is then dilated with a balloon or catheter, resulting in the restoration of 
the equilibrium of pressures between the false and true lumen. Complementary aortic 
branch stenting can be used to treat malperfusion.13, 14 
Contraindications Malperfusion due to a static obstruction by thrombus in the false 
lumen.
Complications The transcatheter fenestration may fail, not resolving malperfusion and 
the pressurization of the false lumen, which also may lead to an increased risk of aortic 
expansion and rupture.13, 14

special points Requires great expertise and strict blood tests and imaging follow-up in 
the acute setting. This procedure can be used not only in TBAD patients, but also in TAAD 
to relieve malperfusion before undergoing definitive surgical management.
Cost/cost-effectiveness Because the procedure is entirely endovascular and usually 
does not require stent grafts, it is relatively inexpensive compared to TEVAR or open 
surgery.

TEVAR (Thoracic Endovascular Aortic Repair)
standard procedure: In patients with complicated TBAD, TEVAR has become the 
preferred therapeutic option.13-16 Femoral artery cut down or a percutaneous approach 
are used to introduce the guide wires and catheters. After aortography and with TEE 
control, a covered stent graft is deployed under fluoroscopic guidance, covering the 
proximal entry tear. In this fashion blood flow is diverted into the true lumen, depres-
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surizing the false lumen and promoting false lumen thrombosis and aortic remodeling. 
Post deployment angiography is obtained to evaluate the correct position of the graft 
and resolution of the aortic complications. In case of poor results, like persistence of 
malperfusion, another covered stent graft can be deployed up to the level of the celiac 
trunk. If necessary, an uncovered aortic stent might be extended more distally to the 
abdominal aorta, at the level of the visceral and renal arteries.
Contraindications Unfavorable anatomy prohibiting stent graft delivery. Such as 
extreme tortuosity, severe atherosclerotic disease or the necessity of coverage a major 
branch vessel. Retrograde extension of the dissection into the aortic arch should be 
considered a contra-indication for standard TEVAR. 
Complications TEVAR is associated with an in-hospital mortality between 2.6-9.8% 
and neurologic complications between 0.6-3.1%.17, 18 Stroke, paraplegia and paraparesis, 
incidental occlusion of the left subclavian artery and inadequate placement of the graft 
are all significant complications of TEVAR.19 The risk of paraplegia is related to the exten-
sion of the aorta that is covered, previous aortic surgery and hypotension.  Stroke is 
often due the presence of severe arch atherosclerosis and mural thrombosis, which can 
serve as source of embolus, especially due to the manipulation of catheters in the arch 
and ascending aorta.19 Coverage of the left subclavian artery (LSA) may be associated 
with a higher incidence of stroke, paraplegia and paraparesis. Revascularization of the 
LSA, typically with left subclavian to common carotid artery transposition or bypass 
grafting, should be performed in all non-emergent cases.16, 19, 20 Additionally, the false 
lumen may remain patent, which seems to be associated with chronic aortic dilatation. 
Other complications are related to the device or procedure, including endoleaks, migra-
tion or collapse of the stent graft and development of a false aneurysm.17, 21

special points Patients affected by TBAD with refractory or recurrent pain or refractory 
hypertension are at increased risk of relevant in-hospital mortality and may benefit from 
early TEVAR.22 Serial CT and MRI studies are required due to the increased risk of stent 
graft or aortic related complications. 
Cost/cost-effectiveness TEVAR has shown to be cost-effective compared to open sur-
gery for complicated TBAD in the short term.23 Multiple prospective studies are currently 
running to determine the long term durability and cost-effectiveness of TEVAR.
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surgery

Type A Dissection

Ascending aorta replacement 
standard procedure:  All patients are treated under general anesthesia through a me-
dium sternotomy, using extracorpeal circulation with moderate or deep hypothermic 
circulatory arrest. The pericardium is excised, cardiopulmonary bypass is established 
and cardiac arrest is instituted. During patient cooling, the aorta may be cross-clamped 
in order to inspect the aortic root and valve. If the aortic valve and root are free of con-
comitant disease, the proximal aortic graft anastomosis is performed at supracommis-
ural level with possible aortic reinforcement using Teflon strips.24 In TAAD patients, aortic 
regurgitation is present in up to 44%, frequently resulting from commissural dehiscence, 
annular dilatation, sclerotic, stenosed or destructed aortic valves.4 These patients may 
require a Bentall procedure with composite aortic valve-graft replacement. However, in 
some patients the function of the aortic valve is preserved and they may be treated with 
valve-sparing procedures such as the David or Yacoub technique.25, 26 Such operations 
should be primarily reserved for patients affected by connective tissue disorders, young 
patients, and those with ectatic aortic root. Nevertheless, valve-sparing operations are 
technically demanding and are indicated only in high-volume centers with expertise. 
Aortic arch management requires moderate/deep hypothermic circulatory arrest. For 
better cerebral protection, antegrade cerebral perfusion maybe established through 
catheters that are selectively advanced into the innominate artery and left common 
carotid artery. The inspection of the arch is conducted to identify additional entry-tears. 
In presence of an entry tear in the inner curvature or absence of additional arch compli-
cations, a hemi-arch replacement is performed, with the distal anastomosis sutured in 
a transverse manner in order to resect the inner curvature of the arch and sparing the 
supra-aortic branches. In case of extensive tears in the aortic arch, which is present in 
15-20% of all TAAD patients, as well in presence of arch aneurysm, complex arch dissec-
tion, connective tissue disease or atheromateous disease, total arch replacement should 
be considered. Supra-aortic vessels may be reimplanted separately or with the use of 
the island technique.27, 28 Total arch repair is also advocated in TAAD patients to reduce 
long term aneurysmatic complications of the descending aorta, being associated with 
increased false lumen thrombosis and aortic remodeling.29, 30 Reduced patency of the 
false lumen can be achieved with the use of extensive aortic procedures, such as the 
elephant trunk technique31, which require a staged operation for treating thoracic and 
thoracoabdominal aortic segments. Recently TEVAR has been introduced as a minimally 
invasive option to treat the descending aorta during the staged operation or with simul-
taneous descending stent-grafting as a hybrid procedure.
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Contraindications Dense stroke and coma are considered contra-indications, although 
recent studies report a relatively good outcome.32 Patients presenting with severe malp-
erfusion have a relative contra-indication.33 Surgery is also not indicated in patients with 
end stage malignant disease or other major comorbid illness associated with decreased 
life expectancy.
Complications Although technical advances have helped to improve surgical out-
comes, mortality rates still range between 10-25%.9, 34 Coagulopathic hemorrhage re-
mains a significant cause of mortality and morbidity and reexploration may be required. 
Extensive blood transfusion can be also associated with post-operative pulmonary 
failure. Stroke still remains an important complication of this surgery, ranging around 
4-8%.9, 34 Other postoperative neuropsychiatric complications like delirium or changes 
in memory and cognition may be present in one-third of the patients. The incidence of 
these complications seems to be related to brain ischemia time. Antegrade brain perfu-
sion has been reported to be beneficial to prevent these complications.35 Extracorporeal 
circulation, renal failure, end-organ ischemia and hypothermia can result in significant 
electrolyte and/or acid-base disturbance and may necessitate volume reduction with 
conventional diuretic therapy or extracorporeal dialysis. 
special points Currently, cannulation of the axillary artery or right subclavian artery has 
shown to be superior compared to femoral artery cannulation, as it is seldom involved 
in the dissection or in extensive atherosclerotic lesions.36 A significant advantage of this 
approach is that it allows both antegrade brain perfusion during circulatory arrest, which 
reduces cerebral ischemic events, as well as antegrade distal perfusion. The use of a con-
duit in case of small, deeply located, or damaged axillary arteries has been advocated. 
The optimal temperature during hypothermic circulatory arrest remains debated, as the 
advantages of deep hypothermic technique (e.g. brain protection) may be outweighed 
by the complications (prolonged extracorporeal circulation time, coagulation disorders 
and increased systemic inflammatory response syndrome). A recent study showed no 
influence on outcome of cerebral perfusion temperatures, ranging between 15-30 ºC.9

Cost/cost-effectiveness Surgical procedures for TAAD must be instituted as soon as 
possible as most patients will expire after admission.

Type B aortic dissection

standard procedure: Due to advancement in endovascular techniques, the treatment 
paradigm for TBAD patients has shifted, with open surgery reserved for patients in 
whom endovascular techniques are not feasible or have failed. During surgery, expo-
sure of the descending aorta is obtained through a left posterolateral thoracotomy. 
Cardiopulmonary bypass can be established in a partial manner through the left atrium 
and femoral artery. In patients with retrograde extension with partial arch involvement, 
full cardiopulmonary bypass, using the femoral artery and vein, may be instituted. In 
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the latter setting, hypothermic circulatory arrest may be performed, with or without 
selective antegrade perfusion, for treating left hemi-arch using an open proximal aortic 
anastomosis. After resection of the proximal entry tear, distal aortic graft anastomosis 
is performed at the level of the diaphragm, with reinforcement of the aortic wall with 
Teflon-strips. At this level the aortic lamella can be fixed to the dissected aortic wall or 
resected in order to create a single aortic lumen which will balance the blood pressure 
between the true and false lumen. After this, the aortic graft is sutured distally. In case of 
visceral/renal malperfusion, a surgical fenestration is needed in order to restore blood 
flow to the compromised branches. Extensive thoraco-abdominal aortic replacement is 
associated with higher risk of paraplegia, therefore in patients undergoing this surgery 
reimplantation of the intercostal arteries between T8 and L1 is recommended.  For those 
patients who present with lower extremity ischemia, surgical management may include 
infrarenal aortic fenestration through a median laparatomy. Older patients affected by 
limb ischemia may benefit from a femoral-femoral arterial bypass graft. 
Contraindications Patients presenting with severe visceral malperfusion and spinal 
cord ischemia may not have an indication for surgery given a low likelihood of clinical 
recovery and grim overall prognosis. End stage malignant disease and severe COPD are 
considered relative contra-indications for surgical aortic repair.
Complications In patients with TBAD, overall surgical mortality is around 30% .34 The 
outcome of surgical repair may depend on the preoperative condition of the patient, 
as risk factors like older age and hypotension/shock are strongly associated with a poor 
outcome. A more beneficial outcome may be expected in patients with radiating pain, 
normotension at surgery, and reduced hypothermic circulatory arrest time. Neurologic 
complications, such as spinal cord ischemia, paraparesis and stroke, are associated with 
the extent and duration of the operation.16, 34, 37 Other notable complications are cardiac, 
respiratory and renal failure, visceral ischemia or peritonitis, sepsis, and limb ischemia.16, 

34, 37

special points In patients at higher risk for spinal cord ischemia, cerebrospinal fluid 
drainage and perfusion pressure optimization are recommended.6  Although not rou-
tinely used, neurophysiologic monitoring of the spinal cord can detect spinal cord isch-
emia, guiding hemodynamic optimization and the potential re-implantion of intercostal 
arteries.38

Cost/cost-effectiveness Open surgical repair is only indicated in those TBAD patients 
that cannot be treated with an endovascular approach.
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Emerging therapies

TEVAR in uncomplicated TBAD
standard procedure: Among uncomplicated TBAD, 90 % survive hospital admission 
after adequate antihypertensive therapy.5 Conservative treatment in combination with 
close surveillance is justified in order to detect aneurysmatic dilatation or progression of 
the dissection, which is the most feared complication in the long term, involving about 
30-40% of patients.2, 39 Based on these findings, it has been proposed that uncomplicated 
TBAD might be treated with stent graft placement. Although the INSTEAD (Investigation 
of STEnt Grafts in Patients with Type B Aortic Dissection) trial did not show beneficial 
results for uncomplicated TBAD treated with TEVAR versus those managed medically in 
terms of mortality39, the one-year results of the ADSORB (A European Study on Medical 
Management Versus TAG Device + Medical Management for Acute Uncomplicated Type 
B Dissection) trial showed more frequent false lumen thrombosis and aortic remodeling 
in those patients with TBAD treated with TEVAR compared to those managed medically.40

Contraindications Comparable with TEVAR. 
Complications Comparable with TEVAR.
special points In order to stratify this cohort of patients, clinical, genetic and radiologic 
predictors could identify those patients with TBAD that might benefit from early inter-
vention.
Cost/cost-effectiveness Currently TEVAR in uncomplicated TBAD has failed to show 
superior outcome and is much more expensive than medical treatment alone. In the 
absence of long-term outcome data, as well as the potential complications related to 
TEVAR, medical treatment is preferred.  

Hybrid procedures
standard procedure: As previously reported, TEVAR could be used in association with 
open ascending/arch repair for treating extensive TAAD patients, simultaneously or in 
a staged procedure. In chronic arch and descending post-dissecting aortic aneurysms, 
different hybrid approaches can be adopted, consisting of aortic arch debranching, 
stented elephant trunk and frozen elephant trunk.41, 42 During debranching procedures, 
the supra-aortic vessels are bypassed using surgical grafts from the ascending aorta and 
the operation is finalized by placement of a stent graft into the arch, in the same or later 
stage. TEVAR has been also adopted to complete the second stage of the elephant trunk 
technique for treating descending aortic diseases. Recently, hybrid “frozen elephant 
trunk” prostheses, which are represented by a surgical graft with an incorporated stent 
graft, have been introduced to manage extensive aortic diseases simultaneously.31 
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Contraindications In patients with previous coronary artery bypass grafting, where 
surgical grafts for the aortic debranching needed to be sutured in the ascending aorta, 
as well in those with unfavorable anatomy prohibiting safe stent graft delivery.
Complications Hybrid procedures for aortic arch dissections carry a considerable risk 
with a pooled mortality of 9.8%, perioperative stroke of 4.3% and spinal cord ischemia 
of 5.8%.41 
special points These procedures are not routinely performed, but are used for patients 
with multiple comorbidities, considered unsuitable for open repair in experienced/high 
volume centers.
Cost/cost-effectiveness Since initial results are comparable with open surgical repair 
among high-risk patients with multiple comorbidities, this approach seems justified 
although long-term follow-up data should be awaited.

Total endovascular treatment of TAAD 
Total endovascular treatment of TAAD is currently in an experimental phase and only 
few case-reports have been reported.43, 44 Stent graft placement in the TAAD might be 
feasible in selected cases, as the landing zone needs to be evaluated very accurately, be-
ing in the vicinity of the supra-aortic branches and the coronary arteries. Developments 
of modular branched or fenestrated stent grafts, possibly with incorporated composite 
aortic valves, potentially harbor the future in the treatment of TAAD patients. 
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ABsTRACT

Background
Patients with uncomplicated acute type B aortic dissection (ABAD) generally can be 
treated with conservative medical management. However, during follow-up these 
patients may develop aortic enlargement, with the risk for rupture, which necessitates 
intervention. Over the recent years, several predictors have been studied to identify 
those ABAD patients at high risk for aortic enlargement, who may benefit from early 
surgical/endovascular intervention. This study systematically reviewed and summarized 
the current available literature on prognostic variables related to aortic enlargement 
during follow-up in uncomplicated ABAD patients.
Methods
Studies were included if they reported about predictors of aortic growth in uncompli-
cated ABAD patients. Studies about type A aortic dissection, aortic aneurysm, intramural 
hematoma or ABAD that required acute intervention were excluded.
Results
A total of 18 full text articles were selected. The following predictors of aortic growth in 
ABAD patients were identified: age < 60 years, white race, Marfan syndrome, high fibrin-
ogen-fibrin degradation product level (≥ 20 microg/mL) at admission, aortic diameter 
≥ 40 mm on initial imaging, proximal descending thoracic aorta FL diameter ≥ 22 mm, 
elliptic formation of the true lumen (TL), patent false lumen (FL), partially thrombosed 
FL, saccular formation of the FL, presence of one entry tear, large entry tear (≥ 10 mm) 
located in the proximal part of the dissection, FL located at the inner aortic curvature, 
fusiform dilated proximal descending aorta and areas with ulcer-like projections. Tight 
heart rate control (< 60 beats per minute), use of calcium-channel blockers, thrombosed 
FL, 2 or more entry tears, FL located at the outer aortic curvature, and circular configura-
tion of the TL were associated with negative or limited aortic growth.
Conclusion
Several predictors might be used to identify those ABAD patients at high risk for aortic 
growth. Although conservative management remains indicated in uncomplicated ABAD, 
these patients might benefit from closer follow-up or early endovascular intervention.
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InTRoDuCTIon

Patients with an uncomplicated acute type B aortic dissection (ABAD) are currently 
treated conservatively, in the absence of complications, such as visceral malperfusion, 
renal failure, periaortic hematoma and/or rupture, refractory pain or hypertension.1 
Despite adequate antihypertensive treatment, it has been demonstrated that 20-50% 
of patients with uncomplicated ABAD will develop delayed aortic dilatation, which can 
lead to aortic rupture or late term complications.2-4 In light of this, several randomized 
controlled trials studied the importance of prophylactic thoracic endovascular aortic 
repair (TEVAR) in uncomplicated ABAD. These studies have failed to show TEVAR to 
be beneficial in the short term, but very recently a more positive long-term outcome 
after TEVAR has been shown.5, 6 Nevertheless, despite this potential benefit, TEVAR may 
also be associated with complications including aortic rupture, retrograde dissection 
and stent graft-related complications such as endoleaks, and therefore a conservative 
approach in many patients is still advocated.7-9 However, by identifying those patients 
prone for aortic growth at an early stage, a subset of patients might be identified that 
can benefit from stricter follow-up and even prophylactic intervention. Especially, a 
significant group of patients developing widespread aneurysmal degeneration along 
the dissected segments during follow-up may lose the chance for endovascular treat-
ment if not identified at an early stage. In this report we systematically reviewed the 
current literature for the different predictors of aortic growth in conservatively treated 
uncomplicated ABAD patients.

METHoDs

literature search

An electronic literature search was performed in the Medline and Embase databases 
for original manuscripts published until August 7, 2013. The language was restricted to 
English, and key search terms were ‘uncomplicated type B aortic dissection’, ‘predictors’, 
and ‘growth’ and corresponding synonyms. The following search was used to search 
Medline: ((aortic dissection OR type B aortic dissection) AND (predict* OR prognos*) 
AND (growth OR diameter)). A similar search was used for the Embase database.

Selection of publications

After removal of duplicates, two reviewers (GB and JT) independently screened titles 
and abstracts of the remaining articles. Manuscripts were included if predictors of aortic 
growth in conservatively treated uncomplicated ABAD were studied. Articles about type 
A aortic dissection, aortic aneurysm or reports about invasive treatment in the acute 
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phase were excluded. Full text versions of studies that matched the inclusion criteria 
were obtained. 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, consensus was reached during a consensus meeting.

Data analysis

The MOOSE guidelines were used for analysis of the different studies in this systematic 
review. These guidelines provide a checklist to examine meta-analyses of observational 
studies in order to aid authors, reviewers, readers and editors.10 Included studies were 
critically assessed with regards to study quality, heterogeneity, bias, and limitations. 
The following data were extracted from the included studies: study population, patient 
characteristics, follow-up time, aortic enlargement, other aortic events and predictors of 
aortic growth. Statistical analyses of the studies were limited to calculating the mean/
median values of age, gender, follow-up time and aortic growth rates. Data pooling via 
univariate to multivariate regression analysis was not feasible because original data were 
generally not available, and/or because most studies used multiple variables and end 
points varied among the included studies. Therefore, this study provides an overview of 
the available predictors for uncomplicated ABAD patients.

REsulTs

The literature search resulted in 18 relevant studies that were included for this review 
(Figure 1).11-28 The different studies analyzed a total of 1,692 ABAD patients (mean age 
64 ± 12 years) with the majority male (70 %) with a median follow-up of 51.6 months 
(23.2 – 59.0 months). It should be noted that different studies may have used a (partial) 
similar population in different publications and as a result the total number of patient 
might be overestimated.18, 19, 23-26 
Study characteristics of the included studies are presented in Table I. There was clinical, 
methodological and statistical diversity between the included studies, however the vast 
majority of these studies was retrospective (n=16, 89%), performed in a single institu-
tion (n=12, 67%) and predictors were typically analyzed using multivariate regression 
analysis (n=15, 83%; Table I). One study was done using the International Registry of 
Acute Aortic Dissection (IRAD).13 The mean aortic growth rate at the descending thoracic 
aorta found in the included studies was 2.6 mm/year (range 0.4 – 4.1 mm/year).
The clinical variables found to be predictive for aortic growth were: age < 60 years, white 
race, Marfan’s syndrome and a fibrinogen-fibrin degradation product level (FDP) of ≥ 20 
microg/mL at admission.12, 13, 15, 23, 25 Increasing age (≥ 60 years), tight heart rate control < 
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60 beats per minute (BPM) and the use of calcium channel blockers were associated with 
less aortic growth.13, 16, 23, 25

Morphologic predictors at initial imaging for aortic growth were: aortic diameter ≥ 40 
mm, proximal descending thoracic aortic FL diameter ≥ 22 mm, elliptic configuration of 
the TL, patent FL, partially thrombosed FL, saccular formation of FL, one entry tear, large 
(≥ 10 mm) entry tear located in the proximal part of the dissection, FL located at the inner 
aortic curvature, fusiform index ≥ 0.64, and areas with ulcer-like projections (ULPs).1, 11, 12, 

14, 17-24, 26-28 A maximum aortic diameter < 40 mm, thrombosed FL, a circular configuration 
of the TL, intramural hematoma, increased number of entry tears (≥ 2), and FL located 
at the outer aortic curvature were associated with decreased aortic growth.13, 17, 19, 25, 26 
The positive and negative predictors of aortic growth in uncomplicated ABAD are sum-
marized in Table II. 

Figures 

Figure 1. Flow chart 

 

  

Search Pubmed 
and Embase 

Embase 

N = 651 

 

N 

Pubmed 

N = 255 

 
Total 

N = 906 

Removal of duplicates 

N = 380 

N = 526 
Excluded after screening 

title and abstract 

N = 509 
N = 17 

Excluded after reading full 
text 

N = 3 
N = 18 

Included after cross-
referencing 

N = 4 

Figure 1. Flow Chart



48

CHAPTER 3

Ta
bl

e 
I. 

St
ud

y 
Ch

ar
ac

te
ri

st
ic

s

1st
 A

ut
ho

r, 
Ye

ar
 

jo
ur

na
l 

Pa
ti

en
ts

 
in

cl
ud

ed
Fo

llo
w

-u
p 

in
 m

on
th

s 
(m

ed
ia

n,
 

ra
ng

e)

A
or

ti
c 

en
la

rg
em

en
t

G
ro

w
th

 ra
te

 (m
ea

n 
± 

sD
) i

n 
m

m
/y

ea
r

Pr
ed

ic
to

rs
 

n
eg

at
iv

e 
pr

ed
ic

to
rs

In
di

vi
du

al
 st

ud
y 

qu
al

it
y 

(1
), 

ty
pe

 st
ud

y 
(2

), 
in

st
it

ut
io

n 
(3

) a
nd

 
an

al
ys

is
 (4

)

Ka
to

, 1
99

5 
14

41
38

.4
 

(4
-1

40
)

15
/4

1 
(3

6.
6 

%
) A

or
tic

 
en

la
rg

em
en

t 
M

ea
n 

gr
ow

th
 ra

te
: 0

.4
 

(ra
ng

e 
-0

.3
 - 

20
) 

- D
ia

m
et

er
 ≥

 4
0 

m
m

 a
t i

ni
tia

l 
im

ag
in

g
- P

at
en

t p
rim

ar
y 

en
tr

y 
si

te
 in

 th
e 

th
or

ax

n.
a.

1.
 G

oo
d

2.
 R

et
ro

sp
ec

tiv
e

3.
 S

in
gl

e 
in

st
itu

tio
n

4.
 M

ul
tiv

ar
ia

te
 a

na
ly

si
s

M
ar

ui
, 1

99
9 

18
10

1
59

 
(2

-1
25

)
43

/1
01

 (4
2.

6 
%

) A
or

tic
 

en
la

rg
em

en
t 

n.
a.

- D
ia

m
et

er
 ≥

 4
0 

m
m

 a
t i

ni
tia

l 
im

ag
in

g
- P

at
en

t F
L

- D
ia

m
et

er
 <

 4
0 

m
m

 
at

 in
iti

al
 im

ag
in

g
- T

hr
om

bo
se

d 
FL

 

1.
 G

oo
d

2.
 R

et
ro

sp
ec

tiv
e

3.
 S

in
gl

e 
in

st
itu

tio
n 

4.
 M

ul
tiv

ar
ia

te
 a

na
ly

si
s

O
ni

ts
uk

a,
 2

00
4 

21
76

52
.4

 ±
 3

5.
9 

(3
.1

-1
20

.7
)

22
/7

6 
(2

8.
9 

%
)

Ao
rt

ic
 e

nl
ar

ge
m

en
t

Ev
en

t g
ro

up
: 5

.3
 ±

 3
.1

 

N
on

-e
ve

nt
 g

ro
up

: 
0.

1 
± 

2.
0

- P
at

en
t F

L 
- M

ax
im

um
 a

or
tic

 d
ia

m
et

er
 >

 4
0 

m
m

 a
t o

ns
et

- T
hr

om
bo

se
d 

FL
1.

 G
oo

d
2.

 R
et

ro
sp

ec
tiv

e
3.

 S
in

gl
e 

in
st

itu
tio

n
4.

 M
ul

tiv
ar

ia
te

 a
na

ly
si

s

Ak
ut

su
, 2

00
4 

11
11

0
59

.0
12

/1
10

 A
or

tic
 ru

pt
ur

e
17

/4
8 

(3
5.

4 
%

) S
ur

ge
ry

 
in

 p
at

en
t g

ro
up

 
3/

62
 (4

.8
 %

) S
ur

ge
ry

 in
 

th
ro

m
bo

se
d 

gr
ou

p 

n.
a.

- P
at

en
t F

L
- I

n 
pa

tie
nt

s w
ith

 p
at

en
t F

L:
 

lo
ca

tio
n 

of
 th

e 
m

os
t d

ila
te

d 
ao

rt
ic

 
se

gm
en

t a
t t

he
 d

is
ta

l a
rc

h 

- T
hr

om
bo

se
d 

FL
1.

 G
oo

d
2.

 R
et

ro
sp

ec
tiv

e
3.

 S
in

gl
e 

in
st

itu
tio

n
4.

 M
ul

tiv
ar

ia
te

 a
na

ly
si

s

Su
ey

os
hi

, 2
00

4 
23

62
(M

ea
n 

± 
SD

, 
ra

ng
e)

 
49

.1
 ±

 4
8.

7 
(2

-1
92

)

52
/6

2 
(8

3.
9 

%
) 

Ao
rt

ic
 e

nl
ar

ge
m

en
t 

(1
 o

r m
or

e 
se

gm
en

ts
 

in
cr

ea
se

d 
du

rin
g 

fo
llo

w
-u

p)

Bl
oo

d 
flo

w
 in

 F
L:

 3
.3

 
± 

4.
2

N
o 

bl
oo

d 
flo

w
 in

 F
L:

 
-1

.4
 ±

 8
.6

Th
or

ac
ic

 a
or

ta
: 4

.1
 ±

 6
.5

D
is

se
ct

io
n 

ab
do

m
in

al
 

ao
rt

a:
 1

.2
 ±

 5
.9

- P
re

se
nc

e 
of

 b
lo

od
 fl

ow
 in

 th
e 

FL
n.

a.
1.

 G
oo

d
2.

 R
et

ro
sp

ec
tiv

e
3.

 M
ul

ti 
in

st
itu

tio
n 

(n
=2

)
4.

 M
ul

tiv
ar

ia
te

 



PREDICTORS OF AORTIC GROWTH IN UNCOMPLICATED TYPE B AORTIC DISSECTION

49

Ta
bl

e 
I. 

St
ud

y 
Ch

ar
ac

te
ris

tic
s (

co
nt

in
ue

d)

1st
 A

ut
ho

r, 
Ye

ar
 

jo
ur

na
l 

Pa
ti

en
ts

 
in

cl
ud

ed
Fo

llo
w

-u
p 

in
 m

on
th

s 
(m

ed
ia

n,
 

ra
ng

e)

A
or

ti
c 

en
la

rg
em

en
t

G
ro

w
th

 ra
te

 (m
ea

n 
± 

sD
) i

n 
m

m
/y

ea
r

Pr
ed

ic
to

rs
 

n
eg

at
iv

e 
pr

ed
ic

to
rs

In
di

vi
du

al
 st

ud
y 

qu
al

it
y 

(1
), 

ty
pe

 st
ud

y 
(2

), 
in

st
it

ut
io

n 
(3

) a
nd

 
an

al
ys

is
 (4

)

W
in

ne
rk

vi
st

, 
20

06
 28

66
 

(2
6 

IM
H

, 
40

 A
BA

D
 

tr
ea

te
d 

m
ed

ic
al

ly
)

79
 

(2
2-

17
9)

11
/4

0 
Ao

rt
ic

 e
ve

nt
n.

a.
- A

re
as

 w
ith

 lo
ca

liz
ed

 d
is

se
ct

io
n/

U
LP

- M
ax

im
um

 a
or

tic
 d

ia
m

et
er

 >
 4

0 
m

m
 a

t o
ns

et

n.
a.

1.
 G

oo
d

2.
 P

ro
sp

ec
tiv

e
3.

 S
in

gl
e 

in
st

itu
tio

n
4.

 M
ul

tiv
ar

ia
te

 a
na

ly
si

s

Ku
ni

sh
ig

e,
 2

00
6 

17
13

1
51

.6
 

(0
-1

99
)

n.
a.

n.
a.

- P
at

en
t F

L 
- D

ia
m

et
er

 ≥
 4

5 
m

m
 a

t i
ni

tia
l 

im
ag

in
g 

- T
hr

om
bo

se
d 

FL
- D

ia
m

et
er

 <
 4

5 
m

m
 

at
 in

iti
al

 im
ag

in
g

1.
 F

ai
r

2.
 R

et
ro

sp
ec

tiv
e

3.
 S

in
gl

e 
in

st
itu

tio
n

4.
 M

ul
tiv

ar
ia

te
 a

na
ly

si
s

M
ar

ui
, 2

00
7 

19
14

1
64

.4
 

(1
-1

57
)

59
/1

41
 (4

1.
8 

%
) a

or
tic

 
ev

en
ts

n.
a.

- D
eg

re
e 

of
 fu

si
fo

rm
 d

ila
ta

tio
n 

of
 

th
e 

pr
ox

im
al

 d
es

ce
nd

in
g 

ao
rt

a 
(F

I 
≥ 

0.
64

)
- P

at
en

t F
L

- L
ar

ge
 a

or
tic

 d
ia

m
et

er
 >

 4
0 

m
m

- F
I <

 0
.6

4
- T

hr
om

bo
se

d 
FL

- d
ia

m
et

er
 <

 4
0 

m
m

1.
 G

oo
d

2.
 R

et
ro

sp
ec

tiv
e

3.
 S

in
gl

e 
in

st
itu

tio
n

4.
 M

ul
tiv

ar
ia

te
 a

na
ly

si
s

So
ng

, 2
00

7 
22

10
0 

(5
1 

A
A

A
D

; 
49

 A
BA

D
)

53
 ±

 2
6 

(T
ot

al
 

po
pu

la
tio

n 
A

A
A

D
 +

 
A

BA
D

)

12
/4

9 
(2

4.
5 

%
)

Ao
rt

ic
 e

nl
ar

ge
m

en
t

U
pp

er
 d

es
ce

nd
in

g
th

or
ac

ic
 a

or
ta

: 
3.

05
 ±

 3
.1

2 
M

id
 d

es
ce

nd
in

g 
th

or
ac

ic
 a

or
ta

:  
2.

87
 ±

 2
.5

3 
Lo

w
er

 d
es

ce
nd

in
g 

th
or

ac
ic

 a
or

ta
: 

2.
45

 ±
 1

.6
1 

Ab
do

m
in

al
 a

or
ta

: 
1.

28
 ±

 1
.9

2 

- P
ro

xi
m

al
 d

es
ce

nd
in

g 
th

or
ac

ic
 

ao
rt

a 
FL

 d
ia

m
et

er
 (≥

 2
2 

m
m

) o
n 

in
iti

al
 im

ag
in

g
- M

ar
fa

n’
s s

yn
dr

om
e

- L
ar

ge
 a

or
tic

 d
ia

m
et

er
 a

t t
he

 m
id

 
de

sc
en

di
ng

 th
or

ac
ic

 a
or

ta
 

n.
a.

1.
 G

oo
d

2.
 R

et
ro

sp
ec

tiv
e

3.
 S

in
gl

e 
in

st
itu

tio
n

4.
 M

ul
tiv

ar
ia

te
 a

na
ly

si
s



50

CHAPTER 3

Ta
bl

e 
I. 

St
ud

y 
Ch

ar
ac

te
ris

tic
s (

co
nt

in
ue

d)

1st
 A

ut
ho

r, 
Ye

ar
 

jo
ur

na
l 

Pa
ti

en
ts

 
in

cl
ud

ed
Fo

llo
w

-u
p 

in
 m

on
th

s 
(m

ed
ia

n,
 

ra
ng

e)

A
or

ti
c 

en
la

rg
em

en
t

G
ro

w
th

 ra
te

 (m
ea

n 
± 

sD
) i

n 
m

m
/y

ea
r

Pr
ed

ic
to

rs
 

n
eg

at
iv

e 
pr

ed
ic

to
rs

In
di

vi
du

al
 st

ud
y 

qu
al

it
y 

(1
), 

ty
pe

 st
ud

y 
(2

), 
in

st
it

ut
io

n 
(3

) a
nd

 
an

al
ys

is
 (4

)

Ki
ta

da
, 2

00
8 

15
78

12 Al
l p

at
ie

nt
s 

12
 m

on
th

s

La
te

 a
or

tic
 e

ve
nt

s a
t 

1 
ye

ar
:

9/
78

 (1
1.

5 
%

) p
at

ie
nt

s

n.
a.

- F
ib

rin
og

en
-fi

br
in

 d
eg

ra
da

tio
n 

pr
od

uc
t l

ev
el

 ≥
 2

0 
m

ic
ro

g/
m

l o
n 

ad
m

is
si

on

n.
a.

1.
 F

ai
r

2.
 R

et
ro

sp
ec

tiv
e

3.
 S

in
gl

e 
in

st
itu

tio
n

4.
 M

ul
tiv

ar
ia

te
 a

na
ly

si
s

Ko
da

m
a,

 2
00

8 
16

17
1

27
 

(6
.9

 - 
57

)
39

/1
71

 (2
2.

8 
%

)
Pa

th
ol

og
ic

al
ao

rt
ic

 e
xp

an
si

on
 >

 5
 

m
m

/y
ea

r
8/

17
1 

Ao
rt

ic
 ru

pt
ur

e 

n.
a.

- H
ea

rt
 ra

te
 >

 6
0 

BP
M

- H
ea

rt
 ra

te
 ≤

 6
0 

BP
M

1.
 G

oo
d

2.
 R

et
ro

sp
ec

tiv
e

3.
 S

in
gl

e 
in

st
itu

tio
n

4.
 U

ni
va

ria
te

 a
na

ly
si

s

Su
ey

os
hi

, 2
00

9 
24

71
48

.9
 ±

 4
9.

4 
(6

-1
20

)
52

/2
10

 (7
2.

4 
%

) 
Se

gm
en

ts
 w

ith
 a

or
tic

 
en

la
rg

em
en

t
58

/2
10

 (2
7.

6 
%

)
Se

gm
en

ts
 n

o 
ch

an
ge

 
or

 d
ec

re
as

e 
in

 si
ze

Co
m

pl
et

el
y 

cl
os

ed
 F

L:
 

0.
2 

± 
0.

6 
Pa

rt
ia

lly
 c

lo
se

d 
FL

: 4
.0

 
± 

4.
3

Pa
te

nt
 F

L:
 4

.9
 ±

 4
.5

- S
ac

cu
la

r f
or

m
at

io
n 

in
 p

ar
tia

lly
 

cl
os

ed
 F

L
n.

a.
1.

 G
oo

d
2.

 R
et

ro
sp

ec
tiv

e
3.

 M
ul

tip
le

 in
st

itu
tio

n 
(n

=2
)

4.
 M

ul
tiv

ar
ia

te
 a

na
ly

si
s

M
iy

ah
ar

a,
 2

01
1 

20
16

0
(M

ea
n 

± 
SD

, 
ra

ng
e)

 
33

.5
 ±

 2
0.

5 
(2

.0
-8

8.
0)

32
/1

60
 L

at
e 

ao
rt

ic
 

ev
en

ts
Th

ro
m

bo
se

d:
 -0

.2
 ±

 2
.8

Th
ro

m
bo

se
d 

w
ith

 U
LP

: 
4.

8 
± 

10
.9

Pa
te

nt
 g

ro
up

: 5
.3

 ±
 5

.9

- T
hr

om
bo

se
d 

FL
 w

ith
 u

lc
er

-li
ke

 
pr

oj
ec

tio
ns

 
- P

at
en

t F
L

- P
at

ie
nt

 a
ge

 (y
ou

ng
er

 a
ge

, m
or

e 
ev

en
ts

)
- M

ax
im

um
 a

or
tic

 d
ia

m
et

er
 ≥

 4
0 

m
m

 a
t o

ns
et

- P
at

ie
nt

 a
ge

 (o
ld

er
 

ag
e,

 le
ss

 e
ve

nt
s)

1.
 F

ai
r

2.
 R

et
ro

sp
ec

tiv
e

3.
 S

in
gl

e 
in

st
itu

tio
n

4.
 U

ni
va

ria
te

 a
na

ly
si

s



PREDICTORS OF AORTIC GROWTH IN UNCOMPLICATED TYPE B AORTIC DISSECTION

51

Ta
bl

e 
I. 

St
ud

y 
Ch

ar
ac

te
ris

tic
s (

co
nt

in
ue

d)

1st
 A

ut
ho

r, 
Ye

ar
 

jo
ur

na
l 

Pa
ti

en
ts

 
in

cl
ud

ed
Fo

llo
w

-u
p 

in
 m

on
th

s 
(m

ed
ia

n,
 

ra
ng

e)

A
or

ti
c 

en
la

rg
em

en
t

G
ro

w
th

 ra
te

 (m
ea

n 
± 

sD
) i

n 
m

m
/y

ea
r

Pr
ed

ic
to

rs
 

n
eg

at
iv

e 
pr

ed
ic

to
rs

In
di

vi
du

al
 st

ud
y 

qu
al

it
y 

(1
), 

ty
pe

 st
ud

y 
(2

), 
in

st
it

ut
io

n 
(3

) a
nd

 
an

al
ys

is
 (4

)

Ev
an

ge
lis

ta
, 2

01
2 

12
18

4 
(1

08
 A

A
A

D
 

su
rg

ic
al

ly
 

tr
ea

te
d,

 
76

 A
BA

D
 

tr
ea

te
d 

m
ed

ic
al

ly
)

77
 m

on
th

s 
(6

-2
04

)

A
A

A
D

 +
 

A
BA

D

52
/7

6 
(6

8.
4 

%
) A

or
tic

 
ev

en
ts

M
ed

ia
n 

(Q
1-

Q
3)

En
tr

y 
te

ar
 ≥

 1
0 

m
m

: 0
.8

 
(0

.2
–1

.9
)

En
tr

y 
te

ar
 <

 1
0 

m
m

:
0.

2 
(0

.1
– 

0.
5)

- M
ar

fa
n 

- M
ax

im
um

 a
or

tic
 d

ia
m

et
er

 
- P

at
en

t F
L 

- L
ar

ge
 e

nt
ry

 te
ar

 lo
ca

te
d 

in
 th

e 
pr

ox
im

al
 p

ar
t o

f t
he

 d
is

se
ct

io
n

n.
a.

1.
 G

oo
d

2.
 R

et
ro

sp
ec

tiv
e

3.
 S

in
gl

e 
in

st
itu

tio
n

4.
 M

ul
tiv

ar
ia

te
 a

na
ly

si
s

Jo
nk

er
, 2

01
2 

13
19

1
24

 
(IQ

 1
-2

 y
ea

r)
11

3/
19

1 
(5

9 
%

) A
or

tic
 

ex
pa

ns
io

n
M

ea
n 

gr
ow

th
 ra

te
: 1

.7
 

± 
7.

6
W

hi
te

 ra
ce

: 2
.6

; N
o 

w
hi

te
 ra

ce
: -

3.
1

D
ia

m
et

er
 <

40
 m

m
: 3

.8
; 

D
ia

m
et

er
 ≥

40
 m

m
: 0

.2
W

om
en

: -
0.

3;
 M

en
: 

2.
6;

 IM
H

: -
0.

6;
 N

o 
IM

H
: 3

.1
; C

al
ci

um
-

ch
an

ne
l b

lo
ck

er
s: 

0.
5;

 
N

o 
ca

lc
iu

m
-c

ha
nn

el
 

bl
oc

ke
rs

: 3
.9

- W
hi

te
 ra

ce
- S

m
al

l i
ni

tia
l a

or
tic

 d
ia

m
et

er
- W

om
en

- I
M

H
 

- U
se

 o
f C

al
ci

um
-

ch
an

ne
l b

lo
ck

er
s

1.
 G

oo
d

2.
 P

ro
sp

ec
tiv

e 
ob

se
rv

at
io

na
l 

3.
 M

ul
ti-

 in
st

itu
tio

n 
(n

=2
8)

4.
 M

ul
tiv

ar
ia

te
 a

na
ly

si
s

Tr
im

ar
ch

i, 
20

13
 27

84
19

.5
 

(1
-1

49
.5

)
Ao

rt
ic

 e
nl

ar
ge

m
en

t
10

2/
12

5 
(8

1.
6 

%
) 

Pa
te

nt
 F

L;
 9

8/
12

5 
(7

8.
4 

%
) P

ar
tia

l F
L 

th
ro

m
bo

si
s; 

15
/2

3 
(6

5.
2 

%
) C

om
pl

et
e 

th
ro

m
bo

si
s

M
ea

n 
gr

ow
th

 ra
te

: 
3.

0 
± 

8.
1 

Pa
rt

ia
l t

hr
om

bo
si

s F
L:

 
4.

3 
± 

10
.2

 
Pa

te
nt

 F
L:

 2
.1

 ±
 5

.6
Co

m
pl

et
el

y
th

ro
m

bo
se

d 
FL

:
1.

5 
± 

5.
6 

- P
ar

tia
lly

 th
ro

m
bo

se
d 

FL
n.

a.
1.

 G
oo

d
2.

 R
et

ro
sp

ec
tiv

e
3.

 M
ul

ti 
in

st
itu

tio
n 

(n
=4

)
4.

 M
ul

tiv
ar

ia
te

 a
na

ly
si

s



52

CHAPTER 3

Ta
bl

e 
I. 

St
ud

y 
Ch

ar
ac

te
ris

tic
s (

co
nt

in
ue

d)

1st
 A

ut
ho

r, 
Ye

ar
 

jo
ur

na
l 

Pa
ti

en
ts

 
in

cl
ud

ed
Fo

llo
w

-u
p 

in
 m

on
th

s 
(m

ed
ia

n,
 

ra
ng

e)

A
or

ti
c 

en
la

rg
em

en
t

G
ro

w
th

 ra
te

 (m
ea

n 
± 

sD
) i

n 
m

m
/y

ea
r

Pr
ed

ic
to

rs
 

n
eg

at
iv

e 
pr

ed
ic

to
rs

In
di

vi
du

al
 st

ud
y 

qu
al

it
y 

(1
), 

ty
pe

 st
ud

y 
(2

), 
in

st
it

ut
io

n 
(3

) a
nd

 
an

al
ys

is
 (4

)

To
le

na
ar

, 2
01

3 
26

60
23

.2
 

(3
-1

32
)

n.
a.

1 
en

tr
y 

te
ar

: 5
.6

 ±
 8

.9
 

2 
en

tr
y 

te
ar

s: 
2.

1 
± 

1.
7 

3 
en

tr
y 

te
ar

s: 
2.

2 
± 

4.
1 

- O
ne

 e
nt

ry
 te

ar
- I

nc
re

as
ed

 n
um

be
r 

of
 e

nt
ry

 te
ar

s (
≥ 

2)
1.

 G
oo

d
2.

 R
et

ro
sp

ec
tiv

e
3.

 M
ul

ti 
in

st
itu

tio
n 

(n
=4

)
4.

 U
ni

va
ria

te
 a

na
ly

si
s

To
le

na
ar

, 2
01

3 
25

62
22

.3
 ±

 2
8.

2 
(3

-1
32

)
21

1/
24

8 
(8

5.
1 

%
) 

Se
gm

en
ts

 w
ith

 a
or

tic
 

gr
ow

th
.

37
/2

48
 (1

4.
9 

%
)

Se
gm

en
ts

 w
ith

 st
ab

le
 

or
 re

du
ce

d 
ao

rt
ic

 
gr

ow
th

.

M
ea

n 
gr

ow
th

 ra
te

: 3
.1

 
± 

6.
3 

Ag
e 

< 
60

 y
ea

rs
: 4

.2
 ±

 7
.5

Ag
e 

≥ 
60

 y
ea

rs
: 1

.8
 ±

 4
.1

Sa
cc

ul
ar

 fo
rm

at
io

n:
 7

.8
 

± 
13

.6
N

on
-s

ac
cu

la
r f

or
m

at
io

n:
 

3.
0 

± 
5.

0

- A
ge

 <
 6

0 
ye

ar
s 

- M
al

e 
ge

nd
er

- S
ac

cu
la

r f
or

m
at

io
n 

of
 th

e 
pa

rt
ia

lly
 

th
ro

m
bo

se
d 

FL
- F

L 
lo

ca
te

d 
at

 th
e 

in
ne

r a
or

tic
 

cu
rv

at
ur

e
- A

n 
el

lip
tic

 c
on

fig
ur

at
io

n 
of

 th
e 

TL

- I
nc

re
as

in
g 

ag
e

- F
L 

lo
ca

te
d 

at
 

th
e 

ou
te

r a
or

tic
 

cu
rv

at
ur

e
- A

 c
irc

ul
ar

 
co

nfi
gu

ra
tio

n 
of

 
th

e 
TL

1.
 G

oo
d

2.
 R

et
ro

sp
ec

tiv
e

3.
 M

ul
ti 

in
st

itu
tio

n 
(n

=4
)

4.
 M

ul
tiv

ar
ia

te
 a

na
ly

si
s

A
bb

re
vi

at
io

ns
: A

A
A

D
, a

cu
te

 t
yp

e 
A

 a
or

tic
 d

is
se

ct
io

n;
 A

BA
D

, a
cu

te
 t

yp
e 

B 
ao

rt
ic

 d
is

se
ct

io
n;

 B
PM

, b
ea

ts
 p

er
 m

in
ut

e;
 F

I, 
fu

si
fo

rm
 in

de
x;

 F
L,

 fa
ls

e 
lu

m
en

; I
M

H
, i

nt
ra

m
ur

al
 

he
m

at
om

a;
 IQ

, i
nt

er
qu

ar
til

e 
ra

ng
e;

 L
SA

, l
ef

t s
ub

cl
av

ia
n 

ar
te

ry
; T

L,
 tr

ue
 L

um
en

; U
LP

, u
lc

er
-li

ke
 p

ro
je

ct
io

ns



PREDICTORS OF AORTIC GROWTH IN UNCOMPLICATED TYPE B AORTIC DISSECTION

53

DIsCussIon

The present review is the largest study yet which may assemble the best available 
evidence of the group of patients at risk for aortic growth in medically treated uncom-
plicated ABAD patients. The current available literature reports a combination of clinical 
and radiologic predictors that might be useful for selecting those patients who may 
benefit from close radiologic surveillance or early intervention.

Clinical predictors

In agreement with earlier findings, the majority of the ABAD patients included in these 
studies were men (70%), with a mean age of 64 years.29 Age is an important risk factor, 
as age < 60 years was associated with significantly increased aortic growth rate, and 

Table II. Summary of the Predictors of Aortic Growth in Uncomplicated Type B Aortic Dissection

Predictor negative predictor

Patient characteristics Age < 60 years Increasing age (≥ 60 years)

White race

Heart rate ≥ 60 BPM Heart rate < 60 BPM

Medical history Marfan’s Syndrome

Clinical information Use of Calcium-channel blockers

Blood test FDP level ≥ 20 microg/ml on admission

Radiologic signs Aortic diameter ≥ 40 mm during acute 
phase 

Diameter < 40 mm (debated)

Patent FL Closed/thrombosed FL 

Partially thrombosed FL (debated)

Proximal descending thoracic aorta FL 
diameter (≥ 22 mm) on initial imaging

IMH 

Sac formation in partially thrombosed FL

One entry tear Increased number of entry tears

FL/intimal tear located at the inner aortic 
curvature

FL/intimal tear located at the outer 
curvature

An elliptic configuration of the TL/round 
configuration FL

A circular configuration of the TL/
elliptic configuration FL

Areas with localized dissection/ULP

Degree of fusiform dilatation of the 
proximal descending aorta  (FI ≥ 0.64)

FI < 0.64

Large entry tear (≥ 10 mm) located in the 
proximal part of the dissection

Abbreviations: BPM, beats per minute; FDP, fibrinogen-fibrin degradation product; FI, fusiform index; FL, 
false lumen; IMH, intramural hematoma; TL, true lumen; ULP, ulcer-like projections
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increasing age seems to be associated with a decreased growth rate.23, 25 As the aortic 
wall becomes more rigid during life due to degeneration and the presence of athero-
sclerotic factors, it becomes less prone to dilate. In addition, aortic dissection in younger 
individuals identifies a cohort with a higher chance of genetic abnormalities which 
contribute to degradation of aortic elastic elements over time.18 Some discrepancies 
have been reported about the role of gender in favoring aortic growth in ABAD patients. 
Recent reports showed that men experienced a higher growth rate than women13, 25, 
while the aortic growth was previously reported as higher in women.23 The controversy 
between such observations remains unresolved.  On the other hand, our study further 
supports the association of connective tissue disorders, primarily Marfan syndrome, 
and a higher rate of aortic events during follow-up. Marfan syndrome is both a clinical 
predictor for aortic enlargement and related mortality.12, 30 Furthermore, racial differ-
ences were examined. White race was associated with aortic expansion, while it was less 
frequently seen in Asian patients.13 These racial disparities are supported by significant 
lower prevalence of abdominal aortic aneurysm in the Asian population compared to 
the Caucasian population.31, 32

During follow-up, it was found that patients with appropriate blood pressure control 
(systolic blood pressure < 120 mmHg) and a tight control of heart rate of < 60 beats per 
minute (BPM) had a better outcome with less aortic events, including aortic expansion 
and rupture, compared to patients with a heart rate ≥ 60 BPM and appropriate blood 
pressure control.16 These findings emphasize the importance of adequate blood pres-
sure and heart rate control, not only in the acute phase but also during follow-up, and 
therefore careful treatment and strict follow-up is required in all ABAD patients. Beside 
ß-blockers for control of heart rate and blood pressure, also calcium channel antagonists 
may be indicated for blood pressure control, as the IRAD data suggested that patients 
with calcium channel antagonists exhibit less aortic growth.13 These observational 
data are supported by several clinical trials underlining the beneficial effect of calcium 
channel blockers in hypertension control.33, 34 Although such observations need to be 
confirmed, the association of these anti-hypertensive drugs might be useful for treating 
ABAD in the long-term. At admission, also certain blood tests might have predictive 
value. Kitada et al showed that fibrinogen-fibrin degradation product (FDP) level ≥ 20 
microg/mL at admission was associated with aortic growth, where other laboratory 
factors, such as thrombin-antithrombin III complex, D-dimer, platelet count and co-
reactive protein were not associated with aortic enlargement.15 It should be noted that 
the follow-up interval was only for one year, and long-term follow-up of these markers 
remains undefined. Although it has not been introduced as a routine screening tool, 
such blood tests, in association with other predictors, might be useful for detecting 
those ABAD patients at higher risk for aortic growth at an early stage. Future research 
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should investigate if the different biomarkers for thoracic aortic aneurysm may also be 
predictive for aortic growth in uncomplicated ABAD patients.35

Radiologic predictors

The majority of the studies that were analyzed focused on morphologic predictors at the 
initial aortic imaging stage. In several reports, a maximum aortic diameter of ≥ 40 mm 
in the acute phase was marked as a predictor of aortic growth, while a diameter of < 40 
mm was found as a negative predictor.14, 17-19, 21, 28 Most studies define aortic enlargement 
as a maximum diameter of the dissected aorta of ≥ 60 mm and/or rapid enlargement of 
≥ 10 mm/year, as this dictates surgical intervention. These findings are related to the fact 
that patients with a higher initial maximum diameter will generally reach the bound-
ary of 60 mm earlier than patients with a smaller diameter and show higher growth 
rates.14, 18, 23 In contrast to these findings, data from the International Registry of Acute 
Aortic Dissection (IRAD) showed that an initial diameter < 40 mm was predictive for 
aortic expansion during follow-up.13 The latter suggests that, besides patients with a 
high initial aortic diameter, also patients with a lower initial aortic diameter may present 
with an important aortic growth, and therefore should be followed more closely than 
previously assumed. Again, in this particular group of patients, a potential explanation 
would be a higher genetic influence in patients with aortic dissection at a small size.  
However, a selection bias may have affected the results, because large dissected aortas 
were excluded for analysis as they generally more often undergo early intervention.13

Looking more in detail at the diameter of the descending thoracic aorta in ABAD 
patients, a distinction between the total aortic diameter and the FL diameter can be 
made. Song et al found that a FL diameter ≥ 22 mm in the upper thoracic descending 
aorta on the initial CT imaging was an independent predictor for aortic enlargement 
during follow-up.22 In patients who showed aortic growth during follow-up, the initial FL 
diameter correlated with the rate of aortic dilatation at the proximal descending aorta. 
Furthermore, the ratio of FL diameter to total aortic diameter increased at the proximal 
and mid descending thoracic aorta in these patients.22 A large FL diameter reflects high 
pressure in the FL, and consequently, it may play an essential role in aortic dilatation of 
the FL and development of thoracic aortic aneurysm. In addition, the configuration of 
the FL reflects the pressure inside it. It has been reported that an elliptical configura-
tion of the TL in combination with a circular formation of the FL was associated with 
increased aortic growth.25 This configuration is the result of higher pressurization of the 
FL which impacts the shape of the TL and subjects the FL to higher radial forces, leading 
to a potential aortic enlargement.25 Similarly, a circular TL configuration suggests a high 
pressure in the TL compared to the FL, and this radiologic sign was associated with a 
decreased growth rate (Table II).25 
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Presence of blood flow in the FL has been described in several studies as a predictor of 
aortic growth.11, 17-19, 21, 23 A patent FL causes direct hemodynamic stress and structural 
weakening of the aortic wall, which might induce progressive growth of the affected 
aortic segment, while a completely thrombosed FL has been associated with less aortic 
enlargement and even aortic wall remodeling.17, 18, 24 However, it has been reported that 
patients with thrombosed FL, but presenting with penetrating atherosclerotic ulcer 
(PAU), are prone for aortic events.20, 28 It has been thought that PAUs develop into (saccu-
lar) aneurysms, and this may explain the significant relationship between thrombosed 
FL with ulcer-like projections (ULP) and aortic events.20 ULPs are described as projections 
of the site of the intimal tear, the site of the occlusion or the detachment of origins 
of side branches and PAUs. However, the definition of ULPs still remains indistinct and 
needs to be further clarified in future research.20, 36 
In patients with a patent FL, both mortality, and the need for surgical or endovascular 
treatment increased from the third year of follow-up, which implicates that structural 
and dynamic changes in the aortic wall/aorta require time to appear.12 Hemodynamics 
in the patent FL are probably too complex to be predicted with preoperative morpho-
logic features and further in vitro studies and dynamic imaging (MRI) in the acute phase 
should be developed to understand this complex. 
Even more debated is the importance of partially thrombosed FL, since an IRAD paper 
reported the association between partial FL lumen thrombosis and lower survival at 3 
years during follow-up in ABAD patients.30 Other groups24 did not find a relation between 
partially thrombosed FL and aortic enlargement, while more recent studies did show 
partial lumen thrombosis to be predictive for aortic growth.25, 27 In contrast, Sueyoshi 
et al observed that patients with a saccular formation of the FL, which is defined as 
partial thrombosis in the distal portion of the FL with proximal filling of the false lumen, 
forming a blind sac, demonstrated a significant higher growth rate compared to non-
sac formation.24 These findings have been confirmed by another more recent study.25 A 
higher diastolic FL pressure due to occlusion of distal re-entry tears may be the origin 
of the aortic enlargement. These findings are in line with previous reports that a patent 
primary entry site in the thorax was predictive for aortic enlargement compared to an 
absent primary entry site.14 Recently, Tolenaar et al found that the number of entry tears 
at initial imaging was associated with aortic growth during follow-up.26 Patients with 1 
entry tear at presentation show a higher growth rate compared to other patients with 
more entry tears.26 The presence of only one patent entry tear might pressurize the FL 
and change, in this latter, the normal laminar flow into turbulent flow, leading to higher 
stress of the aortic wall and subsequently, in combination with a weakened dissected 
aortic wall, to aortic enlargement.37 Additionally, Evangelista et al demonstrated that pa-
tients with a primary entry tear ≥ 10 mm presented more often with dissection-related 
events and had a higher growth rate than those with an entry tear < 10 mm.12 A bigger 
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tear size suggests that more blood enters the FL, leading to higher FL pressurization, 
and subsequently aortic enlargement. In vitro studies demonstrated that large tear size 
present with lower velocity through the tears, but more complex flows in the FL, where 
small tears resulted in lower FL pressure, with higher tear velocities, and a well-defined 
flow.38 FL hemodynamics are dependent from cumulative tear size, suggesting that this 
should be taken into account in the management of type B aortic dissection patients.38 
Another in vitro study showed that systolic pressure in the FL, decreases with tear size, 
and similarly higher FL pressure with greater tear size will increase wall shear stress and 
may cause aortic dilatation.39

Different radiologic predictors including patent FL, FL diameter ≥ 22 mm, elliptic TL 
combined with round FL, one entry tear, and entry tear size ≥ 10 mm seem all inter-
related with each other due to pressurization of the FL with subsequent aortic growth 
of the dissected segment.
A FL located in the inner curvature of the aorta was associated with aortic enlargement 
in a study, which was in concordance with another experience which showed that a pri-
mary entry tear in the inner curvature/concavity was associated with the development 
of complications.25, 40 Although there is no consensus yet, congruently with these find-
ings, a FL located at the inner aortic curvature seems associated with a higher incidence 
of aortic complications in clinical practice, both in the acute and chronic setting.
Another radiologic predictor was reported by Marui et al, who used the shape of the 
proximal descending aorta as a possible predictor of aortic growth, expressed in the 
fusiform index. The fusiform index was defined as A/B+C (A = maximum diameter of 
proximal descending aorta; B = diameter of the distal aortic arch; C = diameter of the 
descending aorta at the level of the main pulmonary artery).19 A fusiform index of ≥ 0.64 
is an independent predictor for aortic events. In a fusiform shaped aorta, the aortic wall 
at the outer curvature of the dissected aortic wall may be fragile, and the flow pattern 
changed, which both can lead to aortic dilatation.19

Combining these clinical and radiological predictors may be essential to identify 
patients with uncomplicated ABAD at higher risk for aortic enlargement and rupture 
during follow-up. 

limitations

This review provides an extensive overview of the different published predictors for 
aortic growth in uncomplicated ABAD patients. However, an important limitation of this 
review is that data pooling was not possible since original data for the majority of stud-
ies were not available and different end points were used. Additionally, it must be noted 
that an important part of the included studies mainly evaluated Asian patients. Despite 
the fact that studies from different continents often showed similar predictors for aortic 
growth, the results may not be completely generalizable for the European/American 
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population due to important differences in genetics and lifestyle. Future research should 
be focused on additional biomarkers and further applicability of dynamic imaging and 
computational analysis into clinical practice.

ConClusIon

Several predictors might be used to identify those ABAD patients at high risk for aortic 
growth during follow-up. Although conservative management remains indicated in all 
uncomplicated ABAD, in particular during the acute phase, these patients might benefit 
from closer radiological surveillance or early endovascular intervention. This approach 
could be even more considered, as a significant group of patients develops aneurysmal 
degeneration along the dissected segments during follow-up, and may lose the chance 
for endovascular treatment, if not identified at an early stage.
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ABsTRACT

Background
Thoracic endovascular aortic repair (TEVAR) has evolved into a common therapy for 
complicated acute type B aortic dissection (ABAD). Recently, the International Registry 
of Acute Aortic Dissection (IRAD) database was expanded with an interventional cohort 
(IVC) to further examine interventional details. 
Methods 
ABAD patients treated with TEVAR enrolled in IRAD IVC were studied (n=157, mean age 
62±13y). Intra-procedural details were analysed and related to in-hospital outcomes. 
TEVAR was performed for complicated (63%) and uncomplicated ABAD (37%). Median 
time interval from symptom onset to intervention was 48 hours (17-119 hours). 
Results
Shorter time interval to intervention was associated with increased in-hospital mortal-
ity (p=0.037), malperfusion (p=0.007), and acute renal failure (p=0.005) post-TEVAR. 
Malperfusion rates were higher among those receiving more aortic stent grafts (2.0 vs. 
without malperfusion 1.0 sgs, p=0.036). Those receiving longer TEVAR aortic coverage 
were more likely to decease in-hospital (250 vs. 200 mm, p=0.033), to have limb ischemia 
(260 vs. 200 mm, p=0.011) and distal extension of dissection (410 vs. 200 mm, p=0.047) 
post-TEVAR. Larger proximal (39.0 vs. 34.0 mm, p=0.001) and distal sg diameters (40.0 
vs. 34.0 mm, p=0.009) were associated with increased in-hospital mortality. Overall in-
hospital mortality was 12% after TEVAR, 5-year survival 81%, and 5-year freedom from 
reintervention 68%.
Conclusions 
Extent of disease and complexity of the procedure, indicated by several patient- and 
TEVAR specific details, dictates adverse early outcomes in ABAD after TEVAR. Knowledge 
of those interventional details may be of importance in the perioperative assessment of 
patients presenting with ABAD.
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InTRoDuCTIon

Acute type B aortic dissection (ABAD) requires intervention in presence of major 
complications, such as malperfusion, (impending) rupture, or hemodynamic instability. 
Without interventional treatment, patients with complicated ABAD are at high risk for 
early death.1-3 Thoracic endovascular aortic repair (TEVAR) has evolved as the treatment 
of choice in these patients to cover the primary entry tear, with adequate stabilization 
of the dissection, restoration of true lumen perfusion, and induction of aortic remodel-
ling, with reported early outcomes of stroke (4%-6%), spinal cord ischemia (3%-5%) and 
mortality (9%-12%), and 5-year survival ranging from 61% to 87%.1, 4-6 
Besides the management for complicated ABAD, early TEVAR has also been advocated 
in patients without complications in the acute, subacute and early chronic phase, and 
this strategy has been associated with good long-term outcomes compared to medical 
therapy alone.7, 8 However, the current literature does not extensively report data regard-
ing interventional details related to adverse early outcomes. Therefore, the aim of this 
study was to analyse periprocedural details of ABAD patients treated with TEVAR.

METHoDs

The International Registry of Acute Aortic Dissection (IRAD) is an international collabora-
tion between, to date, 38 institutions from 12 different countries, designed to provide an 
unbiased representative population of patients with acute aortic dissection. Full details 
of the IRAD methods and structure have been previously described.3, 9, 10 IRAD was 
founded in 1996, and expanded in 2010 with its interventional cohort (IVC) to further 
examine details of interventional and surgical treatments for acute aortic dissection and 
its association with in-hospital outcome and long-term survival. 158 open surgical and 
endovascular procedure variables were added to the principal and follow-up databases. 
Regarding the endovascular procedure it contains information about the type, size and 
number of stent grafts, and about additional procedures with TEVAR, such as supra-
aortic arterial bypasses/debranching and visceral artery stenting. The IRAD IVC database 
also collects data on open surgical procedures, both for type A and type B dissection, 
focusing on type and extent of procedure, including hybrid operations, associated coro-
nary/valves management, brain and spinal cord protection, extracorporeal circulation, 
cardioplegia, and drugs used during circulatory arrest time. 
The IRAD IVC group is collecting data both prospectively and retrospectively. Data of 
all surviving patients are collected after 6 months, one year and then annually, up to 5 
years of follow-up. 
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study population

To date, 1492 patients are enrolled in the IRAD IVC database originating from 20 par-
ticipating centers (January 1996-May 2014). ABAD diagnosis was based on confirmatory 
imaging at each center. ABAD patients treated with TEVAR enrolled in IRAD IVC were 
studied (n=157). No standards for ABAD treatment were defined or requested within 
IRAD. Patients in our cohort were typically female (76%), Caucasian (82%) and had a 
history of hypertension (82%, Table I). Patients frequently presented with abrupt onset 
(80%) of chest (68%) and/or back pain (68%), and had most commonly proximal exten-
sion of their dissection at the level of the left subclavian artery (55%). Almost 14% of 
patients presented with retrograde aortic arch involvement of which none was treated 
with aortic arch replacement. Mean age at intervention was 62±13 years. The demo-
graphic and clinical characteristics are listed in Table I. All ABAD patients underwent 
TEVAR within 14 days of onset. Endovascular details were investigated and associated 
with in-hospital outcomes, including mortality, renal failure, limb ischemia, CVA, coma, 
malperfusion, spinal cord ischemia (SCI), mesenteric ischemia, and extension of dissection. 

Table I. Demographic and Clinical Characteristics

variable n (%)

Total 157

Demographics

Age in years (mean ± SD) 61.7±12.6

Age ≥ 70 years 44 (28.0%)

Gender, male 38 (24.2%)

Caucasian 121 (82.3%)

Transferred to IRAD Sites 135 (86.0%)

Medical History

Marfan syndrome 3 (2.0%)

Hypertension 120 (81.5%)

Atherosclerosis 28 (19.3%)

Iatrogenic dissection 3 (2.0%)

Prior aortic dissection 9 (6.2%)

Prior aortic aneurysm 23 (15.9%)

Diabetes 19 (13.0%)

Prior cardiac surgery 20 (14.0%)

Presenting signs and symptoms 

Chest pain 101 (67.8%)

Back pain 99 (67.8%)

Abdominal pain 63 (44.4%)

Leg pain 38 (26.6%)

Abrupt onset of pain 114 (80.3%)
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statistical analysis

Data were analysed with SPSS 21.0 (SPSS Inc, Chicago, Illinois). Data are reported as 
frequencies and percentages and as mean ± SD where applicable. Missing data were not 
incorporated in the analysis, and denominators reflect only reported cases. Dichotomous 
variables were evaluated using the chi-square or Fisher exact test, when appropriate, and 
among continuous variables, using the Student t test. For follow-up data Kaplan-Meier 
analysis was performed. All results with p<0.05 were considered statistically significant.

Table I. Demographic and Clinical Characteristics (continued)

variable n (%)

Migrating pain 26 (18.6%)

Systolic blood pressure (mmHg), mean ± SD 167.1±41.3

Diastolic blood pressure (mmHg), mean ± SD  89.7±23.1

Hypertension (≥ 150/90 mmHg) 95 (69.3%)

Hypotension (SBP ≤ 100 mmHg) 2 (1.5%)

CVA/Stroke 4 (2.8%)

Spinal cord ischemia 5 (3.4%)

Signs of malperfusion 63 (42.6%)

     Mesenteric ischemia/infarction 14 (9.5%)

     Any pulse deficit 36 (34.0%)

     Ischemic lower extremity 30 (21.4%)

Acute renal failure 36 (24.3%)

Limb ischemia 35 (23.6%)

Extension of dissection 5 (3.4%)

Diagnostic Imaging

site of most proximal extension of dissection

Arch 19 (14.4%)

Left Subclavian Level 73 (55.3%)

Descending 36 (27.3%)

site of most distal extension of dissection

Descending 17 (15.9%)

Abdominal 88 (82.2%)

Diagnostic imaging findings

Widest diameter of ascending aorta in cm (Median; IQR) 3.8 (3.5-4.2)

Widest diameter of arch in cm (Median; IQR) 3.5 (3.2-4.0)

Widest diameter of descending aorta in cm (Median; IQR) 4.0 (3.6-5.0)

Arch Vessel Involvement 9 (9.1%)

Abdominal vessel involvement 88 (82.2%)

Periaortic hematoma 20 (18.3%)

IRAD = International Registry of Acute Aortic Dissection; IQR = interquartile range. Data are presented as 
number (%) unless otherwise indicated. Valid percentages are provided; missing data are not defaulted to 
be negative.
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REsulTs

TEVAR was performed in 63% of cases in complicated ABAD patients, presenting with 
malperfusion (41%), periaortic hematoma (18%), hypotension/shock (2%), refractory/
recurrent pain and hypertension (38%), and aortic diameter >5.0 cm (4%). The other 
37% of ABAD patients underwent TEVAR with no complications at clinical presentation. 
Median time interval from symptom onset to intervention was 48 hours (interquartile 
range [IQR], 17-119 hours); complicated ABAD (45 hours [16-118 hours] vs. uncompli-
cated ABAD 64 hours [17-158 hours], p=0.499). Patients with a shorter time interval to 
intervention were more likely to decease in-hospital (38 hours [8-46 hours] in those who 
died vs. 61 hours [19-140 hours] in those who survived, p=0.037), to have malperfusion 
(19 hours [12-46 hours] in those with malperfusion vs. 67 hours [19-177 hours] in those 
without, p=0.007), and to manifest acute renal failure post TEVAR (19 hours [10-38 hours] 
in those with acute renal failure vs. 64 hours [18-155 hours] in those without, p=0.005). 
The proximal landing zones of all patients are demonstrated in Figure 1. Patients with 
TEVAR extent limited to the descending thoracic aorta were less likely to manifest acute 
renal failure post TEVAR (10% vs. 23%, p=0.048). Patients presenting with malperfusion 
were managed with TEVAR only (45%), TEVAR and dissection flap fenestration (22%), TE-
VAR and visceral artery stenting (including stenting the celiac, superior mesenteric and 
renal artery, 15%), TEVAR with visceral artery stenting and dissection flap fenestration 
(12%), or with dissection flap fenestration and visceral artery stenting (7%). The peripro-

Figure 1. Proximal Landing Zones of the Stent 
Graft
Proximal landing zones of the stent graft are shown 
for zones 0 to 4. Z0 = zone 0; Z1 = zone 1; Z2 = zone 
2; Z3 = zone 3; Z4 = zone 4.
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cedural characteristics and in-hospital mortality are demonstrated in Table II. Patients 
presenting with malperfusion undergoing TEVAR and visceral artery stenting were likely 
to manifest postoperative acute renal failure (46% vs. 7.7%, p<0.001) and malperfusion 
(50% vs. 14%, p=0.001), when compared with those TEVAR patients not managed with 

visceral artery stenting (Table IIIA). In-hospital mortality did not differ between TEVAR 
patients with and without additional visceral stenting (13% vs. 10%, p=0.704). Similarly, 
patients undergoing dissection flap fenestrations were more likely to have malperfusion 
(40% vs. 15%, p=0.021) and acute renal failure (31% vs. 11%, p=0.017) post-TEVAR, but 
in-hospital mortality did not differ between groups (7.7% vs. 12%, p=0.725, Table IIIB).
Mortality rate was higher among those receiving more stent grafts, irrespective of 
mean stent graft length (median 2.0 vs. 1.0 stent grafts [sgs] in those who died vs. who 
survived, p=0.066). Additionally, patients receiving multiple stent grafts demonstrated 
higher rates of malperfusion (2.0 vs. 1.0 sgs with vs. without malperfusion, p=0.036), and 
limb ischemia (2.0 vs. 1.0 sgs with vs. without limb ischemia, p=0.056, Table IIIC). The 
median TEVAR aortic coverage was 200 mm (IQR 150-250 mm). Those receiving longer 
TEVAR aortic coverage were more likely to die in-hospital (250 mm [200-323] vs. 200 

Table 2. Procedural Characteristics and in-hospital Mortality

variable n (%) In-hospital mortality

Procedures Performed

Descending Thoracic Aortic Stent Graft 75 (65.2%) 11 (14.7%)

Thoracoabdominal Stent Graft 12 (11.9%) 1 (8.3%)

Infrarenal Stent Graft 8 (7.8%) 1 (12.5%)

Endovascular treatment

Aortic Arch 37 (40.2%) 6 (16.2%)

Supra-Aortic Bypass transposition 1 (1.5%)

Carotid-Subclavian  Bypass 7 (26.9%)

Distal landing zone stent graft

    Descending thoracic aorta 21 (27.3%)

    Thoracoabdominal Aorta 17 (22.1%)

    Infra-Renal 8 (7.8%)

    Iliac arteries 15 (15.0%)

Type of graft

     Medtronic 34 (21.7%)

     Gore 46 (29.3%)

     Cook 11 (7.0%)

     Jotec 1 (0.6%)

     Bolton 8 (5.1%)

Data are presented as number (%).
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mm [150-250], p=0.033), to suffer extension of dissection (410 mm [270-410] vs. 200 
mm [150-250], p=0.050) and limb ischemia (260 mm [204-330] vs. 200 mm [150-250], 
p=0.022, Figure 2). Larger proximal and distal stent graft diameters were associated with 
higher in-hospital mortality (proximal stent graft size: 39 mm [37-44] vs. 34 mm [32-38], 

Table IIIA. Visceral Artery Stenting in addition to TEVAR related to In-Hospital Complications post TEVAR

variable visceral Artery stenting no visceral Artery stenting p-value

n 23 (22.1%) 81 (77.9%) -

Mortality 3 (13.0%) 8 (9.9%) 0.704

Malperfusion 10 (50.0%) 11 (14.3%) 0.001

Renal Failure 10 (45.5%) 6 (7.7%) <0.001

Table IIIB. Dissection Flap Fenestration in addition to TEVAR related to In-Hospital Complications post 
TEVAR

variable Fenestration no Fenestration p-value

n 26 (25.5%) 76 (74.5%) -

Mortality 2 (7.7%) 9 (11.8%) 0.725

Malperfusion 10 (40.0%) 11 (15.3%) 0.010

Renal Failure 8 (30.8%) 8 (10.8%) 0.017

Table IIIC. Number of Stent Grafts related to In-Hospital Complications post TEVAR

Median number of stent grafts: 2.0 (1.0-2.0)

Patients with higher number of stent grafts had:

•	 Increased mortality Median 2.0 stent grafts with death vs. 1.0 without, p=0.066

•	 Increased malperfusion Median 2.0 stent grafts with malperfusion vs. 1.0 without, p=0.036

•	 Increased limb ischemia Median 2.0 stent grafts with limb ischemia vs. 1.0 without, p=0.056

Figure 2. Total Aortic Coverage with Stent Graft 
Longer total aortic coverage of stent graft (mm) is associated with increased in-hospital mortality, limb 
ischemia and extension of dissection after TEVAR. AAD = acute aortic dissection.
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p=0.001; distal stent graft size: 40 mm [35-40] vs. 34 mm [30-38], p=0.020, Figure 3). In 
patients managed with larger proximal (43 mm [36-46] vs. 34 mm [32-38], p=0.031) and 
distal (45 mm [45-45] vs. 34 mm [30-38], p=0.049) stent graft sizes, rupture as cause of 
death was more commonly present. 
Overall in-hospital mortality was 12% after TEVAR; 63% of those patients were initially 

complicated at presentation, while 37% did not present with preoperative complica-
tions. Patients died from multi-organ failure (26%), rupture (21%), neurologic (11%), 
visceral ischemia (11%), cardiac (11%), other complications (11%), or unknown causes 
(11%, Figure 4). Other in-hospital outcomes for this cohort included stroke (5.0%), 
SCI (5.7%), and signs of malperfusion (21%, Table IV). 5-year survival was 81%±6.1%. 
Freedom from reintervention was 68%±8.5% at 5-years. Incidence of endoleak during 
follow-up was 15%. 

Figure 3. Stent Graft Size
Larger proximal and distal stent graft sizes (mm) are associated with increased in-hospital mortality after 
TEVAR.

Figure 4. Cause of death
Causes of in-hospital death post TEVAR (n=19, 12%) are demonstrated.
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DIsCussIon

TEVAR has been established as the preferred treatment paradigm for ABAD with 
decreased morbidity and mortality compared to open repair.1, 11, 12 In this study we 
observed that several TEVAR specific details can be important indicators for adverse 
early outcomes. The extent of disease and the complexity of the procedure, indicated 
by several patient- and TEVAR specific details, dictate adverse early outcomes in ABAD 
after TEVAR. 
In a recent IRAD study, ABAD patients treated with TEVAR and medical therapy were 
compared with ABAD patients treated with medical therapy alone, regardless the pres-
ence of complications in those managed with endovascular repair.7 Not surprisingly, 
patients that underwent endovascular treatment were more likely to present with signs 
of malperfusion, including leg pain, pulse deficit, limb ischemia, and acute renal failure, 
and did better than the group with medical management.7

Patients with a shorter time interval from symptom onset to intervention were more 
likely to decease in-hospital, have malperfusion, and manifest acute renal failure post 
TEVAR. This implicates that patients requiring immediate intervention likely already 
have a poor prognosis compared to patients allowing a longer time interval to interven-

Table Iv. In-hospital Complications post-TEVAR

variable n (%)

Complications 

neurological signs/symptoms

New neurological deficit 18 (12.1%)

Transient 5 (27.8%)

Permanent

     Cerebrovascular Accident 7 (5.0%)

     Coma 4 (2.9%)

     Spinal Cord Ischemia 8 (5.7%)

Signs of Malperfusion 31 (21.4%)

     Mesenteric ischemia/infarction 6 (4.1%)

     Acute renal failure 20 (13.4%)

     Limb ischemia 14 (9.5%)

Myocardial ischemia/infarction 2 (2.2%)

Extension of dissection 6 (4.0%)

Hypotension 10 (6.7%)

Cardiac tamponade 0 (0.0%)

Mortality

Overall 19 (12.1%)
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tion. In other words, in ABAD the worse clinical conditions are associated with a prompt 
diagnosis and treatment, but, at the same time, with poorer outcome. Such observation 
confirms as the hyperacute phase, defined as that one within 24 hours from the onset 
of symptoms, represents in aortic dissection the most dangerous interval time, during 
which mortality is higher irrespective of management.13 A selection bias might be pres-
ent, because some patients died before or during hospitalization before undergoing 
TEVAR, and those patients were therefore not included in our study.
In patients presenting with visceral malperfusion, necessitating visceral artery stent-
ing in addition to TEVAR, both acute renal failure and visceral malperfusion frequently 
persisted, also post TEVAR. If static obstruction of one of the visceral arteries was present 
after standard TEVAR with coverage of the primary entry tear, stenting of one or more 
visceral arteries was performed. Despite TEVAR, those patients might already be at an 
advanced stage of disease, and may either have prevailing malperfusion, acute renal 
failure, or die in-hospital. Because IRAD includes only in-hospital results, malperfusion 
in patients with unfavourable early outcomes might have been even underreported, not 
analyzing those patients who were misdiagnosed or did not die in-hospital. Addition-
ally, also patients that underwent dissection flap fenestration before having a standard 
TEVAR management were more likely to have the persistence of acute renal failure and 
malperfusion, postoperatively. Those patients might have a poor prognosis due to inad-
equate treatment or extent of the dissection involving the visceral arteries and therefore 
present with increased risk for adverse outcome. 
In this analysis, patients receiving more aortic stent grafts (independent from mean 
stent graft length) were associated to have adverse early outcomes, including mortality, 
malperfusion and limb ischemia. The necessity to deploy multiple stent grafts might in-
dicate the complexity of the individual case, with more extensive disease. An additional 
explanation could be attributed to certain institution’s policy, in which malperfusion 
management initially includes placement of a single stent graft to cover the primary 
entry tear, and distal extension, only if malperfusion persists. In line with these findings, 
those patients receiving longer TEVAR aortic coverage were associated to have unfa-
vourable early outcomes, with higher rates of early mortality, and extension of dissec-
tion, also resulting in limb ischemia. This latter finding might be attributed to complex 
dynamic forces on the stent graft and aortic wall causing stent graft erosion; potentially 
resulting in a distal stent induced new entry (SINE), or retrograde type A dissection.14-17 
Such evolution has been reported more frequently in patients with fragile aorta, who 
typically are ABAD or those affected by connective tissue disorders. On the other hand, 
we observed that TEVAR limited to descending thoracic aorta, as standard procedure, 
was associated with reduced postoperative complications.
Besides the number and length of stent grafts, also related stent graft diameter might 
indicate adverse early outcomes. We found larger proximal and distal stent graft sizes 



74

CHAPTER 4

to be associated with higher early mortality, implicating that patients with an initially 
larger aortic diameter, requiring larger stent grafts, will do worse. The finding that pa-
tients with larger proximal and distal stent graft sizes were more likely to die from aortic 
rupture further supported this. Congruently, previous studies have shown in abdominal 
aortic aneurysm that patients with larger diameters have adverse early outcomes after 
EVAR.18 In ABAD patients presenting with larger diameters, aneurysm formation is more 
frequently present, and such condition might increase the risk for rupture in the acute 
phase, even after TEVAR. 
The early mortality rate in our study (12%) after TEVAR was similar to the range of rates 
reported in literature.5 The most important causes of in-hospital death, including multi-
organ failure, rupture, neurologic, visceral ischemia, and cardiac complications, were 
comparable with previous experience.4, 19

limitations 

A selection bias might be present, because patients were not prespecified within IRAD 
and at each participating center potential different boundaries for intervention might 
have been used. Patient factors beyond those recorded, may have contributed to treat-
ment decisions and resulted in this bias incompletely characterized by available data. 
The IRAD database is of retrospective observational nature and might therefore be 
subject to referral bias, because information about complications and cause of death 
might potentially reflect a different interpretation of the data to some extent.

ConClusIon

The extent of disease and complexity of the procedure, indicated by several patient- and 
TEVAR specific details, dictates adverse early outcomes in ABAD after TEVAR. Knowledge 
of those interventional details may be of importance in the perioperative assessment of 
patients presenting with ABAD. 
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ABsTRACT

objectives 
Optimal treatment of chronic type B aortic dissection (CBAD), whether open (open 
descending aortic repair, OAR) or endovascular (thoracic endovascular aortic repair, 
TEVAR), is controversial, suggesting a comparative analysis is warranted. 
Methods 
122 of 1049 patients (1993-2013) undergoing descending aortic repair required inter-
vention for CBAD 29.2±34.9 months after the initial acute event and formed the study 
cohort (mean age 59.7 years). Those with degenerated residual type A dissection were 
excluded (n=65). 88 had extent IIIB CBAD; 11 had intramural hematoma. Indications for 
surgery included aneurysmal degeneration (n=105), rupture (n=8), acute on chronic 
dissection (n=8) and extension of dissection (n=1). Open strategy included descending 
(n=71) and thoracoabdominal repair (n=19), with hypothermic circulatory arrest used 
in 70 patients. TEVAR was performed with (n=2) or without (n=30) visceral debranch-
ing. A treatment strategy propensity score incorporating time since initial acute event, 
CBAD extent, year of intervention, age, and selected comorbidities was constructed for 
multivariable analysis.
Results 
Early outcome included: 30-day mortality 4% (n=5), stroke 2% (n=2), permanent paraple-
gia 3% (n=4), renal failure requiring dialysis 7% (n=8, 5 temporary and 3 permanent) and 
tracheostomy 3% (n=4). Visceral aorta intervention (OR 3.5, p=0.026) and maximum aor-
tic diameter (OR 1.1, p=0.001), but not treatment type (p=0.64) independently predicted 
an early composite outcome comprised of these variables. 10-year survival was 56.2%. 
Baseline creatinine (HR 1.7, p<0.001) and peripheral vascular disease (HR 2.5, p=0.021), 
but not treatment type (p=0.225) predicted late mortality. 10-year freedom from aortic 
rupture/need for reintervention was 78.3%. Treatment efficacy was improved after OAR 
(3-year freedom 96.7% vs. TEVAR 87.5%, p=0.026), and this was confirmed after Cox 
regression (TEVAR, HR 4.6, p=0.046).
Conclusions 
Intervention for CBAD can be performed with excellent results, either by an open or 
endovascular approach. The higher rate of treatment failure after TEVAR warrants modi-
fication of current device design or endovascular approach before broad application of 
this treatment strategy. 
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InTRoDuCTIon

Advances in medical care have increased the number of patients surviving the acute 
phase of type B aortic dissection, forming a larger cohort presenting with chronic type 
B aortic dissection (CBAD). Despite optimal medical treatment, CBAD patients remain 
at high risk for secondary aorta-related events, including aneurysmal growth, acute on 
chronic dissection, and rupture, requiring subsequent intervention.1 Although thoracic 
endovascular aortic repair (TEVAR) appears to be the preferred treatment modality for 
complicated acute type B aortic dissection, its role remains controversial for CBAD man-
agement.2-4 The dissected aorta in CBAD patients is thought to have a small true lumen 
with a thick intimal flap, which may be less amenable to repair and reverse remodeling 
than the acutely dissected aorta with a more flexible intimal flap. Moreover, continued 
retrograde false lumen (FL) and aneurysm sac pressurization via fenestrations distal 
to implanted stent grafts suggests a mechanism of failure for endovascular therapy in 
patients with extensive aortic disease.5 
In contrast, the alternative treatment strategy of conventional open descending aortic 
repair (OAR) may be associated with increased early morbidity and recovery time when 
compared to TEVAR.6 Unlike TEVAR however, open surgery will effectively treat CBAD 
with only aorta at adjacent or remote sites subsequently remaining at risk for aneurysm 
formation. This comparative analysis of open and endovascular approaches for chronic 
de novo type B dissection attempts to determine the most suitable approach for those 
requiring intervention.

METHoDs

This single-center retrospective study has been approved by the Institutional Review 
Board of the University of Michigan Medical School (HUM00061722). 

Patient population

122 of 1049 patients (1993-2013) undergoing descending aortic repair required 
intervention for CBAD. CBAD was defined by the presence of dissection or intramural 
hematoma (IMH) distal to the left subclavian artery at a time >8 weeks beyond the initial 
acute event. The comparison between open and endovascular aortic repair for acute 
(0-2 weeks) and sub-acute (2-8 weeks) type B aortic dissection has been previously 
reported.7 The primary indications for surgery in CBAD included: 1) aortic enlargement 
(defined as maximum aortic diameter ≥55mm and/or rapid aortic enlargement [≥5 mm/
year], n=105), 2) clinical or radiological evidence of rupture (n=8), 3) acute on chronic 
dissection (n=8), and 4) distal extension of the initial dissection (n=1). Patients inter-
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vened upon for degenerated residual type A dissection of the descending aorta were 
excluded for analysis (n=65). Also patients with penetrating aortic ulcers as sole thoracic 
aortic pathology, without associated aortic dissection or IMH, were excluded.
Patients were selected either for OAR (n=90) or TEVAR (n=32) to manage their CBAD, and 
both procedures have been previously described by our group.8, 9 In the entire cohort, 88 
patients had DeBakey extent IIIB CBAD and 11 patients had IMH as primary thoracic aor-
tic pathology. The era of the procedure was divided into three time periods: 1993-April 
2005 (pre-TEVAR commercialization), May 2005-2008 (early commercial TEVAR experi-
ence), and 2009-2013 (late commercial TEVAR experience). As expected, with increasing 
experience, TEVAR was more frequently adopted in the later eras (Table I). 

Table I. Patient and Procedural Characteristics 

study cohort characteristics open repair (n=90) Endovascular (n=32) p value

Demographics

Age (years) 56.4±12.8 69.2±10.7 <0.001

Male 70 (77.8%) 15 (46.9%) 0.001

Caucasian 57 (63.3%) 25 (78.1%) 0.144

Comorbidities

Smoking history 56 (62.9%) 22 (71.0%) 0.419

Diabetes mellitus 8 (9.0%) 3 (9.4%) 0.948

Hypertension 81 (90.0%) 30 (93.8%) 0.525

Prior CVA 7 (7.9%) 1 (3.1%) 0.355

COPD 2 (2.2%) 8 (25.0%) <0.001

Connective tissue disorder 12 (13.3%) 1 (3.1%) 0.108

Prior AAA repair 4 (4.4%) 6 (18.8%) 0.011

Prior ascending repair 22 (24.4%) 3 (9.4%) 0.070

Prior aortic surgery 28 (31.1%) 11 (34.4%) 0.734

Prior myocardial infarction 4 (4.4%) 3 (9.4%) 0.310

Coronary artery disease 11 (12.2%) 8 (25.0%) 0.087

CABG 4 (4.4%) 1 (3.1%) 0.746

Preoperative creatinine (mg/dL) 1.2±0.4 1.3±1.2 0.795

Time between diagnosis and 
surgery (months) 

32.4±36.8 20.3±27.6 0.130

Aortic pathology extent

IMH only 2 (2.2%) 9 (28.1%) <0.001

Extent IIIB 75 (83.3%) 13 (40.6%) <0.001

Maximum aortic diameter (mm) 61.3±14.8 57.7±12.0 0.221

Extent repair

Arch involvement 65 (72.2%) 16 (50.0%) 0.022

Proximal descending 87 (96.7%) 27 (84.3%) 0.175
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Conduct of Thoracic Endovascular Aortic Repair

Preoperative imaging primarily consisted of a contrast enhanced dynamic computed 
tomography (CT) scan. Angiography and/or intravascular ultrasonography were supple-
mented at the discretion of the treating physician. Preoperative planning with 3D recon-
struction was used for adequate sizing and to assist in determining suitability for TEVAR. 
Besides the affected segment and proximal and distal landing zones, access vessels were 
also assessed. 
All TEVAR procedures were performed in a hybrid operating room and drainage of 
cerebrospinal fluid was used in cases of extensive aortic coverage (>20cm planned) or 
prior infrarenal aortic repair, as previously described.9 TEVAR was performed with (n=2) 
or without (n=30) adjunctive open visceral artery debranching. Access for TEVAR was 
generally accomplished through standard femoral access (n=30), except when retroperi-
toneal open iliac conduit (n=1) or internal endoconduit (n=1) approaches were required 
due to small, tortuous and/or calcified iliofemoral arteries. In this study the TAG (WL 
Gore & Associates, Flagstaff, AZ, n=27), TX2 (Cook Medical Inc, Bloomington, IN, n=4), 
and Talent (Medtronic Inc, Minneapolis, MN, n=1) stent grafts were used. Devices were 
10% oversized with respect to aortic diameter just proximal to the dissection to achieve 
an adequate seal. Technical success of TEVAR was defined as successful primary entry 
tear coverage without conversion to open surgery, and without type I or III endoleak. 

Distal descending 76 (84.4%) 26 (81.3%) 0.675

Total descending 74 (82.2%) 23 (71.9%) 0.213

Abdominal/visceral 20 (22.2%) 2 (6.3%) 0.044

Era of surgery

1993-April 2005 42 (95.5%) 2 (4.5%)

May 2005-2008 19 (73.1%) 7 (26.9%)

2009-2013 29 (55.8%) 23 (44.2%)

Procedural details

Lumbar drain 78 (98.7%) 27 (96.4%) 0.439

Bypass time (minutes; median, 
IQR)

224 (183-260)

Circulatory arrest 66 (75.0%)

Aortic cross clamping time 
(minutes; median, IQR)

75 (36-126)

Circulatory arrest time (minutes; 
median, IQR)

33 (27-39)

Hospital stay (days; median, IQR) 13.6 (8.0-21.0) 6.5 (4.0-10.0) <0.001

AAA, abdominal aortic aneurysm; CABG, coronary artery bypass graft; COPD, chronic obstructive pulmo-
nary disease; CVA, cerebrovascular accident; IMH, intramural hematoma; IQR, interquartile range. Data are 
presented as number (%) and continuous variables as mean±SD unless otherwise indicated. Valid percent-
ages are provided; missing data are not defaulted to be negative.
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Contrast-enhanced CT scans of the entire aorta were performed within the first month, 
at 6 and 12 months, and yearly thereafter if no specific contraindications were present. 
FL thrombosis status was determined on the last available follow-up CT scan, and also 
endoleaks at any time during follow-up were assessed. Filling of the FL via uncovered 
distal re-entry tears were not considered endoleaks. The extent of dissection was classi-
fied with 1) DeBakey type IIIA, extending above the celiac axis, and 2) DeBakey type IIIB, 
dissection extending into at least the visceral segment artery. 

Conduct of open Descending Aortic Repair

Typically, drainage of cerebrospinal fluid was established in cases of previous infrarenal 
aortic repair and/or extensive aortic coverage (n=78). Open strategy included descend-
ing (n=71) and thoracoabdominal repair (n=19), performed as detailed previously.8 
Operative procedures were conducted on left heart bypass (n=19), partial cardiopulmo-
nary bypass (n=1), or full cardiopulmonary bypass with deep hypothermic circulatory 
arrest (DHCA) (n=70) at the discretion of the surgeon. All patients underwent a left pos-
terolateral thoracotomy incision. Bypass time, aortic cross clamp time, and circulatory 
arrest time are listed in Table I. Aneurysmal dissected aorta was resected and replaced 
with interposition Dacron graft with re-implantation of intercostal and visceral branch 
vessels if indicated. 

outcome 

Primary outcome of this study was late mortality. Secondary outcomes included early 
mortality (defined as 30-day mortality or in-hospital mortality), CVA, permanent spinal 
cord ischemia (SCI), renal failure requiring dialysis, need for tracheostomy, and late treat-
ment failure (defined as aortic rupture or need for reintervention).

statistical Analysis

Data were analyzed with SPSS 21.0 (SPSS, Chicago, Ill). All data are expressed as mean±SD 
where applicable. Dichotomous variables were evaluated by  χ2  analysis, continuous 
variables by one-way analysis of variance. A propensity score for type of treatment was 
constructed from a binary logistic regression with age, year of intervention, time since 
initial acute event, and by aortic pathologic extent (CBAD extent, presence of IMH), and 
by selected comorbidities (connective tissue disorder, COPD, presence of CAD, prior AAA 
repair and arch repair). Multivariate models (binary logistic regression or Cox propor-
tional hazards analysis) were constructed by a forward conditional process to identify 
factors independently associated with each of the outcome variables, with inclusion of 
propensity score as covariate to account for treatment selection bias. Survival analysis 
was performed by Kaplan-Meier methods, with log-rank testing where applicable. All 
results with p<0.05 were considered statistically significant.
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REsulTs

Mean age of the cohort was 59.7±13.5 years (70% male). Median follow-up was 34.8 
months (interquartile range [IQR] 8.5-81.1 months). The endovascular group was identi-
fied as older, with more frequent COPD, prior AAA repair, and IMH, but less frequently 
male (all p<0.05). Time between initial acute event and intervention was higher for OAR 
(32.4±36.8 months vs. TEVAR, 20.3±27.6 months, p=0.130). Duration of hospitalization 
was significantly longer after OAR (13.6 days [IQR 8.0-21.0 days] vs. TEVAR 6.5 days [IQR 
4.0-10.0 days], p<0.001, Table I). Technical success for TEVAR was 100%. 

Early Results

Early mortality was seen in five patients (4.1%), all of whom underwent open repair. 
Causes of death included multi-organ failure after empyema of the left chest, infarc-
tion of left chest wall with multi-organ failure, retrograde type A aortic dissection, 
intraoperative fatal hemorrhage of the proximal anastomosis, and respiratory failure 
from intrapulmonary hemorrhage with multi-organ failure. Permanent SCI was not seen 
after TEVAR, but was identified in 4 patients after OAR. All 4 underwent total descending 
aortic resection, and 2 also had prior abdominal aortic resection. 3 of these patients 
with extent IIIB were already managed with spinal canal drainage. CVA was present in 1 
patient after OAR who suffered a large middle cerebral artery stroke. Despite adjunctive 
use of DHCA, the stroke was likely secondary to an embolic event. 1 patient suffered a 
left cortical stroke complicated by aphasia after TEVAR extending distal to the left sub-
clavian artery for a mid-thoracic aneurysm. Renal failure requiring dialysis was seen in 
7 patients of the OAR group and 1 of the TEVAR group. Permanent dialysis was required 
in 3 OAR patients; temporary dialysis in 4 OAR patients, and 1 TEVAR patient. Finally, 
prolonged ventilation as defined by the need for tracheostomy was identified in 4 OAR 
patients (Table II).  Early outcomes were comparable between the three different surgi-
cal eras (p=0.699). Total or distal descending aorta, and visceral aorta intervention were 
associated with adverse early outcomes (all p<0.05). Patients without use of DHCA were 
more likely to develop renal failure requiring dialysis (20.0% vs. 4.3%, p=0.041), likely 
attributable to concomitant visceral aorta intervention in these patients (75.0% vs. 7.1%, 
p<0.001).
A composite early outcome consisting of early mortality, and significant morbidity (CVA, 
SCI, need for dialysis and tracheostomy) was constructed for multivariable analysis. The 
composite outcome of these morbidities was independently predicted by maximum 
aortic diameter (OR 1.1, p=0.001) and visceral aorta intervention (OR 3.5, p=0.026) and 
was unchanged when treatment type (p=0.642) and propensity score (p=0.781) were 
added as covariates.
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late results

Crude mortality of the entire cohort was 26.2% (n=32). By Kaplan-Meier analysis, the 
estimated 15-year survival was 58.4%±6.7% (Figure 1). Stratifi ed by treatment algorithm, 
5-year survival was similar between groups (OAR 86.7% vs. TEVAR 78.1%, p=0.232, 
Figure 2). On univariate analysis, peripheral vascular disease (p=0.001), coronary artery 
disease (p=0.023), preoperative renal failure (p=0.005), baseline creatinine (p=0.003), and 
maximum aortic diameter (p=0.002) were all associated with late mortality. Cox regression 
analysis revealed that important predictors of late mortality for the entire cohort included 
peripheral vascular disease (HR 2.5, p=0.021) and baseline creatinine (HR 1.7, p<0.001), but 
not treatment strategy (p=0.225), even with adjustment for propensity score (p=0.660). 

Table II. Univariate Comparative Analysis for Early Outcomes

Early outcomes open repair (n=90) TEvAR or hybrid (n=32) p value

Early mortality 5 (5.6%) 0 (0%) 0.173

Cerebrovascular accident 1 (1.1%) 1 (3.1%) 0.457

Permanent spinal cord ischemia 4 (4.4%) 0 (0%) 0.572

Need for dialysis 7 (7.8%) 1 (3.1%) 0.361

Tracheostomy 4 (4.4%) 0 (0%) 0.225

Data are presented as number (%).

Figure 1
Kaplan-Meier analysis of the entire cohort estimates a 15-year survival of 58.4%±6.7%. Mean survival time 
for the entire cohort was 130±7.2 months. 
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Treatment efficacy was also evaluated; on univariate analysis, prior AAA repair 
(p=0.039) was associated with increased risk of aortic rupture or reintervention. 10-
year freedom from treatment failure was 78.3%±5.3% for the entire cohort (Figure 3). 
Stratified by therapeutic strategy, OAR was associated with higher 3-year treatment 
efficacy (96.7% vs. TEVAR 87.5%, p=0.026, Figure 4). Additionally, using Cox regression 
analysis, TEVAR (p=0.046) was an independent predictor of treatment failure, even 
when adjusted by propensity score. In the TEVAR cohort, FL thrombosis status on the 
last available follow-up CT scan included complete FL thrombosis (n=17, 53.1%), FL 
thrombosis only of the covered aortic segment with distal FL perfusion (n=8, 25.0%), 
partially thrombosed FL (n=4, 12.5%), and undefined FL thrombosis status (n=3, 
9.4%), because no postoperative CT imaging was available. Endoleaks were seen in 
13 patients after TEVAR (type I, n=2; type II, n=5; and type III, n=6). 4 of these patients 
required reintervention (type I, n=1; type III, n=3). Table III outlines the late treatment 
failures in the entire cohort.

Figure 2
Kaplan-Meier analysis stratifi ed by treatment approach reveals no survival diff erence at 5 years between 
the open repair (86.7%) and endovascular strategy (78.1%) groups (log-rank, p=0.232). 
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Figure 3
Actuarial analysis examining effi  cacy of treatment suggests that 10-year freedom from aortic rupture or 
need for reintervention for the entire cohort is 78.3±5.3%. Median freedom from treatment failure was 152 
months (95% CI: 139-164 months). 

Figure 4
A comparative analysis shows that at 3 years, the open repair group has a higher treatment effi  cacy (96.7% 
vs. endovascular 87.5%, p=0.026). Cox regression analysis showed that endovascular treatment strategy 
(p=0.046) independently predicted late treatment failure.
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DIsCussIon

Approximately 80% to 85% of patients presenting with acute type B aortic dissection 
are successfully treated in the acute phase with medical management alone.10 However, 
20% to 50% of these patients will eventually require intervention in the chronic phase, 
usually due to aneurysmal degeneration of the dissected aorta.1 Open surgery has been 

Table III. Late treatment failures

Original 
operation

Late aortic event Time to event 
(months)

Reintervention Outcome

1. OAR Acute type A dissection 36 OAR Alive at 167 
months

2. OAR TAAA 48 OAR Alive at 116 
months

3. TEVAR Junctional (type III) endoleak 8 TEVAR Deceased at 
34 months

4. OAR TAAA 63 OAR and TEVAR Deceased at 
74 months

5. OAR Aortobronchial fistula, infected 
thoracic graft

69 TEVAR Deceased at 
89 months

6. OAR Acute type A dissection 23 OAR Alive at 70 
months

7. OAR Ascending aortic aneurysm 61 OAR Alive at 65 
months

8. OAR Ascending aortic aneurysm 94 OAR Alive at 98 
months

9. OAR Aortic and left common iliac 
artery aneurysms

84 Endovascular 
aneurysm repair with 
aortouniiliac device 

Alive at 88 
months

8. OAR Aneurysmal growth of distal 
residual dissected aorta

52 TEVAR Deceased at 
68 months

9. OAR Renal artery stenosis following 
TAAA repair with bypasses to 
visceral and renal vessels

21 Endovascular renal 
artery stent placement

Alive at 70 
months

10. TEVAR Proximal type I endoleak with 
growing descending TAA

50 TEVAR Alive at 58 
months

11. TEVAR Type III endoleak with growing 
TAA

27 TEVAR Alive at 53 
months

12. TEVAR Type III endoleak 8 TEVAR Deceased at 
33 months

13. TEVAR Acute type A dissection 1 OAR Alive at 21 
months

OAR, open aortic repair; TAA, thoracic aortic aneurysm; TAAA, thoracoabdominal aortic aneurysm; TEVAR, 
thoracic endovascular aortic repair.
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traditionally treatment of choice for CBAD4, but TEVAR has evolved as important alterna-
tive for patients at high risk for open surgery or those with anatomically limited extent 
of dissection (e.g. DeBakey type IIIA).3, 5 Few studies have directly compared outcomes 
of open and endovascular strategies in CBAD.11 As the preferred approach remains 
controversial, we performed this comparative analysis to help determine the more suit-
able approach. In contrast to prior reports, our study excluded patients with residual 
distal dissection after prior type A dissection repair, because we believe it represents a 
different aortic pathology than CBAD, particularly when considering endovascular treat-
ment.3, 4 In this setting, the success of TEVAR relies on a stable proximal landing zone in 
the arch, which often does not exist in residual type A dissection due to the frequent 
presence of chronic arch dissection. 
Our study identified similar results between treatment strategies for the primary out-
come of late mortality, but late treatment failure was higher in the endovascular strategy 
group. Several unique difficulties arise in CBAD management that may account for this 
finding. First, the thicker less mobile intimal flap may prevent complete true lumen ex-
pansion and aortic remodeling in contrast to acute aortic dissection. Secondly, despite 
coverage of the primary entry tear with stent graft, distal re-entries might provide blood 
flow with subsequent FL pressurization and aneurysm formation. In-vitro, ex-vivo and 
computational fluid dynamics studies have been conducted to evaluate these factors, 
and future studies are warranted to further clarify this process.12 Typically in treating 
extensive thoracoabdominal dissection with TEVAR, we have seen FL thrombosis down 
to either the distal edge of the stent graft, or occasionally more distally to the next large 
branch vessel emanating from the FL. Given data from IRAD suggesting adverse effects 
on survival with partial FL thrombosis, it remains unclear whether this induced partial 
FL thrombosis with TEVAR will adversely affect survival in CBAD.13 Surprisingly, these 
concerns have not been validated in the INSTEAD trial even at late follow-up.14

In our study, failure of TEVAR was also affected by type I and III endoleaks (n=4) with 
persistent FL flow in the treated aortic segment. The ability to predict which patients 
will have inadequate sealing and subsequent persistent FL flow can be a result of he-
modynamic changes in the aorta during the cardiac cycle and aortic morphology, and 
should be taken into account when planning TEVAR. A larger maximum aortic diameter 
was also predictive for poor outcome, which suggests that CBAD patients at high risk 
for aortic enlargement may benefit from treatment at an earlier stage.1 Several clinical 
and radiological predictors have been identified to select patients at high risk for an-
eurysmal degeneration.1 These findings are further supported by favorable long-term 
results of TEVAR in addition to optimal medical management in patients with sub-acute 
to early CBAD.14 Besides timing and type of procedure, late results are also dependent 
on the extent of the procedure. In our series, aneurysmal degeneration of the untreated 
thoracoabdominal aorta was frequently seen for both approaches, which raises concern 
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that initial treatment should have been more aggressive. However, the decision to limit 
extent of aortic repair is based on a balance between risk for paraplegia, invasiveness of 
initial repair, and presence of comorbidities. Endovascular techniques where the intimal 
lamella is stabilized over the entire aortic length with use of bare stents (the PETTICOAT-
technique) might be beneficial in these patients.15 Finally, in the setting where visceral 
or renal vessels emanate from the FL, it is possible to have that end organ rendered 
relatively ischemic after FL exclusion. However, the anatomy that we have typically seen 
is a re-entry tear that exists at the site where the branch vessel likely originated from the 
intimal medial flap. This would be expected to allow adequate flow to that end organ 
with vascular supply off the FL. Indeed in our series, no patient who had TEVAR for CBAD 
required subsequent flap fenestration to ensure adequate blood flow to the end organ 
emanating from the FL.
An important difference between open and endovascular approaches is that with resec-
tion of the dissected aneurysmal segment during open repair, rupture risk of that seg-
ment is eliminated. Because of uncertainties described here, we continue to advocate 
for open repair in CBAD for appropriate surgical candidates, and believe this to be the 
first line approach for extensive type IIIB CBAD.  Factors we use to suggest TEVAR as first 
option include: 1) inability to tolerate open repair; 2) chronic type IIIA dissection; 3) pure 
IMH, or IMH with FL flow confined to the thoracic aorta; or finally 4) extensive type IIIB 
CBAD with visceral, renal and limb vessels emanating from the true lumen. 
Certain limitations are present in this study. First, this is a retrospective study limited 
by sampling bias and size. Second, there is an obvious selection bias with respect to 
treatment strategy, with patients generally undergoing TEVAR considered unsuitable for 
conventional open repair. We attempted to account for this with use of multivariable 
analysis adjusted by a treatment strategy propensity score derived from multiple preop-
erative comorbidities thought to be either clinically important in treatment allocation, 
or significantly different between treatment types, and also included procedure era, and 
time of intervention since the initial acute event. Despite these limitations, we believe 
that this study provides a unique comparative evaluation in which results were similar for 
the primary outcome of late mortality. However, to completely assess these differences 
a randomized controlled trial is needed, but given the infrequency of CBAD, this would 
likely require multi-institutional evaluation, and will be challenging to accomplish. 

ConClusIons

Intervention for CBAD can be performed with excellent results, either by an open or 
endovascular approach. The higher rate of treatment failure after TEVAR warrants modi-
fication of current device design or endovascular approach before broad application 
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of this treatment strategy. TEVAR does appear to be a suitable less invasive option, and 
CBAD patients at high risk for open surgery or those with favorable anatomic character-
istics may benefit from an endovascular approach. 
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ABsTRACT

In the past decade, thoracic endovascular aneurysm repair (TEVAR) has become the pri-
mary treatment option in descending aneurysm and dissection. The clinical outcome of 
this minimally invasive technique is strictly related to an appropriate patient/stent graft 
selection, hemodynamic interactions and operator skills. In this context, a quantitative 
assessment of the biomechanical stress induced in the aortic wall due to the stent graft 
may support the planning of the procedure. Different techniques of medical imaging, 
like computed tomography or magnetic resonance imaging, can be used to evaluate 
dynamics in the thoracic aorta. Such information can also be combined with dedicated 
patient-specific computer-based simulations, to provide a further insight into the bio-
mechanical aspects. In clinical practice, computational analysis might show the devel-
opment of aortic disease, like the aortic wall segments which experience higher stress 
where rupture and dissection may occur. In aortic dissections, the aortic tear is usually 
located at the level of the sino-tubular junction and/or at the origin of the left subcla-
vian artery. Besides, computational models may potentially be used preoperatively, to 
predict stent graft behavior, virtually testing the optimal stent graft sizing, deployment 
and conformability, in order to provide the best endovascular treatment. The present 
study reviews the current literature regarding the use of computational tools for TEVAR 
biomechanics, highlighting their potential clinical applications.
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InTRoDuCTIon

In recent years, thoracic endovascular aortic repair (TEVAR) has become a widespread 
treatment option for thoracic aortic diseases. Compared to open surgery, endovascular 
repair offers a less invasive approach and its increased availability and applicability has 
changed the treatment algorithm.1, 2 More than in open surgical repair, the outcome of 
the endovascular procedure relies on the biomechanical properties of the aortic wall 
and stent graft.  During the cardiac cycle, the force - expressed in Newton (N) by the 
International System of Units (SI) - acting on the aortic wall is generated by the pulsatil-
ity of the aorta and its side branches, and by the heartbeat dependent out of plane 
movement. The pulsatility in the thoracic aorta varies between the different segments, 
being higher in the ascending aorta compared to the descending or abdominal aorta, 
as well as it varies between individual patients.3-5 The wide range of change in aortic 
diameter during the cardiac cycle may increase the risk for complications after stent 
graft placement, such as endoleak or graft migration (Figure 1A and 1B).4, 6  After deploy-

	  

	  

Figure 1A
The three measured aortic levels with a central lumen line. Level A: 
5 mm distal to the coronary arteries; B: 5 mm proximal to the innomi-
nate artery; C: halfway up the ascending aorta. Figure reproduced with 
permission of the Journal of Endovascular Therapy (© 2007), provided 
by Copyright Clearance Center. International Society of Endovascular 
Specialists. Adapted from van Prehn et al.5

Figure 1B
The mean percentage of the maximum diameter change is shown at the 3 different levels. The maximum 
diameter change at all levels is significant, where also level A differs significantly from B and C. Figure 
reproduced with permission of the Journal of Endovascular Therapy (© 2007), provided by Copyright 
Clearance Center. International Society of Endovascular Specialists. Adapted from van Prehn et al.5



98

CHAPTER 6

ment of the stent graft, aortic distension is preserved during the cardiac cycle, which 
may play an important role as repeated stress - expressed in Pascal (Pa = N per m2) by the 
SI - on the stent graft can lead to stent graft fracture or collapse.7 To prevent these com-
plications, it is important to better understand the forces that contribute to the failure 
of TEVAR: radial, displacement and fixation forces. Radial force is achieved by relatively 
oversizing the stent graft compared to the aortic diameter. A larger radial force will be 
obtained when larger oversizing is used, while excessive oversizing can lead to stent 
graft collapse.8 Displacement force (or drag force) can be defined as the net force due to 
the action of different stresses that tends to induce stent graft migration. This force is the 
amount of force required to displace the stent graft, which is determined by stent graft 
geometry, aortic anatomy and the hemodynamic condition of the patient.9 The fixation 
force can be defined as the resultant or reaction force that counters the so-called dis-
placement force. The combination of such forces will balance the stent graft fixation to 
the aortic wall, which depends on the aortic morphology (e.g., length of proximal and 
distal landing zone and the condition of the vessel wall) and the mechanical properties 
of the stent graft (e.g., the radial force, presence of barbs and hooks and the structural 
rigidity).10 Dissection tears or rupture may develop due to a location of high stress in the 
aortic wall, which can be a result of different parameters, such as presence of curvature, 
decreased wall thickness or resistance and increase in radius, longitudinal stretch and/
or blood pressure. Aortic curvature is physiologically located at the level of the left 
hemi-arch, which represents a challenging aortic segment to treat with TEVAR. At this 
level, presence of concomitant pathological conditions, such as plaques, thrombus, dis-
sections or aneurysms may further complicate a safe endovascular treatment (Figure 2A 
and 2B).
Routinely available imaging techniques, such as computed tomography (CT) and 
magnetic resonance imaging (MRI), provide detailed information about the aortic 
morphology, like angulation, diameter and length of sealing and fixation zones, which 
are all characteristics that highly influence the stent graft selection and sizing. However, 
the forces working on the aortic wall and stent graft cannot be measured with these 
imaging modalities. Computational modeling has been developed to assess aortic 
hemodynamic analysis to calculate these forces, which should be taken into account 
when choosing or designing aortic stent grafts. In this review we report the up-to-date 
knowledge regarding the contemporary role of computational modeling in thoracic 
aortic disease, especially for TEVAR, describing the advances in medical imaging, the 
different components of computational analysis, integration in imaging techniques and 
future perspectives. 
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Advances in Medical Imaging 

Vascular medical imaging has recently evolved with the development of new imaging 
modalities, which consider the infl uence of aortic hemodynamics.
Electrocardiographic gated (ECG gated) CT allows studying the pulsatility of the aorta 
and stent graft during the cardiac cycle. To obtain this kind of images it is mandatory 
to use a scan with an ECG-synchronization from 16 to 256 slices. More detectors (slices) 
result in a reduction of the temporal resolution and, at the same time, a reduction of 
radiation exposure and contrast materials administration.11, 12 Moreover, iterative recon-
struction (IR) algorithms for CT were introduced by all major vendors. These algorithms 
are noise-reducing methods, aimed at either improving image quality using constant 

	  

	  

Figure 2A
CT-scan showing an aortic dissec-
tion and aortic rupture.

Figure 2B
CT-scan showing an aortic dissection with in-
volvement of the left subclavian artery and an 
aortic aneurysm.
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CT radiation dose or at lowering the radiation dose without impairing image quality.13 
Dual-energy CT (DECT) imaging discriminates materials based on their varying interac-
tions with photons of different X-ray energies. In the next future, this technique could 
be further applied into clinical practice for evaluation of the aorta.14 Actually, a robust 
computational model can be build using 256 multi-detector CT with a spatial resolution 
≤ 1 mm and a minimum temporal resolution of 8 phases per cardiac cycle.
ECG gated MRI is a technique commonly used in cardiac examination and could be used 
to evaluate the aortic motion with steady-state free precession sequences, also called 
cine bright-blood in several spatial planes. A second dynamic application of MRI is the 
flow study with phase contrast sequence to evaluate with thought-plane sequences the 
peak velocity, the forward and reverse flow and to visualize flow with in-plane sequences. 
Today, to study aortic diseases, the standard of care is a 1.5 Tesla (T) scan and the new 
scanners will probably increase the quality images of MRI.15 Several new applications 
will be ready in the next years with new sequences and new scans. An example of a new 
sequence is four-dimensional phase contrast MRI (4D PC-MRI), an emerging tool for the 
comprehensive evaluation of cardiovascular hemodynamics with full volumetric cover-
age.16 The requisite for building an advanced computational model should minimally 
include a 1.5 - 3 T MRI with a gradient amplitude of 80 mT/m (milliTesla/meter) and a 
slew rate gradient of 200 mT/m/ms. 

Computational Analysis 

The introduction of new technologies for treating aortic diseases with endovascular 
management has resulted in a number of specific issues, ranging from the pre-operative 
phase, (i.e., a proper patient and stent graft selection), to the post-operative phase 
(i.e., quantitative evaluation of the stent graft performance). Moreover, the significant 
deviation of pathological aortic anatomy from the healthy (standard) condition calls 
for patient tailoring of both stent graft design and procedural approach. A successful 
approach to this complex scenario should consider a real integration of knowledge from 
different scientific fields, i.e., mechanical engineering, informatics, medicine and more. 
In this context, computational biomechanics can play a significant role, as support to 
the preoperative planning through their dedicated computer-based simulations. These 
might be represented by the approximate resolution of a set of differential equations 
(e.g., incompressible Navier-Stokes), modeling a physical phenomena (e.g., blood fluid 
dynamics), in a specific discretized domain, called mesh (e.g., a vessel-like geometry). 
In addition, this approach is aimed at assessing the variation in space and time of pri-
mary physiological variables (e.g., blood pressure and velocity). Thanks to the impressive 
technological developments in medical imaging and parallel computing, it is possible 
to perform complex simulations, embedding patient-specific modeling, potentially 
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compatible with the clinical decision-making process.17 Such a method consists of three 
main steps of simulation: 1) pre-processing; 2) solution; 3) post-processing.

Pre-processing: from Medical Images to Patient-specific vascular Model 

The first step of the simulation set-up involves the creation of mesh, resembling the real 
physical domain (Figure 3).18 In the specific case of the thoracic aorta, the mesh genera-
tion process is not trivial because of its geometrical complexity (aortic arch curvature, 
branch splitting, etc.). Many dedicated tools (ITK-SNAP, 3D Slicer, Osirix, VMTK) are cur-
rently available to semi-automatically segment medical images datasets, acquired by CT 
or MRI, and create 3D vascular models, which can be further elaborated for the specific 
analysis purposes.19 Besides the geometrical modeling, the pre-processing has the goal 
to extract preoperative physiological data to be used as analysis for boundary condi-
tions. For instance, cine phase contrast MRI is adopted to compute inlet/outlet blood 
velocity profiles.18 Doppler ultrasonography may obtain such information, although 
this technique cannot provide a velocity map because of arbitrarily oriented anatomic 
information.

solution

The geometrical model and the boundary conditions should be consistent with the 
adopted solver technique, which computes the desired variables. Different numerical 
techniques are available: the selection of the computational methodology and of the 
related solver strictly depends by the type of problem under investigation. In cases in-
volving the thoracic aorta, the following methodologies are currently under evaluation: 

	  Figure 3
Aortic morphology reconstruction before and after TEVAR as a treatment for chronic type B dissection (left). 
Native mesh (right).
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Structural finite element analysis (FEA) is a numerical technique usually adopted in car-
diovascular biomechanics to perform a virtual mechanical test for stent graft design or 
to evaluate the mechanics of implant performance with respect to the hosting biologi-
cal environment (Figure 4). Although structural FEA has been extensively used to inves-
tigate different aspects of coronary stenting or peripheral stenting20-25 very few studies 
address the structural behavior of aorta/graft interaction.9, 26, 27 In particular, de Bock 
et al virtually deployed a bifurcated stent graft in an abdominal aortic aneurysm (AAA) 
model, using FEA, validating the simulation outcomes with respect to in vitro placement 
of the device in a silicone mock aneurysm.27 While in a more recent work, Auricchio et 
al compared the results of patient-specific FEA of ascending aorta endografting with 
post-operative images.26 Actually, only Figueroa et al have addressed the 3D pulsatile 
displacement forces acting on thoracic stent grafts using 3D computational techniques, 
combining computational fluid dynamics (CFD) and structural modeling.9 Nevertheless, 
the rapid extension of endovascular treatment of the thoracic aorta, might increase FEA 
studies in this field, supporting both the design of novel dedicated stent grafts or even 
to support pre-operative planning. The main limitation of these studies relies on the 
assumptions regarding the arterial wall. The easiest choice is to assume the vessel wall 
as a rigid surface, which is reasonable for specific purposes and conditions, however it is 
a strong simplification of a complex problem. In fact, modeling of the aortic wall, espe-
cially regarding pathological conditions, like aortic aneurysm or dissection, is extremely 

	  Figure 4
Finite element analysis, post thoracic endovascular aortic repair (TEVAR) for treatment of ascending pseu-
do-aneurysm. Adapted from Auricchio et al.26
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challenging because the wall is inhomogeneous (healthy tissue plus diseased tissue 
plus thrombus). The standard approaches to calculate pre-stress are not so straight-
forward, neither is the assessment and assignment of material parameters related to 
phenomenological constitutive models.28-30 A new input towards the identifi cation of 
patient-specifi c modeling of the aortic wall is the mechanical response, which can be 
derived from the analysis of 4D images, where the spatial information is coupled with 
the changes induced by the cardiac cycle, as proposed by Tierney et al in a recent study.31 
Computational fl uid dynamics (CFD) is a numerical technique usually adopted in cardio-
vascular biomechanics to assess the hemodynamic conditions of a vessel segment (Figure 
5).18 An increasing number of studies regarding post-operative TEVAR hemodynamics are 
available in the literature.10, 32-37 Lam and colleagues in 2008 computed through CFD the 
drag force acting on a stent graft.32, 34, 35 Using the information obtained from CT imaging, 
they tailored an idealized model of the aorta and the implanted graft to a specifi c patient 
case, in order to investigate the impact of the stent graft apposition on the displacement 
force acting on the stent graft. Figueroa et al in 2009 assessed the displacement forces act-
ing on thoracic stent grafts using CFD, proving that computational methods can enhance 
the understanding of the magnitude and orientation of the loads experienced in vivo by 
thoracic aortic stent grafts and therefore improve their design and performance (Figure 6).9 
In a similar manner, in 2011 Prasad et al evaluated through computer-based simulations, 
the biomechanical and hemodynamic forces acting on the intermodular junctions of a 
multi-component thoracic stent graft, focusing on the development of type III endoleak 
due to disconnection of stent graft segments.36 Although the vessel wall displacement, 
calculated from the analysis of 4D images, can be imposed as a time-dependent boundary 

	  

Figure 5
TEVAR for an aneurysm rupture at 
the isthmic region. a: Intra-operative 
angiography; b: Post-operative CTA 
with stent grafting of the aortic 
arch; c: CFD; d: Vector-fi eld analysis. 
Figure reproduced with permission 
of Springer, provided by Copyright 
Clearance Center. Adapted from 
Midulla et al.18
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condition, in CFD the vessel wall is basically assumed rigid, neglecting the mutual interac-
tion between the vascular wall and the pulsatile action of the blood.38

It is worth noting that, as already reported, the simulation outcomes are strictly related 
to the assumed boundary conditions, with flow area at the inlet and pressure at the 
outlets.39, 40  
Most of cardiovascular phenomena and mechanisms rely on a close and mutual interac-
tion between the blood and the vessel, for instance the dissection flap floating due to 
the action of blood flow. Consequently, many biomechanical analyses regarding the 
cardiovascular biomechanics are based on fluid-structure interaction (FSI), which is the 
generic name referring to a family of numerical techniques aimed at solving the coupled 
problem given by interaction between a deformable solid body (e.g., the vessel wall) 
and a fluid (e.g., blood). FSI has been widely used to investigate the aortic biomechanics, 
however, due to the involved modeling complexity, no studies have already addressed 
the thoracic stent grafting.41, 42 Some authors idealized the mechanical response of the 
stent graft deployed in an abdominal aneurysm, reconstructed from CTA, within FSI.43, 44

	  Figure 6
Mid-descending thoracic aortic endograft in anterior, lateral, and axial views showing the vector (arrow) of 
the displacement force (DF). Mean value of the DF vector, its sideways and axial components, and temporal 
variation over the cardiac cycle are given below. Note that the axial DF vector is in the cranial rather than the 
caudal direction. The DF magnitude changes over the cardiac cycle, varying from 16.7 Newton (N) in diasto-
le and 27.8 N at peak systole. Figure reproduced with permission of the Journal of Endovascular Therapy (© 
2009), provided by Copyright Clearance Center. International Society of Endovascular Specialists. Adapted 
from Figueroa et al.9
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Post-processing: from numerical outputs to Clinical Relevant Information

Numerical simulations produce a huge amount of data, which should be properly 
elaborated to provide few significant indices, resuming clinical relevant information. While 
stress distribution along the vessel wall is usually obtained from FEA or FSI analyses, many 
sophisticated hemodynamic indices are currently available with different purposes: for 
example, the calculation of the helicity coefficient of the aortic flow, computed from 4D 
MRI, suggests that aortic helical flow might be caused by natural optimization of fluid 
transport processes in the cardiovascular system, aimed at obtaining efficient perfusion.45, 

46 Morbiducci et al studied the hemodynamics in the aorta in 5 healthy volunteers. They 
used 4D PC MRI in combination with computational analysis of advanced fluid dynamics.46 
These algorithms enabled to construct a 4D representation to visualize the aortic heli-
cal flow, which is a result of the alignment of velocity and vorticity (Figure 7).46 The main 
findings in literature of the three different numerical techniques (FEA, CFD and FSI) are 
demonstrated in Table 1.

	  

Figure 7
Evolution of the helical flow in the 5 different 
aortas (two different views). The flow in A and E 
has a helical structure and the flow in B, C and D 
has a bi-helical structure. Figure reproduced with 
permission of Springer, provided by Copyright 
Clearance Center. Adapted from Morbiducci et 
al.46
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Computational Analysis Integrated in Imaging Modalities

Different computational analysis models have been used for hemodynamic aortic analy-
sis; it has been used especially to create simulations of the blood flow in the abdominal 
aorta before and after stent graft placement.47, 48 Frydrychowicz et al stated the potential 
of 4D PC-MRI, in which computational analysis can be easily integrated using the steps 
of simulation of pre-processing, solution and post-processing.49 4D PC-MRI includes 
velocity in three directions encoding in 3D imaging over time, with the potential to 
extensively analyze human physiologic hemodynamics in vivo. 4D PC-MRI is used espe-
cially in organ hemodynamics where complex flows are present, like in cardiovascular 
disease and neurovascular imaging. Because of lack of ionizing radiation, MRI can be 
widely used, although at present it is only available in some specialized centers. Due 
to the relative short acquisition time of this new imaging modality, it can be adopted 

Table I. Main Findings and References for the Three Numerical Techniques: FEA, CFD and FSI.

Main findings References

FEA Validation of bifurcated stent graft deployment in 
AAA with an in vitro model

Comparison of patient-specific FEA with post-
operative images after TEVAR

Assessment of 3D pulsatile displacement forces 
acting on thoracic stent grafts

De Bock, 2012 27

Auricchio, 2013 26

Figueroa, 2009 9

CFD Assessment of the hemodynamic conditions of a 
vessel segment

Assessment of the hemodynamics of the aorta after 
TEVAR 

Estimation of the displacement forces acting on 
thoracic stent graft (measured using CTA)

4D representation to visualize the aortic helical flow

Midulla, 2012 18

Figueroa, 2011 10; Fung, 2008 
32; Gallo, 2012 33; Lam, 2007 34; 
Lam, 2008 35; Prasad, 2011 36; Tse, 
2011 37

Figueroa, 2009 9; Fung, 2008 
32; Lam, 2007 34; Lam, 2008 35; 
Prasad, 2011 36 

Morbiducci, 2011 46

FsI Aortic blood flow simulations

Assessment of the mechanical response of the stent 
graft in AAA reconstructed from CTA 

Bazilevs, 2006 41; Crosetto, 2011 
42 

Li, 2006 43; Molony, 2010 44

Used abbreviations: AAA = Abdominal Aortic Aneurysm, CFD = Computational Fluid Dynamics, CTA = 
Computed Tomography Angiography, FEA = Finite Element Analysis, FSI = Fluid Structure Interaction, 
TEVAR = Thoracic Endovascular Aortic Repair
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in the clinical practice to evaluate most patients and disease related questions.49 4D 
PC-MRI offers a large amount of information, enabling the measurement of different 
parameters, such as pulse wave velocity (PWV), the speed at which the pulse wave 
travels through the vessel or particular system, and estimates of wall shear stress (WSS), 
which is the frictional force created by the circulating blood (Figure 8).49 Another recent 
study reported the combined information of CFD and MRI for functional analysis of the 
thoracic aorta after stent graft implantation, showing the usefulness of the technique 
by visualization patient-specific aortic hemodynamics with the blood flow pattern and 
local pathologic changes.18

Through computational modeling, complications after stent graft placement might 
be detected, as already has been shown for endovascular abdominal aneurysm repair 
(EVAR).47, 48

Future Perspectives and Conclusions

Currently, stent graft sizing is performed using static CT or MRI imaging. In order to 
improve endovascular treatment decision-making and outcome, three-dimensional 
volumetric analysis during the cardiac cycle is needed. Computational modeling is still 
in the experimental phase but it gradually provides insight in the causative mechanisms 
of stent graft complications and the forces experienced in vivo by thoracic aortic stent 
grafts. A better understanding of this process may lead to change in stent graft design, 
with the aim to increase their performance. In the future, 3D computational models, 
simulating the in vivo environment, may be used in daily practice to test endovascular 
stent graft behavior, both preoperatively, and during follow-up.50

Computational analysis for thoracic aortic disease is a promising method to study the 
hemodynamics, with different possible clinical applications. Pre-operative measure-

	  Figure 8
Wall shear stress (WSS) is calculated from the 4D PC-MRI data. Figure reproduced with permission of 
Elsevier, provided by Copyright Clearance Center. Adapted from Frydrychowicz et al. 49



108

CHAPTER 6

ments regarding the inflow rate and flow split along the aortic branches can be retrieved 
from echocardiographic images or echo-Doppler measurements. Such measurements 
can be used as boundary conditions for the fluid dynamics analysis. Similarly, the post-
operative and follow-up flow rate and flow split can be used for validation purposes. 
Computational analysis can complement MRI or CT imaging, providing hemodynamic 
parameters and mechanical forces that are not available in routine clinical imaging. In 
addition, computational analysis might simulate virtual treatment pre-operatively in 
order to predict the outcome of TEVAR. The computational models need to be validated 
and more refined before they can be fully implemented into clinical practice, but the 
outlooks are promising.
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ABsTRACT

Dynamic aortic evaluation in planning thoracic endovascular aortic repair (TEVAR) is 
important to provide optimal stent graft sizing. Static imaging protocols do not con-
sider normal aortic dynamics and may lead to stent graft to aorta mismatch, causing 
stent graft related complications, such as type I endoleak and stent graft migration. 
Dynamic imaging can assist in accurate stent graft selection and sizing preoperatively, 
and evaluate stent graft performance during follow-up. To create new imaging tech-
nologies, integration of knowledge between diverse scientific fields is essential (i.e., 
engineering, informatics and medicine). Different dynamic imaging modalities, such 
as electrocardiographic gated CT angiography (ECG-gated CTA) and four-dimensional 
phase-contrast MRI (4D PC-MRI), are progressively investigated and implemented into 
clinical practice as important instruments in preoperative planning for TEVAR. In time, 
further application of dynamic imaging tools for preoperative screening and follow-up 
after TEVAR might lead to a better outcome for the patient. The advances in dynamic 
imaging for evaluation of the thoracic aorta with new imaging modalities and their 
future perspectives are addressed in this manuscript.
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InTRoDuCTIon

The biomechanics in the thoracic aorta play an essential role in the endovascular treat-
ment of the aortic arch and its side branches. The pulsatility of the aorta and its side 
branches during the cardiac cycle, the heartbeat dependent out of plane movement of 
the aorta and other morphologic factors might all be of influence on the endovascular 
treatment for thoracic aortic pathology.1 When patients affected by thoracic aortic 
diseases are selected for thoracic endovascular aortic repair (TEVAR), preoperative as-
sessment of aortic morphology is essential. In particular, the aortic arch angulation and 
the proximal and distal landing zones are important in order to obtain an optimal result. 
Adequate sizing in type B dissection patients is challenging, because the actual size of 
the affected true lumen is unknown and the aortic wall is expected to be more fragile 
than in aortic aneurysm patients. Besides, a stent graft in an aortic dissection patient 
will have most likely sealing over the entire length, while in an aneurysm the stent graft 
has only proximal and distal sealing and fixation zones. Therefore, moderate stent graft 
oversizing, less radial force of the stent graft and the absence of anchoring pins should 
be considered when planning TEVAR for type B dissection.
Computed tomography angiography (CTA) is most commonly used to analyze the aorta 
and the surrounding structures, while magnetic resonance angiography (MRA) is usually 
adopted as second choice. Generally, using CTA, static images are acquired, and these 
images have been obtained at any arbitrary point during the cardiac cycle (during di-
astole, during systole or in between). Dynamic electrocardiographic gated (ECG-gated) 
CTA, MRA and ultrasonography imaging have demonstrated significant changes of the 
dimensions of the aorta during the cardiac cycle.2, 3 Irrespective of the imaging modali-
ties, static imaging protocols do not take normal aortic dynamics into account and may 
subsequently lead to incorrect measurements. Guidelines state that a stent graft should 
be 10-20% oversized in comparison to the aortic diameter.4 However, a maximum aortic 
difference in pulsatility has been reported around 18% in the ascending and descend-
ing thoracic aorta5, 6 (Figure 1, 2), and therefore the usage of static imaging for TEVAR 
planning can lead to relative undersizing of the stent graft, which might be the reason 
for common stent graft related complications, such as migration and endoleak type I.1, 

3 It has been demonstrated that the distensibility of the thoracic aorta is maintained 
after TEVAR, which makes adequate sizing even more essential.7 The integration of 
dynamic imaging into clinical practice, as a standard approach, can lead to better stent 
graft sizing and subsequently an improved outcome.8 Additionally, it can give insight in 
the causative mechanisms for stent graft related complications and improve stent graft 
performance. 
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Advances in medical imaging

Over the past two decades, vascular medical imaging has seen a huge development 
with the introduction of new imaging modalities, which consider the aortic hemody-
namics. ECG-gated CT and ECG-gated MRI both permit to study pulsatility of the aorta 
and surrounding tissue during the cardiac cycle, and give insight in aortic morphologic 
changes.

ECG-gated CT and Dual-energy CT
ECG-gated CT permits studying the pulsatility of the aorta and stent graft, by obtain-
ing images at different time points during the cardiac cycle. ECG synchronization with 
a 16 to 256 slices CT scanner is mandatory for such scans, while more slices result in 

1.960.7 mm (range 0.9–3.7) and at Q (n511)
1.860.7 mm (range 0.8–3.5). COM displace-
ment of the left carotid artery at P (n511) was
2.460.6 mm (range 1.4–3.3) and at Q (n59)
1.8 mm (range 0.8–2.7). COM displacement of
the left subclavian artery at level P (n511) was
1.960.6 mm (range 0.8 –2.8) and Q (n510)
1.960.6 mm (range 1.1–3.4). The intraobser-
ver repeatability coefficient was 0.25 mm for
maximum COM displacement, and the in-
terobserver repeatability coefficient was

0.47 mm, indicating no significant differences
between the observers.

Length Measurements

Length measurement was possible in 14
patients (Table 3); the scan in 1 patient was
not proximal enough to determine the
branching of the great vessels. Five patients
had a bovine arch. Mean distance from level
A to level B was 5867.6 mm (n514; range 43–

Figure 2¤ (A) The mean percentage of maximum diameter change is shown at each of the 3
measured levels. Maximum diameter change at all levels is significant (*p,0.001). Level A
differs significantly from B and C ({p50.02). (B) Scatter plot showing mean of paired
measurements plotted against difference of maximum diameter change. SD: standard
deviation. The intraobserver variability is shown. The mean difference is close to zero, and the
limits of agreement (6 2SD) are acceptable.
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fenestrated devices were selected for analy-
sis. These anatomical levels were (A) 5 mm
distal to the coronary arteries, (B) 5 mm proxi-
mal to the innominate artery, and (C) halfway
up the ascending aorta (Fig. 1A).

Analysis of the dynamic scans was per-
formed using Dynamix automated segmenta-
tion and measurement software (Image
Sciences Institute, Utrecht, The Netherlands).
Two blinded observers independently re-
viewed all automated segmentations and
made adjustments as necessary (Fig. 1B).
Areas and minimum/maximum diameters at
256 axes equally spaced along and through
the center of mass of the aortic lumen were
calculated during cardiac cycles as described
elsewhere.18 The pulsatility was calculated as
the largest difference in both area and di-
ameter.18 Significance was analyzed using
the paired Student t test. The results were
validated by calculating the intra- and in-

terobserver variability coefficient according to
the method of Bland and Altman.19 COM
movement at each predetermined level was
calculated and presented as maximal COM
displacement. Additionally, COM movement
was determined 1 cm (P) and 2 cm (Q) distal
from the origins of the innominate, left
carotid, and left subclavian arteries (Fig. 1C).

Utilizing the composite sum average of the
ECG 8-gated datasets, the central lumen line
from the aortic valve to the descending aorta
was manually determined (Easy Vision Work-
station, Philips Medical Systems).20 Axial
reconstructions perpendicular to this line
made it possible to determine central lumen
line distances between fixed anatomical land-
marks, including 5 mm distal to the coronary
arteries (A), 5 mm proximal to the innominate
artery (B), and proximal and distal to the
origin of the innominate, carotid, and sub-
clavian arteries.

Figure 1¤ (A) Diagram showing the 3 measured aortic levels with central lumen line. Level
A: 5 mm distal to the coronary arteries, B: 5 mm proximal to the innominate artery, and C:
halfway up the ascending aorta. (B) CTA of the aortic lumen before (B1) and after (B2)
automated segmentation. Software measures diameter and area changes as well as COM
movement on the basis of these segmentations (red). (C) CTA of the aortic arch showing, from
left to right, the innominate, left carotid, and left subclavian arteries. COM movement is
measured 1 (P) and 2 (Q) cm distal to the origins of these arteries.

J ENDOVASC THER
2007;14:551–560
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Figure 1
A: Diagram showing the 3 measured aortic levels with central lumen line. Level A: 5 mm distal to the coro-
nary arteries, B: 5 mm proximal to the innominate artery, and C: halfway up the ascending aorta.
B: The mean percentage of maximum diameter change is shown at each of the 3 measured levels. Maximum 
diameter change at all levels is significant (*p<0.001). Level A differs significantly from B and C (†p=0.02). 
Adapted from van Prehn et al with permission of the Journal of Endovascular Therapy.6
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analyse repeatability and to compare measurements
by two observers.

Results

Image acquisition was accomplished successfully in
all ten patients with image quality considered ex-
cellent in all. Minor adjustments were occasionally

required, typically in less than 25% of the images
when sidebranches off the aorta or significant calcifi-
cation were present. The results are summarized in
Table 1.

Aortic diameter

Themaximum aortic diameter demonstrated consider-
able variation during the heart cycle of approximately
10% at each anatomic level ( p< 0.05). Level A demon-
strated a mean maximum diameter change of 9.6%
(range 6.2% e 12.5%, SD 2.0); Level B 10.0% (range
8.0% e 12.3%, SD 1.4); Level C 11.6% (range 7.1% e
17.8%, SD 3.5); and Level D 10.6% (range 8.3% e
13.2%, SD 1.7) (Fig. 3). This corresponded to absolute
changes of 2.7 mm (range 1.8 mm e 3.4 mm, SD 0.5)
at Level A, 2.8 mm (range 2.2 mm e 3.6 mm,
SD 0.5) at Level B, 3.1 mm (range 2.1 mme 5.1 mm, SD
1.0) at LevelC, and2.6 mm(range 2.0 mme 3.2 mm, SD
0.4) at Level D. The mean maximum diameter
interobserver repeatibility coefficientwas 1.0 mmdem-
onstrating no significant differences between the
observers.

Aortic area

The change in aortic area demonstrated a similar pat-
tern as that of maximum aortic diameter change with
significant pulsatility at each measured level ( p< 0.05).
Level A demonstrated a mean aortic change of 4.8%
(range 2.7% e 6.9%, SD 1.4); Level B 5.0% (range
3.9% e 6.9%, SD 1.0); Level C 5.5% (range 3.0%

Fig. 2. Diagram showing the four measured thoracic aortic
levels. These levels included 1 cm proximal to the subcla-
vian artery, 1 cm distal to the subclavian artery, 3 cm distal
to the subclavian artery, and 3 cm proximal to the celiac
artery.

Table 1. Changes in mean maximum diameter and aortic area per cardiac cycle are shown for each of the four measured anatomic levels
covering the thoracic aorta

Suprasubclavian Infrasubclavian 3 cm infrasubclavian 3 cm supraceliac

Maximum diameter change
Mean (%) 9.6 10.0 11.6 10.6
Min (%) 6.2 8.0 7.1 8.3
Max (%) 12.5 12.3 17.8 13.2
SD (%) 2.0 1.4 3.5 1.7

Mean (mm) 2.7 2.8 3.1 2.6
Min (mm) 1.8 2.2 2.1 2.0
Max (mm) 3.4 3.6 5.1 3.2
SD (mm) 0.5 0.5 1.0 0.4

Area change
Mean (%) 4.8 5.0 5.5 7.0
Min (%) 2.7 3.9 3.0 3.2
Max (%) 6.9 6.9 10.8 11.2
SD (%) 1.4 1.0 2.2 2.7

Mean (mm) 33.1 33.2 36.0 37.9
Min (mm) 17.6 25.3 19.9 15.6
Max (mm) 45.5 48.6 75.1 64.8
SD (mm) 9.6 7.2 15.9 16.8

534 B. E. Muhs et al.

Eur J Vasc Endovasc Surg Vol 32, November 2006e 10.8%, SD 2.2); and Level D 7.0% (range 3.2% e
11.2%, SD 2.7) (Fig. 4). This corresponded to absolute
changes of 33.1 mm2 (range 17.6 mm2 e 45.5 mm2, SD
9.6) at Level A, 33.2 mm2 (range 25.3 mm2 e
48.6 mm2, SD 7.2) at Level B, 36.0 mm2 (range
19.9 mm2 e 75.1 mm2, SD 15.9) at Level C, and
37.9 mm2 (range 15.6 mm2 e 64.8 mm2, SD 16.8) at
Level D. The mean area interobserver repeatibility coef-
ficientwas 44.8 mm2 demonstrating no significant dif-
ferences between the observers.

Discussion

Aortic compliance and cardiac pulsatility naturally
result in conformational changes during the cardiac
cycle.13e16 Hemodynamic forces can be tremendous
in the thoracic position, and coupled with the acute

angulations and branch points inherent in the arch
and descending aorta, may result in significant
variations in aortic diameter between diastole and
systole. Endograft sizing determinations based on
poor preoperative measurements may result in
intermittent type I endoleaks, graft migration, pros-
thesis collapse, aneurysm rupture, and poor patient
outcomes.

There have been very few studies assessing nor-
mal thoracic aortic pulsatility in patients with risk
factors for aneurysm development. The location of
the aortic arch and descending aorta, confined within
the rib cage and surrounded by air filled lung, makes
reliable ultrasound imaging with echo tracing
difficult. Intravascular ultrasound (IVUS) is invasive
and unlikely to be used preoperatively on a large
scale. New dynamic imaging is now becoming avail-
able to assess preoperative aortic pulsatility at
relevant anatomic landmarks used in measuring,
sizing, and planning TEVAR. An improved under-
standing of natural aortic pulsatility may result in
improved preoperative patient and device selection
for TEVAR and subsequent improved graft durabil-
ity and patient outcome.

This study utilized dynamic cine-CTA to assess
pulsatility of the thoracic aorta. By coupling high
acquisition speeds using a 64-slice scanner to an ECG
trigger, we were able to reconstruct eight images
per cardiac cycle providing excellent temporal and
spacial resolution. Our patient population consisted
of patients with known AAAs being scanned for
routine follow-up after EVAR, and all imaging was
performed without additional intravenous contrast
or radiation exposure. In this feasibility study, we
have demonstrated that dynamic cine-CTA can de-
tect significant changes in thoracic aortic pulsatility
with no added radiation or contrast exposure.

Development of automatic software to accurately
segment aortic slices and provide reproducible, reli-
able measurements of area and diameter, virtually
eliminated human error. Manual adjustments were
occasionally needed when significant aortic wall calci-
fication was present resulting in x-ray attenuation
similar to, and adjacent to intravenous contrast. We
purposefully measured aortic pulsatility proximal or
distal to branch points to avoid another problem
with the segmentation software. Segmentation per-
formed at the level of a branch vessel is difficult
with extreme precision. The software is unable to
determine were the lumen of the aorta ends and the
branch vessel lumen begins. It is conceivable that
with further improvements in this software, it
could be made commercially available on new CT
scanners and pulsatility measurements automatically
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Fig. 3. The maximum percentage diameter change is shown
at each of the four measured levels. Mean maximum diam-
eter pulsatility is approximately 10% at all four levels
( p< 0.05). There is no difference in pulsatility between
any of the measured levels.
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Fig. 4. The percentage area change is shown at each of the
four measured levels. Mean maximum diameter pulsatility
is approximately 6% at all four levels ( p< 0.05). There is
no difference in pulsatility between any of the measured
levels.
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A

B

Figure 2
A: Diagram showing the four measured thoracic aortic levels. These levels included 1 cm proximal to the 
subclavian artery, 1 cm distal to the subclavian artery, 3 cm distal to the subclavian artery, and 3 cm proxi-
mal to the celiac artery.
B: The maximum percentage diameter change is shown at each of the four measured levels. Mean maxi-
mum diameter pulsatility is approximately 10% at all four levels (p<0.05). There is no difference in pulsatility 
between any of the measured levels. Adapted from Muhs et al  with permission of Elsevier.5
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lower temporal solution, and congruently in less radiation exposure and contrast ad-
ministration.9 A minimum temporal resolution of 8 phases per cardiac cycle can give an 
adequate perspective of the aortic dynamics. Moreover, all major vendors introduced 
iterative reconstruction algorithms for CT, which are noise-reducing methods, with the 
aim to either enhance image quality using constant CT radiation dose or to reduce CT 
radiation dose with similar image quality.10 Dual-energy CT (DECT) imaging is a relative 
new technique using two different X-ray tubes in a single CT unit which discriminates 
materials based on diverse interactions with photons of the different X-ray energies. In 
the near future, this technique might be further implemented into clinical practice for 
evaluation of the aortic conditions. Especially DECT can be used to remove bones from 
the datasets and virtual images allow differentiation of contrast agent and calcifying 
thrombus in the thoracic aorta of endovascular treated patients.11

ECG-gated MRI
ECG-gated MRI, similarly to ECG-gated CT, enables studying the pulsatility of the aorta 
and stent graft, by obtaining a sequence of images throughout the cardiac cycle, com-
bining the MR images with an ECG. These images contain three spatial dimensions and 
one temporal solution, which is the time between the subsequent images. Compared to 
CTA, MR imaging is considered safer, as no radiation exposure is necessary for this high-
resolution imaging modality. On the other hand, the processing time is relatively long 
and for optimal result it is vital that patients do not move during the scan. ECG-gated 
MRI is frequently used for cardiac examination and can also be used to assess the aortic 
motion in the preoperative setting for optimal stent graft sizing in patients with aortic 
aneurysm and dissection. 
Besides stent graft sizing, dynamic MRA may also be useful for other purposes in the pre-
operative examination, as the preservation of the artery that provides the main blood 
supply of the anterior spinal artery (i.e., artery of Adamkiewicz), which is important to 
reduce the risk for spinal cord ischemia after TEVAR.12 Dynamic MRA has shown high 
sensitivity in detecting this artery, and subsequently the endovascular procedure can 
be adjusted to provide maximal spinal cord protection. Dynamic MRA is also adopted 
for postoperative evaluation, in fact it has resulted as an excellent imaging modality 
compared to conventional angiography for the classification of endoleaks after endo-
vascular aortic repair.13, 14 
An additional dynamic application of MRI is the flow study with phase contrast sequence 
to assess the peak velocity, forward and reverse flow and visualization of flow. The raw 
MR signal consists of two components: a magnitude and a phase. The magnitude holds 
anatomic information, and the phase holds velocity information, besides various back-
ground sources.15 
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4D PC-MRI
An imaging modality with the potential to be widely implemented into clinical prac-
tice is four-dimensional phase-contrast magnetic resonance imaging (4D PC-MRI).16, 17 
This imaging technique can be used for in vivo imaging of the blood flow within the 
cardiovascular system with several (potential) clinical applications. Volumetric flow mea-
surements, such as cardiac output and valvular regurgitation are already used in clinical 
practice, and other applications will indisputably follow. Coronary flow assessment 
to evaluate coronary artery disease, aortic flow evaluation in dissection patients and 
other applications, such as blood flow imaging in peripheral arteries and neurovascular 
systems, are of potential clinical use.18-20 
In aortic dissection patients, 4D PC-MRI can accurately visualize and quantify flow char-
acteristics and provide valuable information about stroke volume, velocity, dominant 
proximal and distal entry tears and helical flow, which seem all related to aortic expan-
sion (Figure 3).16 The velocity is measured in three directions encoding in 3D imaging 
over time, therefore enabling extensive analysis of physiologic hemodynamics in vivo. 
4D PC-MRI is currently only available in some specialized centers, but has the potential to 
be widely adopted, because no ionizing radiation is used. With MRI scanners becoming 
more common in the clinical setting and the continuously improving technology (i.e., 
accelerated acquisition, imaging hardware), the applications of velocity imaging with 
MRI will continue to grow as well. Additionally, imaging technologists and clinicians are 
collaborating and also developing visualization and quantitative tools to streamline the 
large amount of information obtained in the complex velocity fields. 

Computational fluid dynamics and TEvAR

In recent years, an increasing number of studies focused on aortic hemodynamics after 
TEVAR using computational fluid dynamics (CFD), which is a numerical technique to 
evaluate the hemodynamic environment of a vessel segment.21-23 Phase contrast and 
MRA have been extensively used in the CFD field, providing boundary conditions in 
which numerical simulation can be performed, providing flow boundary conditions and 
a method for validation of calculated flow fields.24, 25 
A patient-specific approach of both stent graft design and procedural approach is 
required to distinguish between the pathologic and the healthy aortic condition. To 
successfully accomplish this goal, integration of knowledge between different scientific 
fields is required (i.e., engineering, informatics and medicine). The technological devel-
opment in medical imaging and parallel computing has contributed to the ability to 
perform complex simulations for patient-specific modeling. These simulations might be 
used and further implemented into clinical decision making in the near future.26 
A patient-specific computational model can be created, using information from medical 
imaging, to investigate the different forces acting on the aortic wall and stent graft.21 
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Additionally, CFD can help in understanding the magnitude and orientation of the loads 
experienced by thoracic aortic stent grafts in vivo, with the aim to improve stent graft 
design and performance.27 Also, the different hemodynamic and biomechanical forces 
acting on the intermodular junctions of a multi-component stent graft can be investi-
gated through computational modeling, focused on the development of endoleak due 
to disconnection of the stent graft segments.22 Additionally, CFD can depict the flow 
conditions and its magnitude by streamlines all over the thoracic aorta (Figure 4).28 

other applications for TEvAR 

TEVAR has proven to be beneficial over open surgical repair, both in thoracic aortic 
aneurysm (TAA) and acute dissection, and is currently the preferred therapy in these 
patients. Previous studies have shown that there is significant distension of the thoracic 
(descending) aorta pre- and post TEVAR during the cardiac cycle in patients with TAA.7 
Most interestingly, distension was preserved after stent graft placement. Based on these 
conditions, it has to be concluded that aortic dynamics have pronounced impact on 
correct stent graft sizing, design and durability.7 
The primary goal of TEVAR for type B aortic dissection (ABAD) is to cover the primary 
entry tear. However, due to possible uncovered re-entry tears, communication between 
true and false lumen can still be present postoperatively, inhibiting the false lumen 
thrombosis and aortic remodeling process. By using preoperative computational flow 
analyses, it is possible to detect and quantify the importance of these re-entry tears/
multiple entry tears, potentially assisting the physician in the choice of endovascular 
procedure and its extent.29 

Current status of dynamic aortic evaluation and guidelines for future research

Currently, different relative new dynamic imaging applications (i.e., ECG gated CT and 
MRI, 4D PC-MRI, CFD analysis) have been reported in literature. This development has 
expanded the multidisciplinary integrated knowledge and evaluation of the diseased 
thoracic aorta. However, still several issues concerning the aortic arch biomechanics 
and its clinical consequences remain undefined and should be investigated in future 
research. 
Larger prospective studies are required to measure flow characteristics and clinical 
outcome in preoperative planning for TEVAR and in the postoperative phase. The large 
load of quantitative information needs to be further streamlined to be able to widely 
implement different new dynamic imaging tools/modalities into daily clinical practice. 
This will allow physicians to further determine the predictive value of the dynamic mea-
surements. More specifically, in stratifying patients with aortic dissection, a new imaging 
modality as 4D PC-MRI might have predictive value.



DYNAMIC AORTIC EVALUATION IN PLANNING TEVAR

121

ConClusIons

Technological development and interdisciplinary collaboration provides the opportuni-
ty to implement dynamic imaging for aortic evaluation in planning TEVAR progressively 
into clinical practice. Dynamic imaging can help preoperatively in accurate stent graft 
selection and sizing, and postoperatively to evaluate stent graft performance. Important 
imaging modalities, such as 4D PC-MRI, can give valuable information about adequate 
sizing and the presence and potential coverage of entry tears. Eventually, further imple-
mentation of (new) dynamic imaging tools will lead to a better outcome for the patient, 
which is the bottom line of research in this field.

	  

Figure 3
Visualization of entry tears. Communications between the true and false lumen (entry tears) were identified 
using path line analysis. These images can be viewed in 3D over time in any chosen orientation. A single 
plane has been selected for illustration and flow shown at five time points in the cardiac cycle. A: One entry 
tear is seen at the origin of the left subclavian artery. In systole (158 and 215 ms), the velocity in the true and 
false lumen is approximately equal. B: Blood flows from the true to the false lumen through an entry tear in 
the proximal descending thoracic aorta. An area of high velocity is seen just distal to the entry tear as the 
false lumen expands (because of the additional flow) and true lumen narrows. Flow is seen in the celiac and 
superior mesenteric arteries (SMA) distally. Figure adapted from Clough et al with permission of Elsevier.16 



122

CHAPTER 7

Figure 4
Thoracic endovascular aortic repair (TEVAR) 
of a type B aortic dissection extending from 
the aortic arch to the abdominal aorta. a 
Pre and b, c post-implantation angiograms 
showing two stent grafts placed from the 
arch, covering the left subclavian artery, to 
the distal descending aorta in order to treat 
diff erent entry tears and the true lumen 
compression. d MRA and e velocity com-
putational fl uid dynamics (CFD) study at 1 
year from the implantation: the true lumen 
is well expanded at the proximal and middle 
descending aorta, while a smaller diameter 
is observed at the distal part of the vessel. 
Acceleration of blood fl ow is highlighted by 
red streamlines corresponding to >1.20 m/s 
velocity profi les, as indicated by the color-
coded scale (speed in meters per second). 
f Patterns of turbulent fl ow are depicted 
during diff erent phases of the cardiac cycle 
just above the stenotic segment. Figure 
adapted from Midulla et al  with permission 
of Springer.28 
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ABsTRACT

Purpose 
To quantitatively evaluate the impact of thoracic endovascular aortic repair (TEVAR) on 
aortic hemodynamics, focusing on the implications of a bird-beak configuration. 
Methods 
Pre- and postoperative CTA images from a patient treated with TEVAR for post-dissecting 
thoracic aortic aneurysm were used to evaluate the anatomical changes induced by the 
stent-graft and to generate the computational network essential for computational 
fluid dynamics (CFD) analysis. These analyses focused on the bird-beak configuration, 
flow distribution into the supra-aortic branches, and narrowing of the distal descending 
thoracic aorta. Three different CFD analyses (A: preoperative lumen, B: postoperative 
lumen, and C: postoperative lumen computed without stenosis) were compared at 3 
time points during the cardiac cycle (maximum acceleration of blood flow; systolic peak; 
and maximum deceleration of blood flow).
Results 
Postoperatively, disturbance of flow was reduced at the bird-beak location due to bound-
ary conditions and change of geometry after TEVAR. Stent-graft protrusion with partial 
coverage of the origin of the left subclavian artery produced a disturbance of flow in this 
vessel. Strong velocity increase and flow disturbance were found at the aortic narrowing 
in the descending thoracic aorta when comparing B and C, while no effect was seen on 
aortic arch hemodynamics. 
Conclusions 
CFD may help physicians to understand aortic hemodynamic changes after TEVAR, 
including the change in aortic arch geometry, the effects of a bird-beak configuration, 
the supra-aortic flow distribution, and the aortic true lumen dynamics. This study is the 
first step in establishing a computational framework that, when completed with patient-
specific data, will allow us to study thoracic aortic pathologies and their endovascular 
management.
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InTRoDuCTIon

Thoracic endovascular aortic repair (TEVAR) has been established as an important 
treatment modality for thoracic aortic pathologies, such as type B aortic dissection and 
thoracic aortic aneurysm.1-3 TEVAR has been proven to be safe and effective, with sat-
isfactory midterm outcome.4-7 Recently, more positive long-term outcomes have been 
reported for acute and subacute dissections treated with TEVAR.8,9

Nevertheless, TEVAR has been associated with device-related complications, including 
endoleak, stent-graft migration or collapse, and retrograde type A dissection.7,10,11 Since 
the outcome of TEVAR relies on the biomechanical properties of the aortic wall and of 
the stent-graft, anatomical complexity is not surprisingly the most important reason for 
early and late stent-graft failure. Among the several anatomical factors that may impact 
the results of TEVAR, the length and curvature of the proximal landing zone, along with 
its specific aortic wall characteristics, may be the most influential. 
In particular, endovascular treatment of aortic arch disease frequently necessitates a 
proximal landing zone located at the inner curvature of the aortic arch, which is likely 
to be a significant risk factor for endoleak and stent-graft collapse.12 Due to the stiffness 
of the stent-graft, increased angulation may decrease the length of the graft in contact 
with the aortic wall. Specifically, apposition of the device to the aortic wall at the in-
ner curvature of the aortic arch can result in a so-called bird-beak configuration, which 
refers to the wedge-shaped gap between the undersurface of the stent-graft and the 
aortic wall seen on imaging (Figure 1).12

The current literature discussing the incidence of bird-beak configurations and their 
impact on patient outcome is heterogeneous; most reports are case series13 or retro-
spective studies.10,14,15 A significant correlation between the presence of a bird-beak 
configuration and the risk of endoleak (type Ia) at the proximal landing zone has been 
described.12,16 Furthermore, the longer the bird-beak length, the greater the risk for en-
doleak formation.12 On the other hand, the bird-beak configuration is thought to have a 
benign effect in most patients, except for younger patients with higher cardiac output.10 
Another important aspect in these patients is that many require coverage of the left 
subclavian artery (LSA) to achieve adequate sealing during TEVAR. LSA coverage can 
cause significant changes in the supra-aortic branch hemodynamics, and patients with 
LSA coverage showed increased prevalence of neurological complications and endole-
aks.17,18

All these concerns may be addressed by quantitative analysis of postoperative aortic 
hemodynamics and its correlation with adverse outcomes. In the present study, a 
clinical case with bird-beak configuration (Figure 1) after TEVAR was investigated using 
computational fluid dynamics (CFD) analyses based on the patient-specific geometry 
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reconstructed from imaging datasets. The results are compared to similar cases reported 
in literature.

METHoDs

Patient Data

Pre- and postoperative computed tomographic angiography (CTA) data from a patient 
treated with TEVAR were used to evaluate the anatomical changes induced by the stent-
graft and to generate the computational network essential for CFD analysis. The patient 
was an asymptomatic 51-year-old man with a 6.1-cm thoracic aortic aneurysm (Figure 
2A) discovered 5 years after uncomplicated type B aortic dissection (medically treated). 
The false lumen was partially perfused Figure 2B. He received 2 C-TAG stent-grafts (W.L. 
Gore & Associates. Inc., Flagstaff , AZ, USA) after revascularization of the LSA, which was 
in proximity to the proximal landing zone. Under general anesthesia, the C-TAG devices 
(34-34-200 mm and 28-28-150 mm)) were deployed partially covering the origin of the 
LSA. Rapid ventricular pacing (200 beats/min) for 50 seconds was used during deploy-
ment; no post-deployment balloon molding was performed. Successful exclusion of 
the aneurysm was observed using intraoperative angiography and transesophageal 
echography. No postoperative complications were reported. The postoperative CTA (Fig. 
1) at 3 days showed a bird-beak confi guration of the stent-graft. At 6 months and 1 year, 
imaging showed successful exclusion of the aneurysm without endoleak. 

Figure 1
Thin-slab maximum intensity projection shows a bird-beak confi guration (arrowhead). At the proximal 
end, the stent-graft was imperfectly opposed to the lesser inner curvature of the aortic arch, resulting in a 
wedge-shaped gap between the undersurface of the stent-graft and the aortic wall.
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Image Processing

Comparison between pre- and postoperative stent-graft/vessel confi guration relies on 
a precise assessment and reconstruction of the 3-dimensional (3D) profi le of the vessel 
lumen, thrombus, and calcifi cations (Figure 3). The engineering details of the image 
processing pathway are outlined in Appendix A.
The proximal graft protruded into the lumen at the inner curvature of the aortic arch 
(i.e., bird-beak confi guration) and only partially (61%) covered the origin of the LSA 
(Figure 3). Following the defi nitions proposed by Pasta et al 19, 2 main variables of the 
graft geometry were measured: the protrusion extension, defi ned as the length of stent 
graft not in contact with the aortic wall, and the angle between the inner curvature of 
the aorta and the protruded segment of the graft wall. For the case under investigation, 
protrusion extension was 1.55 cm and the angle 51°. 
Further, the stent-graft signifi cantly narrowed the lumen diameter in the upper part of 
the arch, immediately distal to the LSA. At the level of the lower descending thoracic 
aorta, the distal stent-graft was unable to completely resolve the narrowing of the true 
lumen induced by the pressurization of the false lumen that was present preoperatively. 
With the lumen area of the upper descending thoracic aorta as a reference, the stenosis 
is 87% preoperatively, while after TEVAR it is 65%, which implies that the intervention 
contributed to true lumen expansion, but the stenosis remained signifi cant (i.e., >50%). 

Figure 2
Preoperative medical images of the (A) post-dissecting aneurysm 5 years after uncomplicated type B aortic 
dissection, with a maximum diameter of 6.1 cm at the level of the left hemi-arch. (B) Partial perfusion in the 
false lumen (arrow) with post-dissecting aneurysm formation. 
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CFD Cases

Hemodynamics were assessed in both the global aorta and in 3 specific aortic regions: 
1) the inner curvature of the aortic arch where the bird-beak was present, 2) the partially 
covered origin of the LSA, and 3) the distal part of the descending thoracic aorta char-
acterized by the narrowed true lumen. Besides using the true pre- and postoperative 
scenario, computer-based simulations were also adopted to explore potential scenarios. 
As a result, this study was based on 3 different CFD analyses with specific aortic lumen 
configurations: Case A was the preoperative lumen, Case B was the postoperative lu-
men, and Case C was the postoperative lumen computed without stenosis of the distal 
descending aorta. Case C was obtained fictitiously, resolving the distal stenosis in order 
to create a smooth, more physiological profile of the descending aorta. This scenario 
was conducted to investigate a virtual setting wherein the stenosis would be mitigated 
or resolved during endovascular treatment. When cases A and B were compared, the 
focus was on the flow in the aortic arch and the bird-beak effect. Therefore, in case A, 
the distal descending aortic tract, featuring the false lumen and presence of one or 
more (re-)entry tears, was not included. In contrast, when comparing cases B and C, the 
analysis included the impact of the distal stenosis in the descending thoracic aorta, and 
therefore the distal descending aorta was incorporated in this evaluation. 
During the analysis of the numerical results, attention was focused on certain time points 
in the cardiac cycle and specific regions of the aorta. Three time moments were selected, 
expressed as fractions of the cardiac cycle: T1 was the point of maximum acceleration 
of blood flow, T2 corresponded to the systolic peak, and T3 was the point of maximum 
deceleration of blood flow. Specific regions of the aorta were evaluated with the focus 
on the 3 cases described in the previous section, i.e., the inner curvature of the aortic 
arch for cases A and B, the origin of the LSA for cases A and B, and the distal part of the 
thoracic descending aorta for cases B and C.
The aortic hemodynamics of the clinical case under investigation were reconstructed 
through CFD analysis, which is a computer-based simulation able to solve in an ap-
proximate manner the Navier-Stokes equations for incompressible fluid dynamics. For 
the problem under investigation, this was considered a valid model. The computational 
domain (mesh) of our study resembled the volume occupied by the arterial blood, with 
the stent-graft included in the simulation as part of the computational domain bound-
aries. Therefore, the stent-graft appeared as a sort of footprint in the aortic lumen as 
showed in Figure 3. Because aortic hemodynamics was our primary focus of the analysis, 
the wall of the computational domain (i.e., the luminal surface of the aorta) partially 
covered with stent-graft(s) was considered to be rigid. Consequently, both device and 
vessel displacement during the cardiac cycle due to pulsatile loading was neglected. 
Furthermore, we adopted a no-slip boundary condition, i.e., the blood velocity at the 
wall was considered null. This boundary condition was used for modeling viscous fluids 
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on non-porous walls; subsequently, this approach assumed impermeability of the stent-
graft Dacron cover. The pathways for generating the computational domain (the mesh), 
numerical model, and simulation processing are described in Appendix B.

REsulTs

velocity streamlines

Numerical simulations provided the velocity (vector quantity) and the pressure in the 
nodes of the grid at 3 diff erent time points. Other variable functions of velocity and 
pressure were computed as the streamlines, which represent the direction of the blood 
fl ow at a given time point.20 A global view of the streamlines of blood velocity at the 
selected time instants for each of the investigated cases is demonstrated in Figure 4.

Case A vs. B: Preoperative vs. Postoperative scenario 

The postoperative aortic lumen showed 3 sharp changes of the geometry, one at the 
bird-beak location, one at the distal aortic arch, and one at the distal descending thoracic 
aorta; the sharpness of the geometrical changes led to boundary layer separation, ulti-
mately resulting in blood fl ow disturbance, contoured by a red box in Figure 4. Similarly, 
stent-graft protrusion into the lumen at the level of the aortic arch resulted in signifi cant 

Figure 3
A 3-D reconstruction of the preoperative (A) and postoperative (B) aorta. (C) Comparison of the 2 confi gu-
rations depicts the contour plot of the point-wise distances between the pre- and postoperative lumens.
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coverage of the LSA origin, which produced the backward-facing step geometry of the 
lumen profile. This disturbed the flow, which was clearly not present in the other supra-
aortic branches (i.e., the brachiocephalic trunk and the left common carotid artery).

Case B vs. C: Postoperative vs. Postoperative without stenosis

The stenosis of the distal thoracic aorta due to the compression of the true lumen by the 
false lumen caused a strong velocity increase and flow disturbance (Figure 4). However, 
these effects did not introduce significant changes in the flow distribution at the sys-
temic level. The pattern of streamlines in case C suggested that the stenosis of the distal 
descending thoracic aorta had no effect on arch hemodynamics. At the same time, the 
recovery of a smooth, physiological lumen profile eliminated the flow disturbance in this 
region, highlighted by the results of cases B and C (Figure 4). 

Figure 4
Velocity streamlines for each investigated case (A–C) for 3 different time points (T1–T3). The corresponding 
velocity magnitude (cm/s) is used to color each streamline.
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Pressure

The pressure distribution along the aorta at the systolic peak for the 3 investigated cases 
is shown in Figure 5. For both postoperative configurations (case B and C), a pressure 
drop (i.e., almost 10 mmHg) induced by the stent-graft was observed, notable at the 
partially covered origin of the LSA. The bird-beak effect and the stenosis resulted in 
a significant reduction in lumen patency and therefore in an increased pressure drop 
due to the Venturi effect (Bernoulli’s principle). On the other hand, the pressure field 
was smooth in the brachiocephalic trunk, in the left common carotid artery, and in the 
aortic arch, similar to the preoperative case. It is worth noting that in case B the stenosis 
induced a higher overall pressure compared to the case without stenosis (case C). The 
global variation of pressure is ~5 mmHg. This comparison shows clearly that removal 
of the lumen narrowing mitigated significantly the local pressure drop (i.e., around 15 

Figure 5
Contour plots representing 
the distribution of blood pres-
sure (mmHg) along the aorta 
in the 3 cases at the systolic 
peak.

Figure 6
Contour plot of the 
pressure (in mmHg) dis-
tribution along a cross-
section in the bird-beak 
region for case B.
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mmHg), which is visible in case C. Additionally, Figure 6 demonstrates a virtual cross-
sectional view of the aortic arch at the level of the bird-beak, revealing a transmural 
pressure load difference of almost 10 mmHg between the undersurface and the luminal 
surface of the stent-graft. 

DIsCussIon

The present study addressed the quantitative analysis of aortic hemodynamics after 
TEVAR. Although the main clinical concern was directed to the impact of a bird-beak 
configuration, the CFD simulations demonstrated, as a translational finding, that the lo-
cal hemodynamic condition is impaired and blood flow is disturbed in 2 other important 
areas: 1) the origin of the LSA that was only partially covered by the stent-graft and 2) 
the stenosis of the distal descending thoracic aorta. 
The computed preoperative hemodynamics of this case compared to the postoperative 
condition showed that flow velocity in the entire thoracic aorta was decreased after 
TEVAR. In addition, the presence of the bird-beaked stent-graft was not associated 
with relevant increased disturbance of flow in the aortic arch. These findings might be 
particularly attributed to the boundary conditions and also to the distinctive features of 
the preoperative geometry. These results can therefore not be generalized, and it might 
be expected that the presence of a bird-beak configuration actually should increase the 
disturbance of flow. However, arch angulation after TEVAR might potentially be reduced, 
and this could mitigate the impact of the bird-beak configuration on aortic arch blood 
flow disturbance. In contrast, first-generation stent-grafts have been associated with 
stent-graft–related complications such as stent-graft collapse.14 However, with the 
introduction of Gore’s second-generation conformable TAG device with its improved 
flexibility and uncovered proximal end to reduce interference with the bloodstream, no 
major stent-graft–related complications, including infolding, have been recorded.21

Figure 6 demonstrated the contour plot of the pressure in the bird-beak section, which 
clearly revealed a transmural pressure load difference (almost 10 mmHg) between the 
undersurface and the luminal surface of the graft. This pressure drop, which is congru-
ent with the result reported by Pasta et al 19, demonstrates that the part of the stent-graft 
protruding into the lumen is exposed to hemodynamic forces, which solely indicate a 
potential risk of graft infolding or collapse. Despite this pressure load difference, no 
stent-graft–related complications were present in this patient, and further structural 
analyses could assess the importance of this finding. 
As expected, the removal of the distal true lumen stenosis reduced significantly both 
the flow disturbance and the pressure drop across the involved arterial tract. Beside 
the clinical relevance of these specific findings, the value of these simulations is clear: 
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CFD analyses depict important flow effects that result from the specificities of patient 
vessel geometry. These results may reinforce the potential impact of the translation of 
knowledge from computational biomechanics to clinical practice and vice versa. It is 
important to note that this process is steadily evolving; in fact, this analysis follows the 
path described by other numerical studies regarding post-TEVAR hemodynamics. Lam 
et al 22 in 2008 computed through CFD the displacement force acting on a stent-graft; 
using the information obtained from CT imaging, they tailored an ideal model of both 
the aorta and the implanted stent-graft to patient-specific geometrical features in order 
to investigate the impact of stent-graft apposition on the displacement force acting on 
the device. The same approach has been pursued in other studies.23,24

In 2009, Figueroa et al 25 assessed the displacement forces acting on thoracic stent-grafts 
using CFD, proving that computational methods can enhance the understanding of the 
magnitude and orientation of the loads experienced in vivo by thoracic stent-grafts and 
therefore improve their design and performance. In 2011, Prasad and colleagues26,27 
evaluated through computer-based simulations the biomechanical and hemodynamic 
forces acting on the intermodular junctions of a multicomponent thoracic stent-graft, 
focusing on the development of type III endoleak. Moving from medical image analysis 
and using CFD combined with computational solid mechanics techniques, they pre-
dicted critical zones of intermodular stress concentration and frictional instability, which 
effectively matched the location of the type III endoleak observed during follow-up CT 
imaging after 4 years.
In 2012, Midulla et al 28 used magnetic resonance (MR) angiography followed by cardiac-
gated cineangiography sequences covering the whole thoracic aorta to obtain CFD 
boundary conditions and track aortic wall movements. They evaluated 20 patients char-
acterized by different aortic lesions, showing the feasibility and potential of dedicated 
CFD analysis to provide detailed functional analysis of the thoracic aorta after stent-
graft implantation. More recently, Pasta et al 19 described a computational study aimed 
at assessing the biomechanical implications of excessive postoperative graft protrusion 
into the aortic arch by simulating the structural load and quantifying the fluid dynamics 
on the graft wall protrusion. Their findings suggested that protrusion extension conveys 
an apparent risk of distal end-organ malperfusion and proximal hypertension, being 
also proportional to a pressure load acting across the graft wall, potentially inducing 
stent-graft collapse. These results were also confirmed by the findings in this study.
In our study, the CFD analyses detected the presence of significant hemodynamic turbu-
lence in the distal descending aorta. Although this observation was not associated with 
changes in thoracic aortic hemodynamics, it was considered an important translational 
finding and might be of importance when considering TEVAR for chronic type B dissec-
tion.
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limitations

The investigation of a single clinical case is a major limitation of the present study 
because it does not allow generalization of the study conclusion. However, it is worth 
noting that the data necessary to perform the presented analyses require extensive 
integration of interdisciplinary knowledge. Indeed, this consideration calls for a deeper 
and conscious collaboration between clinicians and biomedical engineers/researchers. 
In that regard, the present study poses the basis for further studies involving a larger 
clinical dataset.  
The lack of patient specificity for the inflow and outflow boundary conditions is an 
important limitation of this study. To overcome this problem, a prospective study with 
prior patient consent to measure flows outside of the standard of care for the (endovas-
cular) management of thoracic aortic disease is warranted. Specifically, the validation 
of the proposed results and the use of patient-specific boundary conditions should 
be investigated. For both purposes, flow rates derived from MR images will be used 
in future studies of our group and other multidisciplinary study teams. Nevertheless, 
the present study shows the translational potential of a multidisciplinary approach to 
analyze TEVAR; for this reason, we believe that the case under investigation may be of 
interest despite the absence of an endoleak or other postoperative complications. 
Future investigations could enhance the clinical impact of CFD by identifying a case with 
confirmed endoleak and asking the subject to consent to a phase-contrast MR imaging 
study to measure the flow velocities in the supra-aortic branches and descending aorta. 
This will lead to simulations with patient-specific outflow boundary conditions, at least 
postoperatively. The same approach can be used prior to intervention in order to compare 
pre- and post-TEVAR hemodynamics. Although we have not adopted patient-specific 
blood flow measurements, the reason why the present results are reliable is twofold: (1) 
we have used state-of-the-art outflows accounting for peripheral circulation and (2) the 
prediction of flow disturbance at the level of the distal thoracic descending aorta, high-
lighted by the simulations, has not been addressed by a pure clinical approach. The CFD 
analyses performed in this study for both pre- and postoperative situations form the base 
for future studies with implementation of the patient-specific boundary conditions.

ConClusIon

Computational fluid dynamics gives important information about aortic hemodynamics 
after TEVAR. In particular, it may help physicians to understand the change of aortic arch 
geometry, the effects of the bird-beak configuration, the supra-aortic flow distribution, 
and aortic true lumen stenosis. This study is the first step in establishing a computational 
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framework that, when completed with patient-specific data, will allow us to study tho-
racic aortic pathologies and endovascular management.
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APPEnDICEs

Appendix A

The 3D reconstructions of the 2 CTA datasets began with segmentation using the open-
source software ITK-Snap 16 according to the approach proposed by Auricchio et al.29 The 
resulting 3D models included thrombus, calcifications, and stent-grafts. A preliminary 
analysis was performed to evaluate the change induced by graft apposition. First, the 
postoperative lumen profile was registered onto the preoperative one using the VMTK 
module vmtkicpregistration, available within the vascular modeling toolkit (www.vmtk.
org). Second, the point-wise distance between the 2 surfaces was measured using the 
VMTK module vmtksurfacedistance. The results of this preliminary analysis are depicted 
in Figure 3. The 2 main quantities pertaining to graft protrusion geometry (protrusion 
extension and the angle between the inner curvature of the aorta and the protruded 
segment of the graft wall) were measured using tools available in Osirix (www.osirix-
viewer.com), exploiting the 2D multiplanar reconstructions to select the cutting plane 
corresponding to the maximum graft protrusion.
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Appendix B

Numerical simulations solving the Navier-Stokes (NS) equations for incompressible fluids 
in an unsteady state in the region of interest (Ω) were carried out. Newtonian rheology 
was assumed (i.e., constant viscosity), which is commonly considered correct for large 
and medium size vessels.30 The values u (x; y; z; t) and p (x; y; z; t) were blood velocity 
and pressure, respectively; ρ denoted the constant blood density and ν represented the 
viscosity. The NS equation reads:

	  
	  

90	  
	  

  

for x; y; z  ε  Ω  and 0 < t ≤ T, where T is the duration of a time interval of interest. These 

equations were completed for the initial and the boundary conditions. The initial conditions were 

null velocity and pressure fields, corresponding to a fluid at rest. Three types of boundaries were 

distinguished. Since particular patient-specific data were not available for this case, data from 

physical considerations (for the wall and stent struts) or from the literature (for the 

inflow/outflow sections) were retrieved as discussed below.  

On the arterial wall and stent struts in the lumen, null velocity was prescribed, which 

corresponded with a rigid stented artery. A more accurate model would include the interaction of 

fluid and structure, but the computational costs would be significantly higher, and the accuracy 

advantage is questionable, since the structural model for the arterial wall (different from the 

blood model given by the NS equations) is affected by several uncertainties.  

On the inflow section (Fig. A1) slightly distal to the aortic valve, a flow rate was prescribed by 

selecting a velocity profile yielding at each instant the flow waveform considered in the 

literature.31 

On the outflow sections (Fig. A1), we prescribed conditions based on a classical 3-element 

Windkessel modeling of the distal circulation. The peripheral impedance at each outflow section 

was represented by 2 resistances, R1 and R2, and a compliance C (RCR model). The specific 

values of those parameters were taken from Kim et al.32 The region of interest was artificially 

extended by inserting regular cylindrical regions at the distal sections, called flow extensions. 

The role of these regions was to reduce the impact of modeling choices and uncertainties in the 

boundary conditions on the numerical results in the region of interest. Flow extensions have been 

for x; y; z  ε  Ω  and 0 < t ≤ T, where T is the duration of a time interval of interest. 
These equations were completed for the initial and the boundary conditions. The initial 
conditions were null velocity and pressure fields, corresponding to a fluid at rest. Three 
types of boundaries were distinguished. Since particular patient-specific data were not 
available for this case, data from physical considerations (for the wall and stent struts) or 
from the literature (for the inflow/outflow sections) were retrieved as discussed below. 
On the arterial wall and stent struts in the lumen, null velocity was prescribed, which corre-
sponded with a rigid stented artery. A more accurate model would include the interaction 
of fluid and structure, but the computational costs would be significantly higher, and the 
accuracy advantage is questionable, since the structural model for the arterial wall (differ-
ent from the blood model given by the NS equations) is affected by several uncertainties. 
On the inflow section (Figure A1)) slightly distal to the aortic valve, a flow rate was 
prescribed by selecting a velocity profile yielding at each instant the flow waveform 
considered in the literature.31

On the outflow sections (Figure A1), we prescribed conditions based on a classical 3-ele-
ment Windkessel modeling of the distal circulation. The peripheral impedance at each 
outflow section was represented by 2 resistances, R1 and R2, and a compliance C (RCR 
model). The specific values of those parameters were taken from Kim et al.32 The region 
of interest was artificially extended by inserting regular cylindrical regions at the distal 
sections, called flow extensions. The role of these regions was to reduce the impact of 
modeling choices and uncertainties in the boundary conditions on the numerical results 
in the region of interest. Flow extensions have been added with the open source library 
vascular modeling toolkit (www.vmtk.org) as highlighted in Figure A1. The same values 
of R1, R2, and C were adopted for all the cases; this assumption can be justified also for 
case A, where the distal part of the thoracic aorta was not included in the computational 
grid, under the hypothesis that the excluded vascular tract had a low hydraulic resis-
tance when compared with the imposed RCR boundary condition.
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Numerical simulation was based on the finite element method. In each of the 3 cases, 
the artery Ωa,b,c reconstructed from the images and modified with the flow extensions, 
was first divided into subregions called elements, followed by computation of poly-
nomial solution. Tetrahedral elements were used, which are particularly versatile and 
suited for complex geometries such as the ones considered here. Meshing was carried 
out using the methods available in the VMTK library; the details of the mesh for each 
of the investigated cases are reported in Table A. No particular attention was given to 
generate the so-called boundary layer mesh, because in all the cases the mesh size was 
small enough to also catch the flow patterns close to the border; furthermore, the main 
interest was not on wall shear stress computation.
The problem was solved over 5 heartbeats, arguing that the solution computed in the 
last heartbeat reliably approximated periodic pulsatile conditions. To perform the simu-
lations, the open C++ library LifeV (www.lifev.org) was used, which was developed by 
some of the co-authors in a collaborative project including EPF (Lausanne, Switzerland), 
Politecnico di Milano (Milan, Italy), INRIA (Paris, France), and Emory University (Atlanta, 
GA, USA). As a tradeoff between accuracy and computational costs, the so-called P1 
bubble elements were used (a special piecewise cubic approximation) for the velocity 

Figure A1   
Computational domains for 
the 3 investigated cases. The 
flow extensions are highlight-
ed in light red, while the ref-
erence sections for both the 
inlet and outlet conditions are 
highlighted in blue. Inlet re-
fers to the inlet section of the 
ascending aorta, Out 1 is the 
outlet section of the brachio-
cephalic trunk, Out 2 is the left 
common carotid artery, Out 3 
is the left subclavian artery, 
and Out 4 is the descending 
thoracic aorta.

Table A   Mesh Details for Cases A, B, and C

Case nodes Elements Degrees of Freedom

A 258,115 1,545,810 5,669,890

B 1,219,858 6,659,921 24,859,195

C 883,994 5,375,521 19,662,539

A: preoperative, B: postoperative, and C: postoperative without distal stenosis. 
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and P1 elements (piecewise linear) for the pressure. Simulations were carried out on a 
Dell R815 computer (4 AMD Opteron 6272 CPUs with 16 cores/CPU, 1 thread/core, 252 
GB of RAM, and data storage of 260 GB) hosted by the University of Pavia (www.unipv.it/
compmech/nume-lab.html).
As clearly shown by the number of degrees of freedom of each performed simulation 
(Table A), the amount of data generated was relevant and required a dedicated post-
processing analysis. We performed such an analysis using Paraview, an open-source, 
general-purpose, scientific visualization software available at www.paraview.org.
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ABsTRACT

Background 
During the cardiac cycle aortic distensibility and elongation present with a wide range of 
change, potentially triggering stent graft related complications after thoracic endovas-
cular aortic repair (TEVAR). Analysis of pulsatile aortic changes during the cardiac cycle 
before and after TEVAR may help to evaluate the impact of TEVAR on these dynamic 
aortic changes.
Methods 
Custom developed software and 4-dimensional computed tomography angiography 
(4-D CTA) obtained during the cardiac cycle were used to quantify aortic radial expan-
sion and aortic elongation during the cardiac cycle in eight patients treated with TEVAR 
for thoracic aortic aneurysm pathologies. 
Results 
The majority of patients were males (75%; mean age 71.0±8.2 years). Pre- and postopera-
tive radial expansion and elongation changes were observed during the cardiac cycle. 
The diameter and area change were increased after TEVAR at the level of the brachio-
cephalic trunk (diameter: 6.7% vs. pre-TEVAR 4.3%, p=0.009; area: 11.0% vs. pre-TEVAR 
7.9%, p=0.029), and at the level of the celiac bifurcation (diameter: 10.1% vs. pre-TEVAR 
4.8%, p=0.010; area: 21.3% vs. pre-TEVAR 7.8% vs., p=0.011). Relative aortic area changes 
increased after TEVAR at the level 10 cm (17.1% vs. pre-TEVAR 7.9%, p=0.036) and 20 
cm distal to the left subclavian artery (24.0% vs. pre-TEVAR 9.6%, p=0.012). Mean total 
aortic length L was increased after TEVAR (395.4±33.8 mm vs. pre-TEVAR 387.9±38.2 
mm, p=0.046).
Conclusions
Based on the analysis of aortic radial expansion and elongation, a trend of increased 
pulsatile aortic changes is observed after TEVAR, and pulsatile aortic changes remain 
after TEVAR. This observation might potentially have implications for stent graft sizing, 
design, durability, and related complications.
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InTRoDuCTIon

The thoracic aorta experiences higher and more complex forces than the abdominal 
aorta during the cardiac cycle, and its radial expansion change has been described as 
significant.1 Synchronically the thoracic aorta also changes longitudinally.2 In such set-
ting, the concept of pulsatile aortic changes can be evaluated by aortic distensibility (i.e. 
radial expansion) and aortic elongation, (i.e. longitudinal expansion).3, 4 Thoracic aortic 
diseases and their endovascular management, with the deployment of a rigid stent 
graft, can disrupt the biomechanical balance and functionality of this complex vascular 
system. Although, thoracic endovascular aortic repair (TEVAR) has become the preferred 
treatment modality for several thoracic aortic pathologies, its impact on pulsatile aortic 
changes is lacking. 
After TEVAR, aortic distensibility is preserved during the cardiac cycle.1 However, the in-
teraction between the stent graft and dynamic forces might induce increased wall shear 
stress over time.5 This repeated process could potentially determine arterial wall lesions, 
stent graft fracture or collapse, and stent graft related complications such as endoleaks 
and retrograde/antegrade dissections originating at the level of the proximal or distal 
end of the stent graft.3, 6-8 With increasing use of advanced dynamic imaging technology, 
preoperative endovascular aortic evaluation is evolving. Therefore, the analysis of pulsa-
tile aortic changes, based on pre- and postoperative dynamic imaging, might represent 
an important tool for better understanding long-term outcome in TEVAR patients. The 
aim of this study is to investigate aortic distensibililty and aortic elongation in patients 
with thoracic aortic aneurysm pathologies managed with TEVAR. 

METHoDs

The basic input data for the present study were images acquired by 4-dimensional (4-D) 
computed tomography angiography (CTA) of the thoracic aorta. Image acquisition was 
accomplished successfully in the investigated patients listed in Table I with image qual-
ity considered adequate in all. The local institutional review board approved our study. 
The CTA scans of the aorta were gained by a retrospective ECG-gated protocol and were 
performed with a 64-row or 256-row multislice CT system (Philips Medical System, Best, 
The Netherlands). A 3-dimensional (3-D) scan volume was acquired (ECG-gated) at eight 
equidistance time steps, covering the entire cardiac cycle and providing a 4-D data set. 
For the pre- and postoperative CT 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 (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 
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medium (Iopromide, Schering, Berlin, Germany), followed by a 60 mL saline chaser 
bolus. Indications for TEVAR included TAA (n=6), penetrating aortic ulcer (n=1) and 
ruptured TAA (n=1) and patients with pre- and post-TEVAR dynamic thoracic aorta CT 
imaging available were included (n=8, May 2006-December 2013). No connective tissue 
disorders were known to be present in these patients. In this study the Relay (Bolton 
Medical Inc, Sunrise, FL, n=3) and Valiant (Medtronic Inc, Minneapolis, MN, n=5) stent 
grafts were used for TEVAR. 

Image segmentation

The 3-D models of the pre- and post-TEVAR geometry of the thoracic aorta were recon-
structed from the CTA images. The eight time instances for each patient were transferred 
to a workstation equipped with dedicated medical image software for visualization, seg-
mentation, and analysis of the 4-D data set. Open-source software named ITK-Snap9 was 
used to perform segmentation of the aortic arch and 3-D reconstruction of the region of 
interest (ROI) for all patients at each of the diff erent time steps. The software implements 
a 3-D active contour segmentation method, called snake evolution, which works on a 
closed surface (the snake) representing segmentation.

Figure 1. Thoracic Aortic Aneurysm
3-D reconstruction of a patient with saccular aneurysm of the proximal descending aorta. Left panel shows 
the identifi cation of the celiac bifurcation. Mid panel displays the section corresponding to the sinotubular 
junction. Right panel contains centreline, in white, which is depicted emphasizing points P1 and P2 respec-
tively, at the level of the sinotubular junction (P1, red) and at the level of the celiac bifurcation (P2, blue). 
The image has been produced using Paraview, which is open source software for image visualisation and 
processing (http://www.paraview.org).
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Quantitative Analysis of 3-D Aortic Geometry 

Given the 3-D aortic reconstruction, a semi-automatic process is used to identify ana-
tomical areas of interest, such as the sinotubular junction (STJ), the origins of the supra-
aortic branches, and the area at the level of the celiac bifurcation. The script performs a 
semi-automatic geometric feature extraction, and combines methods implemented in 
Visualization Toolkit (VTK) and Vascular Modelling Toolkit (VMTK) libraries to visualize 
and process the 3-D thoracic aortic reconstruction.10 This image elaboration is per-
formed through a well-defined procedure, which can be summarized in a few steps: 1) 
calculation of the vessel centreline, 2) extraction of the spatial coordinate of the point of 
interest belonging to the centreline, 3) branch splitting and selection, and 4) computa-
tion of centreline features. The spatial coordinates at the level of the STJ and the celiac 
artery origin were primarily used to calculate the aortic length at all the time steps of the 
cardiac cycle (Figure 1). 

Aortic Diameter and Area

Measurements of aortic distensibility were performed in a semi-automated way, as 
described previously.3, 7 Aortic distensibility was calculated as the largest difference in 
aortic diameter and area at six different levels A-F: the level of the STJ (Level A), 1 cm 
proximal to the brachiocephalic trunk (level B), the left subclavian artery (LSA, Level C), 
10 cm distal to LSA (Level D), 20 cm distal to LSA (Level E), and at the level of the celiac 
bifurcation (Level F) before and after TEVAR (Figure 2). Minimum and maximum aortic 
diameter were measured at those different levels calculating the distance between all 
points constituting the section of interest perpendicular to the centreline and then 
extracting the minimum and maximum of those values. The aortic area was measured 
at the different levels by triangulating that particular section and summing the area of 
all the obtained triangles. Absolute changes, defined by the observed change in aortic 
diameter and area were calculated. Also relative changes, defined by the observed 
change in aortic diameter/area divided by the mean change of each value for each ser 
level, were calculated.

Centreline length 

An automated aortic arch branch splitting procedure was performed. VMTK tools were 
used to recover the topology of the vascular structure. After calculating the centreline, 
the arch centreline can be subdivided in three regions consistent with the supra-aortic 
branch splitting as demonstrated in Figure 2. This operation is enabled due to the auto-
matic identification of the supra-aortic branch vessels and the subsequent exclusion of 
their centrelines. The result is the identification of three areas of interest: L1, the ascending 
aorta; L2, the aortic arch; and L3, the descending aorta. Adding these aortic lengths cal-
culates the total length L from the sinotubular junction to the celiac bifurcation (Figure 2). 
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These measurements were performed during the diff erent time steps of the cardiac cycle. 
Absolute and relative aortic length changes were measured for the diff erent segments. 
The absolute change was calculated by the diff erence between the maximum and the 
minimum aortic lengths during the cardiac cycle. The relative aortic elongation change 
was calculated by the absolute change divided by the mean aortic length. 

statistical Analysis

Data were analysed with SPSS 22.0 (SPSS, Chicago, Ill). All data are expressed as mean ± 
standard deviation (SD) where applicable. Statistical analyses of diff erences between mini-
mum and maximum aortic diameter, area, and length 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 above 0.05, and visualization of approximately normally distributed data with 
histograms. All p values <0.05 were considered statistically signifi cant. 

Figure 2. Aortic Distensibility and Elongation Marking Points
The left panel shows a simplifi ed sketch of the aorta with six levels A-F indicated: A, level of the STJ; B, 1 cm 
proximal to brachiocephalic trunk; C, left subclavian artery (LSA); D, 10 cm distal to LSA; E, 20 cm distal to 
LSA; and F, level of celiac bifurcation. The right panel shows the centreline subdivision into three regions: L1, 
ascending aorta; L2, aortic arch; and L3, descending aorta. CCA = common carotid artery.
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REsulTs

The majority of patients were males (75%), and mean age was 71.0±8.2 years. A median 
of 2.0 (IQR 1.0-2.0) stent grafts was used. The median interval from the TEVAR procedure 
to the post-TEVAR dynamic CT imaging was 0.1 (0.1-5.8) months. 

Aortic Diameter and Aortic Area Changes

The mean aortic diameters and areas for all patients pre- and post-TEVAR are shown 
in Table II. Pre-TEVAR, the overall relative mean aortic diameter and area change was 
8.0%±3.2% and 11.5%±3.7% respectively at level A; 4.3%±2.5% and 7.9%±5.0% at level 
B; 6.8%±5.3% and 15.7%±12.7% at level C; 5.4%±3.5% and 7.9%±5.6% ; 6.4%±2.7% and 
9.6%±3.9% at level E; and 4.8%±2.6% and 7.8%±3.8% at levelgure 3A and 3B). This cor-
responds to absolute changes in aortic diameter and area during the cardiac cycle of 
2.4±1.0 mm and 78.6±18.5 mm2 respectively for level A; 1.5±1.0 mm and 80.6±61.5 mm2 
for level B; 2.0±1.5 mm and 113.4±91.9 mm2 for level C; 1.6±0.9 mm and 59.6±31.4 mm2 
for level D; 1.9±0.9 mm and 66.1±33.7 mm2 for level E; and 1.4±0.8 mm and 50.2±27.8 
mm2 for level F (Figure 4A and 4B). 
Post-TEVAR, the relative mean change of the diameter and area was 9.6%±3.7% and 
19.3%±7.5% respectively at level A; 6.7%±3.7% and 11.0%±6.4% at level B; 12.7%±6.2% 
and 24.4%±13.3% at level C; 8.2%±2.7% and 17.1%±5.7% at level D; 9.4%±6.9% and 
24.0%±14.1% at level E; and 10.1%±3.4% and 21.3%±9.6% at level F (Figure 3A and 
3B). This corresponds to absolute changes in diameter of 3.0±1.3 mm and area of 

Table I. Patient and Procedural Characteristics

variables sex 
(m/f)

Age Diagnosis stent graft type size stent 
graft 1 (DP-
DD-Gl)

size stent 
graft 2

size stent 
graft 3

Patient 1 m 79 TAA Relay, Bolton 42-42-100 38-38-100

2 m 65 TAA Relay, Bolton 38-38-100

3 m 61 TAA Valiant, Medtronic 38-38-125 40-40-150 44-44-150

4 m 79 TAA Valiant, Medtronic 36-36-100 38-38-100

5 m 70 TAA Valiant, Medtronic 36-36-100

6 m 75 TAA Valiant, Medtronic 42-42-150

7 f 77 TAA Valiant, Medtronic 38-38-200 38-38-200

8 f 59 PAU/TAA Relay, Bolton 34-34-100

Patient and procedural characteristics are demonstrated, including diagnosis, size and brand of the implant-
ed stents graft(s). The size of the implanted stent grafts was reported as: DP-DD-GL, where DP is the proxi-
mal diameter, DD the distal diameter and GL the stent graft length. All the measures are expressed in mm. 
Oversizing rates of the stent graft compared to aortic diameter are listed for each patient. PAU = penetrating 
aortic ulcer; TAA = thoracic aortic aneurysm. 
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157.3±86.1 mm2 for level A; 2.4±1.5 mm and 113.8±78.4 mm2 for level B; 3.7±1.6 mm 
and 163.8±76.3 mm2 for level C; 2.7±1.1 mm and 150.2±81.1 mm2 for level D; 3.0±2.3 
mm and 192.0±122.9 mm2 for level E; and 3.0±1.1 mm and 192.0±122.9 mm2 for level F 
(Figure 4A and 4B). Distension ranged from 1.4-24.5% for aortic diameter and from 2.5-
48.6% for aortic area. The diameter and area change at level B (diameter: pre-TEVAR 4.3% 
vs. post-TEVAR 6.7%, p=0.009; area: pre-TEVAR 7.9% vs. post-TEVAR 11.0%, p=0.029), and 
at level F (diameter: pre-TEVAR 4.8% vs. post-TEVAR 10.1%, p=0.010; area: pre-TEVAR 
7.8% vs. post-TEVAR 21.3%, p=0.011) showed increased distensibility after TEVAR (Figure 
3A and 3B). Additionally, the aortic area change at level D and E increased after TEVAR 

Table II. Mean Aortic Diameter and Area pre- and post-TEVAR

Patient ID 1 2 3 4 5 6 7 8

A, diameter pre 29.0±0.4 31.5±1.4 32.2±0.9 26.4±0.8 28.8±0.8 29.0±0.8 43.4±0.7 25.0±0.5

A, diameter post 29.7±0.9 32.6±0.5 31.9±1.2 26.9±1.1 29.7±1.3 33.3±1.8 43.5±1.4 25.3±0.7

A, area pre 641±19 1148±47 803±37 543±31 634±19 649±26 1472±39 481±20

A, area post 739±81 825±17 786±34 560±30 679±34 872±101 1467±95 494±21

B, diameter pre 33.6±0.3 37.4±0.5 35.0±0.6 32.5±0.3 30.0±0.2 33.0±0.4 39.9±1.1 37.4±1.2

B, diameter post 34.4±0.6 38.6±0.7 35.0±0.5 32.6±0.5 30.2±0.3 36.3±1.1 38.5±1.6 37.9±1.7

B, area pre 880±8.5 1117±26 960±29 831±15 702±10 857±16 1231±62 1042±63

B, area post 924±31 1167±30 956±19 834±24 719±14 1074±39 1157±78 1101±85

C, diameter pre 30.5±0.5 45.4±0.5 31.0±1.6 26.5±1.2 24.7±0.3 24.5±0.2 29.6±0.5

C, diameter post 32.9±1.5 35.7±1.1 30.0±1.2 26.8±1.2 31.7±0.4 28.1±2.2 34.5±1.4 26.4±1.4

C, area pre 765±83 1629±42 715±69 557±58 484±4.8 464±10 609±16

C, area post 801±33 996±60 741±71 549±42 775±17 636±112 923±87 552±62

D, diameter pre 38.0±0.4 29.7±1.0 33.9±0.8 30.9±0.3 27.3±0.5 25.4±0.3 61.5±0.4 22.5±0.7

D, diameter post 34.9±0.8 28.9±0.9 34.7±1.4 32.3±1.0 33.6±0.7 28.4±1.1 40.9±1.5 23.0±0.3

D, area pre 1114±14 666±16 875±37 737±16 620±18 505±10 2949±32 391±26

D, area post 930±46 654±25 989±52 858±65 929±55 637±52 1296±81 412±12

E, diameter pre 35.0±0.3 28.1±0.5 38.0±0.9 25.6±0.7 26.1±0.3 23.1±0.5 34.2±1.2 28.1±0.9

E, diameter post 41.9±1.8 28.9±0.6 38.1±0.5 29.0±0.4 27.3±0.5 26.2±1.3 32.4±2.7 28.6±0.6

E, area pre 971±11 622±15 1050±44 506±22 528±580 440±18 935±40 560±38

E, area post 1377±103 657±23 1159±48 720±67 580±23 561±54 874±161 580±99

F, diameter pre 36.3±0.5 26.4±0.6 29.7±0.9 25.6±0.2 25.4±0.2 21.9±0.2 34.5±0.5 27.2±0.6

F, diameter post 38.9±1.1 27.2±0.8 28.6±1.1 32.4±0.9 26.1±0.5 24.5±1.3 33.9±1.8 29.3±1.1

F, area pre 1146±26 539±21 647±34 510±6.4 501±11 375±4.0 954±17 579±24

F, area post 1157±62 580±25 659±77 891±77 532±18 472±61 920±99 676±52

Mean aortic diameters and areas for all patients pre- and post-TEVAR are expressed as mean±SD in mm and 
mm2 respectively. Aortic diameters and areas have been calculated at every time step at six different levels 
A-F. A: level of the STJ; B: 1 cm proximal to brachiocephalic trunk; C: left subclavian artery (LSA), D: 10 cm 
distal to LSA; E: 20 cm distal to LSA, and F: level of celiac bifurcation.
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Figure 3A. Mean Aortic Diameter Change
Mean aortic diameter changes are demonstrated at the six measured levels A-F, pre-TEVAR (left column) 
and post-TEVAR (right column). The numbers of patients with stent graft coverage at each segment are 
demonstrated. Sgs = stent grafts. P-values for each segment are provided.

Figure 3B. Mean Aortic Area Change
Mean aortic area diff erences are demonstrated at the six measured levels A-F, pre-TEVAR (left column) and 
post-TEVAR (right column). The numbers of patients with stent graft coverage at each segment are demon-
strated. Sgs = stent grafts. P-values for each segment are provided.

Figure 3C. Mean Aortic Elongation Change
Mean aortic length diff erences are demonstrated for the total aorta (L), ascending aorta (L1), aortic arch 
(L2), and the descending aorta (L3) pre-TEVAR (left column) and post-TEVAR (right column). The mean % 
of stent graft coverage for each segment is demonstrated. Sg = stent graft. P-values for each segment are 
provided.
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Figure 4A. Absolute Aortic Diameter Change per Patient
Absolute aortic diameter changes per patient at the six measured levels A-F. The pre- and post-TEVAR absolute 
measurements for all patients are plotted and connected with a line. P-values for each segment are provided.

Figure 4B. Absolute Aortic Area Change per Patient
Absolute aortic area changes per patient at the six measured levels A-F. The pre- and post-TEVAR absolute 
measurements for all patients are plotted and connected with a line. P-values for each segment are provided.

Figure 4C. Absolute Aortic Elongation Change per Patient
Absolute aortic elongation changes per patient demonstrated for ascending aorta (L1), aortic arch (L2), and 
the descending aorta (L3), the total thoracic aorta (L). The pre- and post-TEVAR absolute measurements for 
all patients are plotted and connected with a line. P-values for each segment are provided.
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(level D: pre-TEVAR 7.9% vs. post-TEVAR 17.1%, p=0.036; level E: pre-TEVAR 9.6% vs. post-
TEVAR 24.0%, p=0.012, Figure 3B). Overall, aortic distensibility remained after TEVAR. 
Pre- and post-TEVAR diameter and area changes visualized with 3-D reconstructions for 
all patients are demonstrated in supplemental figures 1A-H.
Segments without stent graft coverage were compared to segments covered with stent 
graft at the different levels; no significant differences were observed for level C for both 
aortic diameter and area (diameter: patients without stent graft at level C, 12.7%±2.1% 
vs. patients with stent graft at level C, 12.6%±6.8%, p=0.997; area: without stent graft 
18.2%±10.9% vs. with stent graft 27.4%±13.0%, p=0.412), level D (diameter: without 
stent graft 6.9%±2.4% vs. with stent graft, 10.4%±1.4%, p=0.062; area: without stent 
graft 14.6%±4.6% vs. with stent graft 21.4%±5.3%, p=0.102), level E (diameter: without 
stent graft 7.3%±3.6% vs. with stent graft 12.8%±10.6%, p=0.308; area: without stent 
graft 22.6%±12.3% vs. with stent graft 26.5%±19.5%, p=0.732), and level F (diameter: 
without stent graft 10.9%±4.1% vs. with stent graft 8.9%±1.8%, p=0.810; area: without 
stent graft 20.6%±10.7% vs. with stent graft 22.5%±9.3%, p=0.810). Similar aortic radial 
expansion rates were seen for the two different types of stent graft used if level C was 
covered with stent graft (diameter: Relay 13.7%±5.6% vs. Valiant 12.1%±8.1%, p=0.827; 
area: Relay 27.4%±10.5% vs. Valiant 27.4%±15.7%, p=1.000).

Aortic Elongation

The mean aortic length differences for L, L1, L2 and L3 for all patients before and after 
TEVAR are shown in Table III. Additionally, the length and percentage of the different 
segments covered with stent graft are demonstrated (Table III). 
Prior to TEVAR, the overall mean total aortic elongation change was 1.6%±0.6%, cor-
responding to an absolute change of 6.2±2.9 mm. Post-TEVAR, the mean total aortic 
elongation change was 2.2%±1.4% corresponding to 8.9±6.4 mm. The elongation 
change of L1 (5.4%±2.4% vs. 9.0%±4.2%, p=0.062) and L2 (8.2%±4.2% vs. 16.4%±9.9%, 
p=0.075) showed a trend towards increased elongation, while L3 elongation changes 
did not show this (1.4%±0.7% vs. 2.0%±1.3%, p=0.286). The mean aortic elongation 
changes are demonstrated in Figure 3C and 4C. The mean percentage of total length 
covered with stent graft was 40.6±16.7%. This led to an increase of mean total aortic 
length L of 387.9±38.2 mm pre-TEVAR to 395.4±33.8 mm post-TEVAR (p=0.046), with 
corresponding mean total aortic length change increased after TEVAR of 1.6%±0.6% 
pre-TEVAR vs. 2.2%±1.4% post-TEVAR (p=0.120). Absolute values of L1, L2 and L3 did 
not significantly increase after TEVAR (p=0.977, p=0.068 and p=0.125 respectively). The 
length of the with stent graft covered segment increased after TEVAR in the TAA cohort 
(Table III). Mean elongation change was similar for the two different stent grafts used 
in our cohort (L: Relay 1.8%±0.7% vs. Valiant 2.4%±1.7%, p=0.559; L1: 6.8%±2.8% vs. 
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10.3%±4.6%, p=0.289; L2: 18.6%±15.1% vs. 15.1%±7.1%, p=0.662; L3: 1.6%±1.0% vs. 
2.2%±1.6%, p=0.604).

DIsCussIon

The advancements in diagnostic imaging have enabled CT angiography to be gated 
with electrocardiography (ECG) to free images from cardiac pulsation artefacts, allowing 
reconstruction of specific aortic segments. ECG gated CT allows time-resolved image 
visualization, adding a fourth dimension (4-D) to this technology.11, 12 The present 
study aims to expand the knowledge about stent graft behavior in patients affected by 
thoracic aortic aneurysm, investigating the impact of the stent graft and aortic wall on 
pulsatile aortic changes. Prior to this study we expected that implantation of rather rigid 
stent graft(s) would stiffen the treated aortic wall leading to decreased aortic elonga-
tion in that particular segment. However, we found that total aortic length increased 
after TEVAR and that total aortic elongation was higher in the majority of patients after 
TEVAR. As stated previously, several factors could be of influence for this discrepancy, 
including type of stent graft, length of aortic segment covered, and the proximal extent 

Table III. Mean Aortic Length pre- and post-TEVAR

Patient ID 1 2 3 4 5 6 7 8

l1, pre 79.7±0.8 82.6±1.2 75.0±1.3 79.9±0.6 73.7±1.6 70.0±1.5 75.5±2.2 63.2±1.9

l1, post 79.5±1.5 80.1±2.7 75.8±1.6 78.8±2.9 73.6±1.7 71.0±3.2 74.9±5.5 64.7±1.3

l1% 
covered

0% 0% 0% 0% 0% 0% 0% 0%

l2, pre 45.1±2.4 47.6±1.1 47.6±1.0 40.0±1.6 48.9±0.7 41.2±0.6 49.2±1.8 34.0±1.1

l2, post 44.2±0.9 53.9±5.9 49.3±2.0 40.0±3.0 53.1±1.0 44.1±2.3 47.8±2.5 39.6±1.7

l2% 
covered

0% 79.7% 35.3% 0% 47.3% 66.9% 0% 100.0%

l3, pre 282.0±2.8 298.3±0.5 250.8±0.8 263.8±1.5 233.7±0.7 254.5±0.6 325.4±2.2 240.0±1.3

l3, post 295.0±1.4 293.7±4.8 268.3±1.0 266.7±1.4 245.5±1.0 262.2±2.4 321.8±4.4 237.0±1.9

l3% 
covered

52.5% 24.2% 100.0% 74.0% 32.4% 25.4% 72.0% 28.4%

l, pre 406.8±2.0 428.6±1.9 373.4±2.0 383.7±1.2 356.3±1.8 365.8±1.4 450.1±5.4 337.1±2.8

l, post 418.8±1.4 427.7±3.4 393.4±1.8 385.5±2.8 372.1±2.3 377.3±2.9 444.5±8.2 341.4±1.9

l covered 
(%)

154.5 
(36.9%)

114.2
(26.7%)

285.6
(72.6%)

197.8
(51.3%)

104.6
(28.1%)

96.2
(25.5%)

232.0
(52.2%)

106.9
(31.3%)

Mean aortic lengths for all patients of L1 (ascending aorta), L2 (aortic arch), L3 (descending aorta), and L 
(L1+L2+L3) pre- and post-TEVAR are presented as mean±SD in mm. Also the percentages of the different 
segments covered with stent graft are listed.
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of TEVAR. Larger studies investigating different thoracic aortic pathologies and their 
clinical outcomes are required to investigate the clinical impact of aortic elongation 
during the cardiac cycle on stent graft behavior. 
We found significant pulsatile distension in the thoracic aortic arch and descending 
thoracic aorta before and after TEVAR. Distension ranged from 2.5-48.6% for aortic area, 
and 1.4-24.5% for aortic diameter. The remarkable changes greater than 10% in aortic di-
ameter and area confirmed previous experience reporting about aortic distensibility of 
the thoracic aorta.3 We have observed that pulsatile aortic changes were preserved after 
TEVAR for TAA, and even increased at the brachiocephalic trunk, the thoracic descend-
ing aorta and celiac bifurcation. An inter-individual variation is present in the degree of 
aortic distensibility, implicating that the clinical relevance is potentially highest in the 
patients with a high degree of pulsatile distension.4 In addition to aortic distensibility1, 
TEVAR has an impact on aortic elongation, which might play an important role in the oc-
currence of stent graft related complications. A previous experience that reported about 
healthy volunteers showed that the aortic length from the LSA to the celiac bifurcation 
(L3 in our study) was lower in their cohort.2 This finding might be explained by older age 
in our cohort, which is associated with increased aortic elongation over time.2, 13 Overall, 
looking at the segment(s) covered with stent graft in each individual TAA patient in our 
cohort, the aortic length increased at that particular segment. Also, aortic distensibility 
was increased at certain with stent graft covered levels compared to corresponding 
levels not covered with stent graft, which implicates that aortic distension is preserved 
after TEVAR, and might even increase. These findings might implicate that particular 
stent grafts are more flexible/extendable compared to others. For instance, in our study 
the Relay stent graft was used. Such stent graft has a longitudinal sidebar connecting 
the stent rings, which may limit the longitudinal elongation. Nevertheless, we did not 
see a difference in elongation between this stent graft and the Valiant stent graft. Spe-
cific mechanical studies should be performed to directly compare the actual differences 
between different types of stent grafts for TEVAR, looking specifically at the distensibility 
and elongation of the stent graft.14, 15 Unfortunately, limited data exist regarding direct 
comparisons of the performance of different stent graft types used to perform TEVAR in 
current practice, and therefore randomized controlled trials are required.
A major feared complication after TEVAR is retrograde type A dissection, originating at 
the level of the proximal extent of treatment, with a reported mortality of around 40%.16, 

17 The findings in our study might contribute to the understanding why patients develop 
this complication after TEVAR. Aortic elongation in both the ascending aorta and the 
aortic arch were increased after TEVAR, suggesting increased longitudinal stress on the 
aortic wall in these segments. One patient developed retrograde dissection originating 
from the proximal extent of the stent graft, potentially caused by this increased longitu-
dinal stress after TEVAR. The with stent graft covered aortic segment increased in length 
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after TEVAR, potentially as sequelae of this complication. If the aortic segment covered 
with stent graft becomes stiffer, the aortic wall proximal and/or distal from the stent 
graft might need to compensate for this. Therefore, increased proximal elongation can 
occur in the ascending aorta and aortic arch and, compared to the preoperative situ-
ation, might indicate higher longitudinal dynamic forces on the stent graft and aortic 
wall. Such aortic wall stress could potentially favour retrograde dissection, especially 
in those patients who initially present with aortic dissection, implicating a more fragile 
aorta.16 Moreover, analysis of elongation changes at the proximal bare stent level versus 
the covered aortic segment could contribute in clarifying the risk of retrograde dissec-
tion. Future studies should investigate aortic elongation based on dynamic imaging pre- 
and post-TEVAR, specifically in patients that developed retrograde type A dissection, 
either during, or after the procedure. Another phenomenon that might be present as 
a delayed/late complication after TEVAR is stent graft induced new entry (SINE), which 
might be mainly attributed to oversizing of the stent graft.18 This further emphasizes the 
importance of preoperative dynamic imaging when planning TEVAR.19 
Limitations of our study included the low sample size and therefore the results cannot be 
completely generalized. Additional studies with larger cohorts are required to confirm 
our findings, for which this investigation may serve as a base. Therefore more systematic 
(and possibly prospective) studies are warranted to shed light onto the effects of (T)
EVAR on the physiologic function of the aorta. 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 future studies.

ConClusIons

This study represents an initial investigation for understanding the impact of TEVAR on 
pulsatile aortic changes. Based on the analysis of radial expansion and elongation, a 
trend of increased pulsatile aortic changes is observed after TEVAR along the different 
aortic segments, and pulsatile aortic changes remain after TEVAR. This observation 
might potentially have implications for stent graft sizing, design, durability, and related 
complications.
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suPPlEMEnTAl FIGuREs

A B

C D

E F

G
H

3-D reconstructions  pre- and post-TEVAR for patients 1 to 8 (patient 1 = A; patient 2 = B; .....; patient 8 = H). 
Blue line: L1, ascending aorta; green line: L2, aortic arch; and red line: L3, descending aorta.
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ABsTRACT

objectives 
Iliac artery endoconduits have emerged as important alternatives to retroperitoneal 
open iliac conduits to aid in transfemoral delivery for thoracic endovascular aortic repair 
(TEVAR). We present the first comparative analysis between these alternative approaches.
Methods 
All patients undergoing TEVAR with either retroperitoneal open iliac conduit (ROIC, 
n=23) or internal endoconduit (EC, n=16) were identified. The mean age of the cohort 
was 72.4 ± 11.5 years (82.1% female). Device delivery was accomplished in 100% of 
cases. The primary outcome was the presence of iliofemoral complications, which was 
defined as 1) the inability to successfully deliver the device into the aorta via the ROIC or 
EC approach, 2) rupture, dissection or thrombosis of the ipsilateral iliac or femoral artery, 
and/or 3) retroperitoneal hematoma requiring exploration and evacuation. Secondary 
outcomes were 30-day mortality and rates of limb loss, claudication or revascularization. 
Results 
At a median follow-up of 10.1 months, the incidence of iliofemoral complications was 
lower for the EC approach compared to the ROIC technique (12.5% vs. 26.1%, p=0.301). 
No patients sustained limb loss. Revascularization was performed in 2 patients after 
ROIC. Lower extremity claudication occurred in 1 patient after EC. Early mortality was 
seen in 1 patient undergoing EC. 2 year Kaplan Meier survival for the entire cohort was 
74.4%, and did not differ between groups (ROIC 78.3% vs. EC 68.8%, p=0.350). 2 year 
Kaplan Meier freedom from limb loss, claudication or revascularization did not differ 
between the two approaches (ROIC 91.3% vs. EC 93.8%, p=0.961).
Conclusions 
This early comparative evaluation of alternative access routes for TEVAR suggests that an 
endoconduit approach is safe, effective and associated with low rates of early mortality 
and late iliofemoral complications. In selected patients, the endoconduit may be consid-
ered an appropriate delivery route for transfemoral thoracic endovascular aortic repair.
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InTRoDuCTIon

Endovascular techniques, such as thoracic endovascular aortic repair (TEVAR) and 
transcatheter aortic valve replacement (TAVR) have been successfully introduced as less 
invasive treatment modalities for thoracic aortic pathology.1-4 Nevertheless, TEVAR is 
associated with access and device delivery challenges and alternative access techniques 
can be used to deliver the stent graft with TEVAR when a standard transfemoral access 
is not feasible. We have previously suggested that iliofemoral complications in patients 
undergoing transfemoral TEVAR are predicted by the difference between average iliac 
diameter and sheath size, increased iliac artery morphology score, and preoperative 
ankle-brachial index.5 Furthermore, iliofemoral complications reduced late survival 
rates primarily due to high mortality rates within the first year.5 To reduce iliofemoral 
complications, various approaches have been performed to avoid arterial access limita-
tions during TEVAR, with the majority requiring retroperitoneal access or aggressive 
angioplasty, potentially leading to life-threatening complications.6-9

When TEVAR candidates have unfavorable iliac artery anatomy, including a small caliber 
iliac artery, iliac artery tortuosity or occlusive disease, in combination with the need 
for large-diameter delivery sheaths, retroperitoneal open iliac conduit (ROIC) has been 
considered the most appropriate route for stent graft delivery.10 This approach requires 
either intra-abdominal or retroperitoneal access vessel exposure, resulting in a more 
complex operative plan and extended postoperative recovery.7 More recently, the in-
ternal endoconduit (EC) approach has been introduced as an alternative for stent graft 
delivery, and can be performed through a standard femoral approach.11 To explore the 
initial applicability of these techniques in patients at high risk for iliofemoral complica-
tions, we present an early comparative analysis between ROIC and EC as alternative 
stent graft delivery approaches with TEVAR. 

METHoDs

The Institutional Review Board of the University of Michigan Medical School 
(HUM00053164) has approved this single-center retrospective study. All patients under-
going TEVAR from December 1993 to February 2014 were reviewed for study eligibility 
(n=435). Patients with ROIC (n=23) and EC (n=16) approaches were included for analysis. 
Preoperative demographics and postoperative outcomes for these patients were retro-
spectively collected. 
The primary outcome of this study was the incidence of iliofemoral complications which 
is defined as: 1) inability to successfully deliver the device into the aorta via the ROIC or 
EC approach, 2) free rupture, dissection or thrombosis of the ipsilateral iliac or femoral 
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artery, and/or 3) retroperitoneal hematoma requiring exploration and evacuation. Sec-
ondary outcomes included 30-day mortality, and late rates of limb loss, claudication or 
revascularization. 
In 2002, the iliac morphology score (IMS) was introduced, which includes the longitu-
dinal extent of calcification, the vessel diameter or occlusive disease, and the tortuosity 
of the iliac artery.12 The modification of this IMS was reported previously by us and is 
shown in Table I.5 In order to calculate the IMS, all available 3-D reconstructions of the 
iliofemoral tract were evaluated. The tortuosity index was calculated as the ratio of the 
centerline length of the flow lumen to the straight distance from the aortoiliac bifurca-
tion to the distal external iliac artery at the inguinal ligament.5

Procedural details

All TEVAR procedures in this study were performed in hybrid operating rooms under 
general anesthesia. A standard ROIC approach in our institution is performed through 
an oblique incision in the lower abdominal quadrant, deepened to the pre-peritoneal 
and subsequently the retroperitoneal space, with exposure of the common, external 
and internal iliac artery. Afterwards, the patient is heparinized and vessel control is es-
tablished proximally and distally. The iliac artery is dissected and a 10-millimeter Dacron 
conduit is positioned and sutured to the iliac artery with a polypropylene suture in an 
end-to-side fashion. After completion of the thoracic stent graft(s) deployment, the 
conduit is either oversewn at its base, or anastomosed to the distal external iliac artery 
just above the inguinal ligament in a standard fashion.
The EC technique is performed through a standard transverse infrainguinal incision to 
expose the common femoral artery. In 3 EC patients (18.8%) iliac angioplasty or dilata-
tion was performed without success, before the endoconduit approach was chosen. 
After an iliac arteriogram, Viabahn covered stents (WL Gore & Associates, Flagstaff, 
AZ) are placed across the critical stenotic iliac artery segment, extending proximal and 
distal to the lesion. The median number of Viabahn stent grafts used was 2 (range 1-4), 
with a median diameter of 10 mm (range 10-13 mm) and a median length of 100 mm 
(range 50-150 mm). The most commonly used Viabahn stent graft (in 40% of patients) 
was 10 mm in diameter and 100 mm in length. After deployment of the endoconduit, 

Table I. Iliac Artery Morphology Score

Attribute Absent = 0 Mild = 1 Moderate = 2 severe = 3

Calcification None <25% vessel length 25-50% vessel 
length

>50% vessel length

Average diameter (d) d > 10 mm d <8 <10 mm d <7 <8 mm d <7 mm

Iliac tortuosity index (τ) τ <1.25 τ <1.25 <1.5 τ <1.5 <1.6 τ >1.6

Adapted from Vandy et al with permission of Elsevier.5
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angioplasty with a non-compliant balloon and controlled rupture of the iliac artery was 
performed. In 6 EC patients both the common and external iliac artery were intention-
ally ruptured: in 4 of these patients both the common and external iliac artery were 
ruptured over the entire segment, in 1 patient the common and external iliac artery 
junction, and proximal and mid-portion of the external iliac artery were ruptured, and 
in 1 patient the proximal common iliac artery and the mid-portion of the external iliac 
artery were ruptured with preservation of the hypogastric artery with a widely patent 
origin. In the remaining 10 EC patients only the external iliac artery was intentionally 
ruptured. In 8 of these patients, the external iliac artery was ruptured over the entire 
segment, in 1 patient the distal portion, and in 1 patient the mid-portion of the external 
iliac artery only. Coverage with the endoconduit of the ipsilateral hypogastric artery was 
required in 6 EC patients (37.5%). Preoperative angiographic evaluation was performed 
in all patients and none required hypogastric embolization prior to controlled iliac artery 
rupture. After controlled rupture, the stent graft delivery sheath is advanced through the 
external and common iliac arteries through the endoconduit(s) into the aorta. Following 
deployment of the thoracic stent graft(s) the femoral artery is either primary repaired 
with polypropylene suture or with a bovine pericardial patch angioplasty. The different 
key steps of the endoconduit technique are demonstrated in Figure 1. Alternatives of 
the endoconduit approach are also demonstrated, with either controlled rupture of the 
external iliac artery only (Figure 2), or with controlled rupture of both the external and 
common iliac artery with preservation of the hypogastric artery (Figure 3). 
For both alternative access approaches, percutaneous access is obtained through the 
contralateral femoral artery for placement of a 5F sheath (8F in case intravascular ultra-
sound was used), and a calibrated flush catheter. The thoracic stent graft procedure is 
then performed as previously described.13

In this study the TAG (WL Gore & Associates, Flagstaff, AZ, n=29), TX2 (Cook Medical Inc, 
Bloomington, IN, n=5), and AneuRx and Talent (Medtronic Inc, Minneapolis, MN, n=5) stent 
grafts were used for TEVAR. No major differences in trackability were identified between 
the different stent graft systems. Before closure of the wound, distal arterial signals and 
Doppler examination of the vessels were routinely performed. Completion imaging of the 
iliofemoral section was selectively performed for altered pulses or Doppler signals. Ankle-
brachial indices (ABIs) were obtained routinely on the first or second postoperative day.

statistical analysis

Statistical analysis was performed with IBM SPSS Statistics version 21.0 (SPSS Inc, Chi-
cago, IL). Dichotomous variables were analyzed using the Chi-Square test or Fisher’s 
exact test; continuous variables were analyzed by Student t test or Mann-Whitney U 
Test for variables with skewed distributions. Survival analysis was performed by Kaplan-
Meier methods.
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Figure 1. Key Steps of the Endoconduit Approach
A: Left iliac angiogram demonstrates a stenotic segment in the left common iliac artery and a high-grade 
stenosis of the origin of the left hypogastric artery. Due to the small caliber left external iliac artery and de-
livery sheath occlusion no fi lling with contrast is objectifi ed in this vessel. We felt that this patient required 
an alternative access approach and in this case the endoconduit approach was chosen.
B: A balloon is advanced from the left femoral artery access and placed in the left common iliac artery to 
perform angioplasty of the critical stenotic segment. After angioplasty, the entire left common iliac artery 
segment is theoretically large enough to be able to advance the required delivery sheath (24F). 
C: The internal endoconduit is partially deployed in the left external iliac artery.
D: From the contralateral/right side a balloon is placed in the ipsilateral/left proximal common iliac artery. In 
cases with widely patent internal iliac artery, a compliant balloon is sometimes extended into the ipsilateral 
hypogastric artery. After this proximal control is established, angioplasty and subsequent controlled rup-
ture of the mid-portion of the left external iliac artery is performed.
E: A control angiogram is performed to detect if the patient has ongoing hemorrhage. The iliac arteriogram 
reveals extravasation of contrast into the pelvis at the proximal landing zone of the iliac stent graft.
F: Treatment is proximally extended into the common iliac artery. After extension proximally with two stent 
grafts in the left common iliac artery to the aortic bifurcation and eventually relining the entire iliac segment 
with another stent graft, a fi nal control angiogram shows an excluded endoleak without extravasation of 
contrast into the pelvis. Note cross-pelvic collaterals fi ll distal left hypogastric artery branches after coverage 
of the origin of the left hypogastric origin. Right to left collaterals were well developed due to pre-existing 
high-grade stenosis of the origin of the left hypogastric artery.
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Figure 2. Endoconduit Approach of the External Iliac Artery Only
A: A marker pigtail catheter measures the length of the iliac artery and a right iliac angiogram is performed, 
which shows a widely patent origin of the right hypogastric artery. In this patient the right common iliac 
artery was of adequate diameter and only right external artery disease appeared to preclude passage of 
the 24F stent graft delivery sheath. Therefore an endoconduit approach bridging the right external iliac 
artery was chosen.
B: The stent graft is deployed in the right external iliac artery and is narrowed by a stenotic segment in the 
middle portion of the right external iliac artery (arrow).
C: By advancing a sheath from the contralateral/left side and placing a compliant balloon into the ipsilat-
eral/right common and internal iliac arteries, proximal control of the iliofemoral system is established. After 
proximal control, the right external iliac artery is intentionally ruptured in a controlled fashion. The catheter 
from the contralateral/left side is placed into the right hypogastric artery, for two additional reasons. It 
marks the origin of the hypogastric artery to aid precise placement of the endoconduit. Second, it main-
tains access to the right hypogastric artery in case coiling of the vessel origin is required.
D: Retrograde injection of contrast shows no extravasation. Passage of the stent graft delivery sheath (24F) 
was smooth and uneventful.
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Figure 3. Endoconduit Approach for the Common and External Iliac Arteries with Preservation of the 
Hypogastric Artery
3A: The preoperative three-dimensional reconstruction of the aorta and iliofemoral system is shown. This 
patient was selected for TEVAR with an endoconduit approach for the right common iliac artery, while the 
right external iliac artery was considered of adequate size to pass the required stent graft delivery sheath. 
Preoperatively, this patient was considered to be at high risk for paraplegia and therefore preservation of 
the hypogastric artery was desirable. 
3B: The endoconduit is dilated after deployment in the right common iliac artery.
3C: The femoral artery sheath could not be advanced into the aorta due to resistance in the proximal right 
external iliac artery, with arteriogram showing narrowing of the iliac bifurcation and the proximal right 
external iliac artery.
3D: Another stent graft is deployed in the right external iliac artery with preservation of the origin of the 
right hypogastric artery. As the stent graft is post dilated with the balloon, the narrowed middle portion of 
the right external iliac artery is intentionally ruptured. The iliac artery segment at the level of the origin of 
the hypogastric artery was of normal caliber allowing passage of a stent graft delivery sheath (24F) without 
risking uncontrolled iliac artery rupture in that section. 
3E: A control angiogram shows no extravasation of contrast into the pelvis and preservation of the right 
hypogastric artery between the proximal and distal endoconduits.
3F: Postoperative 3D reconstruction of the iliofemoral tract demonstrates endoconduits in the right iliac 
artery with preservation of the right hypogastric artery.
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REsulTs

Patient characteristics

The majority of the patients was female (82.1%), Caucasian (87.2%), and underwent 
TEVAR for thoracic aortic aneurysm (64.1%). Other thoracic aortic pathologies treated 
with TEVAR included type B aortic dissection (10.3%, the dissection in all these cases 
did not involve the iliac arteries), aortic rupture (15.4%), thoracic aortic injury (2.6%), 
penetrating aortic ulcer (2.6%) and intramural hematoma (5.1%). The median follow-up 
was 10.1 months (IQR: 3.1 – 29.0 months).
Preoperative comorbidity, including diabetes, COPD, renal failure, dialysis, CVA, myo-
cardial infarction, prior aortic surgery, percutaneous coronary intervention, CABG and 
coronary artery disease were not significantly different between groups. Hypertension 
was more frequently seen in the EC group (100% vs. ROIC, 73.9%, p=0.026). A univariate 
comparative analysis between the two stent graft delivery approaches regarding patient 
characteristics and preoperative comorbidities is demonstrated in Table II. 

Table II. Demographics and Comorbidities

variable EC (n=16) RoIC (n=23) p value

Age (years) 72.6 ± 7.1 72.3 ± 13.9 0.936

Female sex 13 (81.3%) 19 (82.6%) 1.000

Diabetes 1 (6.3%) 4 (17.4%) 0.306

Coronary artery disease 7 (43.8%) 11 (47.8%) 0.802

Prior CVA 4 (25.0%) 2 (8.7%) 0.165

Prior CABG 3 (18.8%) 6 (26.1%) 0.593

Prior PCI 1 (6.3%) 0 (0%) 0.225

Hypertension 16 (100%) 17 (73.9%) 0.026

COPD 7 (43.8%) 11 (47.8%) 0.802

History of tobacco use 14 (87.5%) 21 (91.3%) 0.700

PVOD 7 (43.8%) 8 (34.8%) 0.740

Preoperative ipsilateral ABI 0.96 ± 0.25 1.03 ± 0.09 0.361

Preoperative creatinine (mg/dL) 1.6 ± 1.5 1.0 ± 0.3 0.176

Dialysis-dependent renal failure 2 (12.5%) 0 (0%) 0.082

Prior aortic surgery 7 (43.8%) 10 (43.5%) 0.987

Prior AAA repair (all open repair) 4 (25.0%) 3 (13.0%) 0.339

Maximum aortic dimension (mm) 65.5 ± 16.1 60.2 ± 9.9 0.214

AAA = abdominal aortic aneurysm; ABI = ankle-brachial index; CABG = coronary artery bypass grafting; 
COPD = chronic obstructive lung disease; CVA = cerebrovascular accident; EC = endoconduit; PCI = percu-
taneous coronary intervention; PVOD = peripheral vascular occlusive disease; ROIC = retroperitoneal open 
iliac conduit.
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Early results

In the ROIC and EC cohorts, there were no significant differences identified between 
intervention details including the performance of prior left carotid to subclavian bypass, 
placement of a lumbar drain, the segment of aorta treated by TEVAR (the aortic arch, 
descending and/or abdominal aorta), and number and type of thoracic stent graft used. 
The stent graft delivery sheath size was larger for the ROIC approach (24.0 F vs. EC 22.9 
F, p=0.038).
20.5% of the patients experienced iliofemoral complications (EC, n=2 (12.5%) vs. ROIC, 
n=6 (26.1%), p=0.301). Complications occurred in two patients in the EC group. The first 
patient was a 75-year old female patient who was receiving hemodialysis on a regular 
basis, at high risk for open surgery, and was treated with TEVAR for a thoracoabdominal 
aneurysm. Because of poor iliofemoral anatomy on the contralateral side, she sustained 
femoral artery bleeding on this side and required primary femoral artery repair with 
groin hematoma evacuation and vacuum assisted closure (VAC) placement. She died 
as a sequelae of both this contralateral access complication and spinal cord ischemia, 
and was the only early mortality in our cohort. The second patient underwent ipsilateral 
lower extremity fasciotomy for lower extremity compartment syndrome on the access 
side. This patient likely sustained prolonged ischemia due to prolonged indwelling 
sheath time of 6.5 hours, and inadequate collateral circulation as evidenced by poor 
backbleeding from the distal femoral artery identified during its primary repair. Hypo-
gastric artery backbleeding was not identified in any patient in the EC cohort. 
The 6 iliofemoral complications for the ROIC technique included: ipsilateral common 
femoral artery embolectomy with angioplasty for an ischemic leg (1), reoperation for 
fascial dehiscence (1), retroperitoneal hematoma requiring exploration and evacuation 
(2), intraoperative rupture of the anastomosis between the conduit and the iliac artery 
upon removal of the sheath (1), and abdominal wound infection in 1. Major complica-
tions such as spinal cord ischemia, early CVA, renal failure requiring dialysis and need for 
tracheostomy were not significantly different between ROIC and EC (Table III). 

late results

No limb loss occurred in our patient cohort and one EC patient developed lower 
extremity claudication during follow-up. Revascularization was performed in 2 ROIC 
patients; one for an ischemic contralateral leg requiring left common femoral artery 
embolectomy, and one who underwent a contralateral common and superficial femoral 
endarterectomy with patch angioplasty using a bovine pericardial patch for dissection 
of the superficial femoral artery. A univariate comparative analysis of the procedural 
details and outcomes between the EC and ROIC techniques is demonstrated in Table III.
No significant differences were found regarding iliac artery morphology between the 
ROIC and EC approach. The comparative analysis for iliac artery specific details is shown 
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in Table IV. 2 year Kaplan-Meier survival for the entire cohort was 74.4%, and did not 
differ between groups (ROIC 78.3% vs. EC 68.8%, p=0.350) (Figure 4). Also, 2 year Kaplan-
Meier freedom from limb loss, claudication or revascularization did not differ between 
the approaches (ROIC 91.3% vs. EC 93.8%, p=0.961) (Figure 5). 

Table III. Procedural Details and Outcome 

variable EC (n=16) RoIC (n=23) p value

Procedural details

Access side left 8 (50.0%) 13 (56.5%) 0.752

Device delivery sheath size (French) (mean ± 
SD)

22.9 ± 1.7 24.0 ± 1.0 0.038

Operative time (median, IQ range) 317 (261-399) 273 (227-347) 0.256

Preoperative hematocrit (%) 33.5 ± 5.6 36.4 ± 5.3 0.109

Blood loss in mL (mean ± SD) 1232 ± 887 772 ± 586 0.083

Blood products (mean ± SD) 2.5 ± 2.5 1.9 ± 2.9 0.562

Number of thoracic stent grafts 2.3 ± 1.0 2.4 ± 0.8 0.537

Maximum diameter implanted thoracic stent 
graft (mm)

39.8 ± 5.5 39.1 ± 4.5 0.700

Outcome

Iliofemoral complications 2 (12.5%) 6 (26.1%) 0.301

Limb loss 0 (0%) 0 (0%) NS

Claudication 1 (6.3%) 0 (0%) 0.225

Revascularization 0 (0%) 2 (8.7%) 0.226

30-day mortality 1 (6.3%) 0 (0%) 0.225

Postoperative ipsilateral ABI 0.97 ±  0.22 1.06 ± 0.10 0.186

Difference between pre- and postoperative ABI 0.02 ± 0.28 0.02 ± 0.08 0.908

Hospital stay (days) 13.3 ± 11.4 10.2 ± 7.3 0.309

Follow-up (months) 10.4 ± 11.5 23.1 ± 22.4 0.027

Permanent SCI 1 (6.3%) 2 (8.7%) 0.778

CVA 0 (0%) 1 (4.3%) 0.398

Postoperative creatinine (mg/dL) at 
postoperative day 1

1.4 ± 1.6 1.1 ± 0.4 0.342

Iliofemoral reoperation 1 (6.3%) 3 (13.0%) 0.492

ABI = ankle-brachial index; CVA = cerebrovascular accident; EC = endoconduit; SCI = spinal cord ischemia; 
ROIC = retroperitoneal open iliac conduit.
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Figure 4. 2-Year Survival 
2-year Kaplan Meier survival curve for the EC vs. the ROIC approach, with the numbers at risk demonstrated for 
the two diff erent approaches at 0, 12 and 24 months. Cumulative surviving time is 66.1%±12.5% at 2 years. The 
standard error exceeds 10% after 4 months for the EC approach and after 13 months for the ROIC approach.
EC = endoconduit; ROIC = retroperitoneal open iliac conduit

Figure 5. 2-Year Freedom from Complications
Freedom from late limb loss, claudication or revascularization. 2-year Kaplan Meier analysis between the 
ROIC and EC approaches is shown with the numbers at risk at 0, 12 and 24 months. Cumulative surviving 
time is 75.0%±21.7% at 2 years. The standard error exceeds 10% after 14 months for the EC approach and 
does not exceed 10% for the ROIC approach during 2 year follow-up.
EC = endoconduit; ROIC = retroperitoneal open iliac conduit
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DIsCussIon

TEVAR has been widely implemented into clinical practice as the preferred treatment 
modality for thoracic aortic pathology.1-4 Despite its less invasive nature, there still 
remain important limitations. Prior work has suggested that the applicability of TEVAR 
is limited not only by compromised proximal and distal landing zones, but also by 
difficulties with vascular access (diseased or tortuous iliac arteries, or a small caliber 
infrarenal aorta).14 Alternative stent graft delivery techniques are required frequently, as 
9-21% patients undergoing TEVAR, will require an iliac conduit for device delivery.3, 15-17 
This rate does not include those patients not selected for TEVAR because of prohibitive 
iliofemoral anatomy.
Peterson and colleagues initially described the endoconduit approach as an alterna-
tive stent graft delivery technique with TEVAR.11 In 2009, when a patient presented to 
the University of Michigan with a ruptured penetrating ulcer in the descending aorta, 
marginal hemodynamics, and poor iliofemoral access, we utilized the endoconduit 
approach to rapidly and successfully deliver a thoracic stent graft.  Following this suc-
cessful index procedure, we attempted to utilize this technique selectively in lieu of 
iliac artery conduits for device delivery.  The current study is our attempt to evaluate 
this early experience with the endoconduit approach, and is unique for two reasons. 
First, the cohort is much larger than previously reported; and secondly, this is the first 
comparative analysis between retroperitoneal open iliac conduit and endoconduit ap-
proaches as alternative stent graft delivery techniques. 
Preoperative evaluation of the iliofemoral arterial system is essential in planning TEVAR. 
It has been demonstrated that iliofemoral complications for the standard femoral ap-
proach were associated with increased iliac artery morphology score, ankle-brachial 
index and difference between average iliac diameter and sheath size.5 The optimal 
method to evaluate the iliac artery anatomy for TEVAR is by fine-cut CTA imaging of the 
iliofemoral arteries. Caution is required when traversing calcified tortuous iliac arteries 
in elderly patients, and device delivery can result in catastrophic iliac artery rupture.

Table Iv. Iliac Artery Specific Details 

variable EC (n=16) RoIC (n=23) p value

Iliac calcium score 1.81 ± 1.05 1.65 ± 1.06 0.655

Average iliac diameter (mm) 6.89 ± 1.54 7.39 ± 1.21 0.327

Minimum iliac diameter (mm) 5.09 ± 1.04 5.63 ± 0.99 0.128

Iliac tortuosity index 1.27 ± 0.23 1.16 ± 0.11 0.235

IMS 4.89 ± 2.37 3.89 ± 1.17 0.279

Sheath oversizing (mm) -0.85 ± 1.63 -0.77 ± 1.24  0.881

EC = endoconduit; IMS = iliac morphology score; ROIC = retroperitoneal open iliac conduit.
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Since the introduction of endovascular aortic repair, the retroperitoneal open iliac con-
duit technique has traditionally been the most commonly used alternative approach for 
stent graft delivery. Prior experience with this technique for endovascular abdominal 
aneurysm repair suggested that it was associated with an increased rate of complications 
compared to the transfemoral delivery, including greater blood loss, longer procedure 
time, longer hospital stay, and higher rate of perioperative complications compared to 
standard femoral exposure.7 Similar results in a patient group focused on TEVAR have 
been reported.18 Furthermore, prosthetic material is typically left behind with the ROIC 
approach, which raises the concern for potential graft infection. In contrast, elective 
conduits avoid potentially life-threatening iliac complications associated with advanc-
ing large bore sheaths through diseased or tortuous iliofemoral arteries. Despite the 
increased morbidity, no significant difference in early mortality has been demonstrated 
for this approach.7, 18 Our study similarly demonstrates higher rates of iliofemoral com-
plications in the patients approached with ROIC, but without increased mortality rates. 
Internal endoconduits allow for adequate angioplasty without risking iliac artery 
rupture in an uncontrolled fashion, in contrast to other techniques, such as adjunctive 
balloon angioplasty, or in situ introducer sheath dilatation.9, 19 When appropriate distal 
and proximal seal is accomplished with the endoconduit, aggressive angioplasty can be 
performed with less risk for catastrophic hemorrhage.11 With the endoconduit approach, 
patients can be treated via a standard femoral artery access, even in the presence of 
significant iliac occlusive disease or other adverse iliac anatomy. Moreover, the morbid-
ity associated with the retroperitoneal approach is avoided. Our study demonstrated 
comparable rates of iliofemoral complications for the endoconduit (12.5%) compared to 
the standard femoral access technique.5 Our study shows acceptable early results, and a 
study with a larger sample size would be an important next step to confirm our findings. 
One of the major concerns with endoconduits is the possible coverage of the origin 
of the hypogastric artery, with associated complications such as spinal cord ischemia, 
gluteal necrosis, and buttock claudication. When covering the origin of the hypogastric 
artery, collateral circulation should be optimally assisted and if possible maintained, 
preserving the inferior epigastric and superficial circumflex iliac arteries in order to 
optimize pelvic perfusion. When occlusion of the hypogastric artery origin is required 
with an endoconduit, we consider coiling the origin of this artery if it is widely patent, in 
order to avoid hemorrhage via cross pelvic collateral circulation. If high-grade stenosis 
of the origin of the hypogastric artery is present, coiling is not routinely performed. 
Based on these considerations, when both iliac arteries have critical stenoses, we select 
the more diseased side at the access site for endoconduit placement.
It is important to note that a selection bias might be present in our study, as four groups 
of patients are not selected for the endoconduit technique in our practice. These include: 
1) patients with severe narrowing or calcification of the aortic bifurcation, 2) patients 
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with a single hypogastric artery requiring coverage with the internal endoconduit (i.e., 
stenotic segment at the level of the origin of the hypogastric artery or previous AAA 
repair with extensive coverage of the aorto-iliac segment), 3) femoral vessel inadequacy, 
not amenable to repair due to severe calcification or stenosis, and 4) extensive dissec-
tion of the iliofemoral vessels. In these patients the ROIC approach remains an important 
alternative for stent graft delivery in patients with unfavorable iliac artery anatomy. 

limitations

The relatively small numbers in our study make it difficult to assign definitive conclu-
sions regarding preoperative morbidity, intraoperative details and outcome. Also, the 
length of follow-up for the endoconduit technique is relatively short due to the recent 
introduction of the EC approach, and therefore longer term data are needed. However, 
the most essential outcomes to assess, including iliofemoral complications, claudica-
tion, revascularization, limb loss and early mortality, are the most relevant to be able to 
widely implement this new access technique into clinical practice. However, the purpose 
of this small series was to evaluate the feasibility of this approach and compare it to the 
gold standard alternative access. In future studies larger cohorts should be studied to 
validate the endoconduit technique as alternative access technique with TEVAR.

ConClusIons

This early comparative evaluation of alternative access routes for TEVAR suggests that 
the endoconduit approach described here is safe, effective and associated with low 
rates of early mortality and late iliofemoral complications. Internal endoconduits avoid 
complications associated with a retroperitoneal approach and will allow transfemoral 
thoracic endovascular aortic repair. With the expansion of endovascular therapies in-
cluding aneurysm repair and transcatheter aortic valve replacement, the endoconduit 
may be considered a suitable delivery route for selected patients.
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ABsTRACT

objectives
Various options have been described to treat aberrant subclavian arteries and associ-
ated Kommerell diverticulum. We describe our experience with the management of this 
entity over a 15-year period.
Methods
22 patients underwent repair of aberrant subclavian arteries and associated Kommerell 
diverticulum. Indications for intervention included a large Kommerell diverticulum 
(n=18), dysphagia lusoria (n=12), rupture (n=4), type B aortic dissection (n=4), thoracic 
aortic aneurysm (n=2), and coarctation (n=1). Patients were treated either with open 
surgery (n=9) or an endovascular approach (n=13). For the open surgical patients hypo-
thermic circulatory arrest (n=7) or left heart bypass (n=2) was used. For those patients 
undergoing an endovascular approach (n=13), carotid to subclavian arterial bypasses 
were performed preoperatively in 11 patients and intraoperative in 2 patients. Bilateral 
revascularization was more frequently performed with endovascular repair compared to 
open surgery (69% vs. 22%, p=0.01). 
Results
Early outcomes included in-hospital mortality (n=1), stroke (n=1) and permanent spinal 
cord ischemia (n=1) after endovascular approaches, and renal failure requiring dialysis 
(n=1) and need for tracheostomy (n=1) after open repair. The frequency of endovascular 
repair increased after the commercialization of thoracic endovascular aortic repair in 
2005 from 33% to 63%. Four patients developed type I (n=1) or type II (n=3) endoleaks, 
of which one required reintervention. Median hospital stay was 7 days (IQR 4-17). 5-year 
survival was 81.8%. No late aortic ruptures occurred and 3 patients required late reinter-
vention, one after an open and two after an endovascular approach. Dysphagia lusoria 
was relieved in all patients except for one in the open repair and one in the endovascular 
group.
Conclusions
Aberrant subclavian arteries and associated Kommerell diverticulum can be treated with 
acceptable rates of mortality and morbidity. The evolution towards an endovascular ap-
proach did not appear to affect late outcomes, suggesting that the choice of treatment 
should be based on patient-specific anatomy and associated comorbidities.
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InTRoDuCTIon

Different congenital vascular anomalies of the aortic arch have been described; one of 
the most common is an aberrant subclavian artery (ASA), also described as lusorian ar-
tery. The aberrant right subclavian artery (ARSA) with a left-sided aortic arch is a relatively 
common aortic arch anomaly, with a reported incidence of 0.5-1.8%, while an aberrant 
left subclavian artery (ALSA) with a right-sided aortic arch is less prevalent (0.05%).1,2 
An ASA can arise due to a disturbance in the embryologic complex, with remodeling 
of the six dorsal and ventral arches which form the basis of the branchial arch system. 
Remnants of the right dorsal aorta persist resulting in an ARSA originating from the 
descending thoracic aorta. An ALSA evolves in a similar pattern when there is involution 
of the left arch and a persistent right arch. ASAs originate from the proximal portion of 
the descending thoracic aorta as the fourth supra-aortic vessel, crossing the midline 
posterior to the esophagus (80%), between the esophagus and the trachea (15%), or 
anterior to the trachea (5%).2

Kommerell diverticulum has been described as aneurysmal aortic dilatation at the 
origin of the ASA and is a rare congenital anomaly. In general, it is asymptomatic, but 
an increased risk of rupture or dissection of 19% to 53% has been reported.3 Associated 
symptoms are tracheal and esophageal compression (dysphagia lusoria), which more 
frequently occur in patients with a right-sided aortic arch.4,5 Traditionally, open repair 
has been the preferred treatment modality for ASAs and associated Kommerell diver-
ticulum. However, over the last decade operative techniques have evolved to include 
endovascular and hybrid approaches for this pathology.6,7 The purpose of this study is to 
assess the evolution of management of aberrant subclavian arteries and related Kom-
merell diverticulum over a 15-year period. 

METHoDs

The Institutional Review Board of the University of Michigan Medical School 
(HUM00044262) has approved this single-center retrospective study. 22 patients (Janu-
ary 2000-August 2014) underwent repair of ASAs and Kommerell diverticulum at the 
University of Michigan hospitals. The mean age at the time of intervention was 59±14 
years. Sixteen patients had a left-sided aortic arch with an ARSA (Figure 1, 2), and six 
patients had right-sided aortic arch with an ALSA (Figure 3). The majority of patients was 
male (64%), of Caucasian origin (91%), had Kommerell diverticulum (82%), and tracheo-
esophageal compression (55%). Indications for intervention included a large Kommerell 
diverticulum (n=18), dysphagia lusoria (n=12), rupture (n=4), complicated acute type B 
aortic dissection (n=3), chronic type B aortic dissection with aneurysm formation (n=1), 
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thoracic aortic aneurysm (n=2), and coarctation (n=1), and multiple indications were 
present in 12 patients. The patient characteristics are listed in Table I. Patients were treat-
ed either with open surgery (n=9) or an endovascular/hybrid approach (n=13). For those 
patients undergoing an endovascular approach, carotid to subclavian arterial bypasses 
were performed preoperatively in 11 patients and intraoperatively in 2 patients. Bilateral 
revascularization was more frequently performed with endovascular repair compared to 
open surgery (69% vs. 22%, p=0.01).

Figure 1. Aberrant Right Subclavian Artery 
Exclusion with TEVAR  
This 58-year old female patient presented with 
subacute type B intramural hematoma and aber-
rant right subclavian artery and was treated with 
bilateral carotid-subclavian arterial bypasses and 
TEVAR. A: 3-D reconstruction of the preoperative 
situation; the aberrant right subclavian artery origi-
nates as fourth supra-aortic vessel from the dorsal 
side of the thoracic aorta. B: After bilateral subcla-
vian artery revascularization and TEVAR, this 3-D 
reconstruction shows successful exclusion of both 
subclavian artery origins.

A B
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Conventional open repair

Resection of the distal aortic arch and descending thoracic aorta were performed as 
previously described.8 Extent of open surgical repair included proximal descending 
aorta in 8 and total descending aorta in 1 patient; this 71-year old male was intervened 
on for dissection at the level of the ARSA with aneurysmal degeneration of the distal 
arch, descending aorta, and abdominal aorta. Intrathoracic subclavian arterial bypasses 
were performed in 2 patients. Bilateral (n=2), or unilateral (n=7) carotid to subclavian 
arterial bypasses were performed, either preoperatively (n=7) or concomitantly (n=2). 
Extracorporeal support was used in all patients with adjunctive hypothermic circulatory 
arrest used in 7 patients. A right thoracotomy was performed if a right-sided aortic arch 
with an ALSA was present. Left thoracotomy was performed if a left-sided aortic arch 
with an ARSA was present.

Figure 2. Aberrant Right Subclavian Artery and Kommerell Diverticulum with Tracheoesophageal 
Compression
This 63-year old male patient presented with dysphagia lusoria caused by an aberrant right subclavian 
artery and Kommerell diverticulum with tracheoesophageal compression. A: Preoperative 3-D reconstruc-
tion demonstrates a bovine trunk and an aberrant right subclavian artery that emanates as last supra-aortic 
vessel from the dorsal side of the thoracic aorta. B: Preoperative CT imaging shows that the aberrant right 
subclavian artery with Kommerell diverticulum (18 mm) crossing the midline causes tracheoesophageal 
compression. C: Post TEVAR 3-D reconstruction shows exclusion of the aberrant right subclavian artery.

A B

C
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Hybrid and endovascular approaches

Three diff erent hybrid and endovascular procedures can be distinguished in our cohort: 
1) the frozen elephant trunk procedure (n=1); 2) subclavian artery revascularization 
with subsequent thoracic endovascular aortic repair (TEVAR) (n=11); and 3) cervical 
debranching alone (n=1). 
The single patient treated with a frozen elephant trunk procedure had a total thoracic 
aortic aneurysm (ascending and descending) and was treated with ascending and total 

Figure 3. Right-Sided Aortic Arch with an Aberrant Left Subclavian Artery with Kommerell Diverticulum 
and Vascular Ring
This 34-year old male patient with right-sided aortic arch, complete vascular ring and progressive dyspha-
gia lusoria was treated with bilateral subclavian artery revascularization followed by TEVAR. A: Preoperative 
3-D reconstruction of the aorta shows the Kommerell diverticulum (22 mm) of the aberrant left subclavian 
artery. B: Preoperative CT imaging shows the right-sided aortic arch with vascular ring. C: Post-TEVAR CT 
imaging shows an intact vascular ring, but excluded Kommerell diverticulum. This patient had persisting 
dysphagia and underwent therefore division of his ligamentum arteriosum to relieve the vascular ring. 
Despite this second intervention, his symptoms persisted and further evaluation suggested esophageal 
dysmotility, potentially caused by longstanding esophageal obstruction, as the etiology of his complaints.

A B

C
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arch aortic replacement with a frozen elephant trunk procedure performed as previ-
ously described.9 The second stage procedure was extension of the endovascular repair 
distally at the level of the superior mesenteric artery, with celiac artery coiling performed 
previously, to treat the residual thoracoabdominal aneurysm.
The second hybrid technique was conducted in two stages. The first stage included 
either bilateral (n=9) or unilateral (n=2) subclavian artery revascularization. The only 
two patients not to receive subclavian artery revascularization were Jehovah’s witnesses 
who did not consent for blood transfusion. Subclavian artery revascularization was 
attempted in both patients, but significant bleeding was encountered resulting in abor-
tion of the procedure. 

The second stage procedure included thoracic stent grafting in the distal aortic arch and 
descending aorta. In this study the TAG (WL Gore & Associates, Flagstaff, AZ, n=8), TX2 
(Cook Medical Inc, Bloomington, IN, n=3), and Talent (Medtronic Inc, Minneapolis, MN, 
n=2) stent grafts were used for TEVAR with a mean of 1.8±0.9 stent grafts used. Standard 
transfemoral access for stent graft delivery was performed in 10, while the remaining 
patient received an iliac conduit to facilitate TEVAR. These access techniques and the 
TEVAR procedure itself were performed as previously described.10,11 
Cervical debranching alone was performed in 1 patient. This 48-year old male with an 
ARSA with progressive dysphagia, Kommerell diverticulum, but without aneurysmal 

Table I. Patient Characteristics

Age (years, mean±SD) 58.8±14.4

Male 14 (63.6%)

Anatomy

Maximum aortic diameter (mm, mean±SD) 45.9±13.6

Aberrant right subclavian artery with left-sided aortic arch 16 (72.7%)

Aberrant left subclavian artery with right-sided aortic arch 6 (27.3%)

Diameter Kommerell diverticulum (mm, mean±SD) 25.5±6.9

Associated aortic or subclavian artery dissection 7 (31.8%)

Indications for intervention

Kommerell diverticulum 18 (85.7%)

Dysphagia lusoria 12 (54.5%)

Complicated type B aortic dissection 3 (13.6%)

Chronic type B aortic dissection with aneurysm formation 1 (4.5%)

Rupture 4 (18.2%)

Thoracic aortic aneurysm 2 (9.1%)

Coarctation 1 (4.5%)

Unless otherwise specified, data are presented as number (%). SD, standard deviation.
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formation of the distal aortic arch or descending aorta, was treated with a right carotid 
to right subclavian artery bypass, and occlusion of the origin of the ARSA with a vascular 
plug through a percutaneous femoral artery approach. 
To prevent retrograde fi lling of the excluded aneurysmal sac, ASA occlusion was per-
formed after selective angiography verifi ed lack of small mediastinal vessels emanating 
from the artery. Occlusion was by primary ligation (n=3), coil embolization (n=2), or use 
of a vascular plug (n=7). To avoid compression of the esophagus, care was taken to place 
vascular plugs lateral to the course of the esophagus within the mediastinum. 

outcomes

Technical success was defi ned as completion of the procedure without intraprocedural 
mortality, combined with complete exclusion of the aneurysmal segment of the thoracic 
aorta including the Kommerell diverticulum, without presence of type I and III endole-
aks. Early outcomes included 30-day mortality, CVA, spinal cord ischemia (SCI), renal 
failure requiring dialysis, and respiratory failure, defi ned as the need for tracheostomy 
postoperatively. Patients managed with TEVAR were routinely followed with annual 
CTA imaging, assessing stent graft patency, endoleaks, and aneurysmal morphology. 
The frequency of endovascular repair increased after the commercialization of TEVAR in 
2005 from 33% to 63%. As expected, with increasing experience, TEVAR was even more 
frequently adopted in the last fi ve years (80%, Figure 4).

Figure 4. The Evolution towards an Endovascular Approach
The evolution towards endovascular and hybrid approaches is demonstrated with 80% of the procedures 
for the management of aberrant subclavian arteries and related Kommerell diverticulum being endovascu-
lar or hybrid approaches in the last 5 years (2010-2014).
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statistical analysis

Descriptive statistical analysis was performed with IBM SPSS Statistics version 21.0 (SPSS 
Inc, Chicago, IL). Continuous variables are presented as mean ± standard deviation 
(SD) or median (interquartile range, IQR) for data with skewed distribution. Categorical 
variables are presented as frequencies and percentages. Dichotomous variables were 
analyzed using the Chi-Square test or Fisher’s exact test; continuous variables were 
analyzed by Student t test for normally distributed variables or Mann Whitney U test 
for variables with skewed distributions. Survival and freedom from treatment failure 
(defined as aortic rupture or need for reintervention) were analyzed by Kaplan-Meier 
methods, with log-rank testing where applicable. All results with p<0.05 were consid-
ered statistically significant.

REsulTs

Early outcomes

Technical success was 95.5%. Median hospital stay was 7 days (interquartile range [IQR] 
4-17 days). Patients were hospitalized longer after open repair (11 days [7-18 days] vs. 
endovascular 4.0 days (3.0-16.0 days). Early outcomes are listed in Table II. Mortality was 
seen in 1 patient (4.5%). This 47-year old male patient with a contained ruptured aortic 
arch aneurysm with an ARSA was managed with bilateral carotid-subclavian bypasses 
and TEVAR. He expired intraoperatively from iliac artery rupture with sheath removal 
after successful exclusion of the thoracic aortic aneurysm with stent graft. 

CVA (4.5%) and permanent SCI (4.5%) were seen in 1 patient. This 84-year old male with 
an ARSA, Kommerell diverticulum, and distal arch and distal descending aortic saccular 
aneurysms was treated with bilateral subclavian artery revacularization and TEVAR. This 
patient had significant atheromatous disease in his arch aorta. His CVA resulted from 
atheroembolism of the anterior and posterior circulation territories. Unfortunately, he 
also sustained SCI resulting in permanent lower extremity paraplegia. Renal failure 

Table II. Univariate Comparative Analysis for Early Outcomes

Early outcomes open repair (n=9) Endovascular/hybrid repair (n=13) p value

Mortality 0 (0%) 1 (7.7%) 1.000

CVA 0 (0%) 1 (7.7%) 1.000

SCI permanent 0 (0%) 1 (7.7%) 1.000

Need for dialysis 1 (11.1%) 0 (0%) 0.409

Tracheostomy 1 (11.1%) 0 (0%) 0.409

CVA, cerebrovascular accident; SCI, spinal cord ischemia. Data are presented as  number (%).
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requiring dialysis (4.5%) and need for tracheostomy (4.5%) occurred in 1 patient. This 
40-year old female presenting with an acute type B aortic dissection and an aneurysmal 
and dissected ARSA was managed with a right carotid to subclavian artery bypass prior 
to distal aortic arch and proximal thoracic descending aorta replacement. This patient 
developed progressive renal failure requiring temporary dialysis, and had also prolonged 
ventilation time necessitating a tracheostomy. 

late outcomes

The mean follow-up in this study cohort was 3.0±3.4 years. 5-year survival was 81.8%. 
Four patients developed either type I (n=1) or type II (n=3) endoleaks of which one 
required reintervention. A 70-year old female patient with arteriomegaly and total 
thoracic aortic aneurysm (7 cm ascending aorta with 9 cm descending aorta, and 2.8 cm 
Kommerell diverticulum) was initially treated with emergent ascending and total arch 
repair with a frozen elephant trunk. A proximal type 1 endoleak into the Kommerell di-
verticulum was present after this procedure. TEVAR was then performed to complete the 
second stage, with the expectation that elimination of outflow for the endoleak would 
allow for slow thrombosis of the aneurysm sac. She sustained significant respiratory fail-
ure postoperatively, and was not identified as suitable to tolerate an open descending 
aortic repair. The endoleak persisted, and she likely expired from aortic rupture 1 month 
after discharge. Two patients had small type II endoleaks at the origin of the ASA, which 
resolved over 1 year with stable thoracic aortic dimensions and Kommerell diverticulum 
exclusion. One patient had a persistent small type II endoleak at 2 years with decreasing 
arch and proximal descending thoracic aortic dimensions and excluded Kommerell di-
verticulum, and therefore did not require reintervention.  During follow-up, the majority 
of patients treated with endovascular techniques to exclude their Kommerell diverticu-
lum demonstrated a stable aneurysm sac size (n=8, 67%), while 2 patients (17%) showed 
sac size shrinkage, 1 patient (8%) had sac size growth, and in 1 patient sac size status was 
indefinable due to early death.
No further late aortic ruptures occurred and three patients required late reintervention. 
One patient required reintervention after open surgical repair. This 47-year old male pa-
tient was initially treated with open descending aortic repair for subacute type B aortic 
dissection, and in the 5th postoperative year he developed aneurysmal degeneration of 
the residual descending aortic dissection. This was treated with TEVAR. 
Two patients required reintervention after endovascular approaches. One 70-year old fe-
male with an ARSA and previous type A aortic dissection repair, was initially treated with 
bilateral subclavian artery revascularization and TEVAR. Her thoracoabdominal aorta 
distal to the stent graft dilated over a 4-year period and she underwent endovascular ex-
clusion of the residual descending thoracic aorta. The second patient, a 34-year old male 
with progressive dysphagia lusoria, was initially treated with bilateral subclavian artery 
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revascularization and TEVAR for a vascular ring consisting of right-sided aortic arch with 
ALSA and Kommerell diverticulum (Figure 3). During follow-up this patient presented 
with persistent dysphagia and chest pain. Follow-up CT imaging demonstrated an ex-
cluded Kommerell diverticulum. Despite conservative management to allow for sac size 
reduction, his symptoms persisted. He therefore underwent division of the ligamentum 
arteriosum to relieve the vascular ring. Despite this second intervention, his symptoms 
persisted and further evaluation suggested esophageal dysmotility, potentially caused 
by longstanding esophageal obstruction, as the current etiology of his complaints. 
Dysphagia lusoria was relieved in all but two patients, one after open and one after 
endovascular repair. The patient treated with endovascular methods is described above. 
The second patient was a 68-year-old male with Kommerell diverticulum with thoracic 
aortic aneurysm, and ALSA with right-sided aortic arch, who initially presented with 
severe dysphagia lusoria and recurrent aspiration pneumonia requiring a percutaneous 
endoscopic gastrostomy. An intervention was indicated for his symptoms, and after 
a left carotid to subclavian artery bypass, he underwent a right thoracotomy with re-
placement of his proximal half of his descending thoracic aorta using left heart bypass. 
Postoperatively, evaluation for a persistent air leak identified the presence of a tracheo-
esophageal fistula, which was likely present and unrecognized prior to his aortic repair. 
This patient ultimately expired as sequelae of complications from recurrent pneumonia 
and respiratory failure, 2 months after his initial open repair. 
The open surgical and endovascular approaches were compared looking at late mortal-
ity and treatment failure (defined as aortic rupture or need for aortic reintervention). 
Kaplan Meier analysis showed similar 5-year survival between groups (open, 77.8% vs. 
endovascular, 84.6%, p=0.870). Similar 3-year freedom from treatment failure rates were 
found (open, 100% vs. endovascular, 84.6%, p=0.195). 

DIsCussIon

No guidelines currently exist for the treatment of aberrant subclavian arteries and as-
sociated Kommerell diverticulum, likely a result of its low incidence in a heterogenous 
patient population. Although the classical clinical presentation includes dysphagia, 
ASAs have also been reported to present with other aortic diseases. Previous studies 
suggested that patients with ASA are at risk for atherosclerosis and associated compli-
cations including aneurysms, dissection and branch vessel stenosis.12 The association 
of ASA and aortic dissection has been described in several case studies, and might be 
explained by a genetic predisposing component in these patients.1,13 In a recent study, 
pathological samples of patients who were surgically treated for ASAs and Kommerell 
diverticulum, were studied, which showed that mucoid medial degeneration, character-
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ized by the accumulation of mucopolysaccharides within the media, was present in all 
patients.14 Additionally, in 44% of these patients, atherosclerotic plaques with fibrosis, 
foam cells, and extracellular lipid deposition was seen. In the remaining 56% of patients, 
intimal hyperplasia with smooth muscle cells and proteoglycan-rich extracellular matrix 
within the intima was found.14 
As a previous study has suggested, we have further demonstrated in this study that 
the treatment paradigm for the management of such rare aortic anomalies has shifted 
towards endovascular and hybrid approaches in patients with suitable anatomy.6 The 
evolution towards an endovascular approach did not appear to affect late outcomes, 
suggesting that the choice of treatment should be based on patient-specific anatomy 
and associated comorbidities. 
ARSA was more frequently present than ALSA in our cohort, which is congruently with 
reported incidences in current available literature.1,2 Patients in our cohort frequently 
presented with Kommerell diverticulum, thoracic aortic aneurysm and dissection. How-
ever, a selection bias might be present, because we included only patients undergoing 
intervention for their ASAs. Generally, if the size of the Kommerell diverticulum is 1.5 
times larger than the subclavian artery itself, an intervention is indicated.15 Nevertheless, 
when taken all the above mentioned facts into consideration, our practice over the last 
15 years is to use an aggressive approach in treating patients with ASA if concomitant 
aneurysms or dissection exists, even in the absence of a Kommerell diverticulum. For 
instance, when a patient presents with acute type B aortic dissection with an ASA 
anomaly present, we now would consider early intervention, even in the absence of 
thoracic aortic aneurysm or large Kommerell diverticulum.
The specific approach for ASA and associated Kommerell diverticulum is chosen based 
on patient comorbidities, anatomy, and preference of the surgeon. Unique features in 
treating ASAs with endovascular approaches exist. These include the frequent presence 
of marginal proximal landing zones characterized by ‘gothic’ shaped arches, short lesser 
curvatures, and frequent need for bilateral, rather than unilateral, subclavian artery 
coverage. Additionally, an ASA with complete vascular ring causing dysphagia lusoria 
should be managed with surgical division of the ligamentum arteriosum to relieve the 
vascular ring. Strategies such as a frozen elephant trunk and hybrid arch debranching 
have been proposed as a method to extend and optimize the proximal landing zone.3 
The advent of branched endografts of the arch aorta may improve the ability to treat 
ASA with an endovascular approach. 
Consideration of treatment for dysphagia lusoria identifies a second important distinc-
tion between open and endovascular repair for ASA. Open surgical repair will adequately 
decompress Kommerell diverticulum, thus relieving dysphagia. The only failure after 
open surgical repair in our cohort occurred because of an unrecognized tracheoesopha-
geal fistula. In contrast, TEVAR can only exclude Kommerell diverticulum, but sac shrink-
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age that occurs is variable resulting in inconsistent mass reduction. Surprisingly, relief of 
dysphagia lusoria in our cohort was successful, with the only failure occuring in a patient 
likely because of primary esophageal dysmotility. The majority of patients in our cohort 
who were treated with endovascular techniques demonstrated a stable aneurysm sac 
size (67%) during follow-up. Therefore, the mechanism of success may presumably be 
relief of pressure within the diverticulum, and not necessarily a pure mass effect. 
Currently, we believe that both open and endovascular approaches play an essential role 
in the management of ASAs and Kommerell diverticulum, and our study demonstrated 
that those hybrid techniques can be performed effectively with minimal morbidity 
and mortality, and a high rate of symptom relief. There are certain limitations to our 
study; this is a retrospective study limited by sampling bias and size. Direct comparison 
between open and hybrid endovascular approaches was complicated by the varying 
underlying thoracic aortic pathologies. Larger studies should be conducted to be able 
to directly compare the two strategies for identical aortic pathologies. However, given 
its rare occurrence, this study is one of the largest cohorts treated with operative man-
agement of aberrant subclavian arteries and associated Kommerell diverticulum.

ConClusIons

Aberrant subclavian arteries and associated Kommerell diverticulum can be treated with 
acceptable rates of mortality and morbidity. The evolution towards an endovascular ap-
proach did not appear to affect late outcomes, suggesting that the choice of treatment 
should be based on patient-specific anatomy and associated comorbidities. 
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nEW InsIGHTs InTo TYPE B AoRTIC DIssECTIon

Over recent years, an improved consensus has been established regarding diagnosis 
and management of type B aortic dissection (TBAD).1-3 Preoperative risk stratification 
is improved and several additional clinical and radiological predictors for aortic growth 
and adverse late-term outcomes have been identified.4-6 Besides clinical and radiologic 
prediction models, also other fields of aortic dissection research have been further de-
veloped, including aortic fluid-dynamic and computational analysis studies, ex vivo and 
in vitro studies, and basic science studies with detection of specific genes and biomark-
ers.1,7-10 Furthermore, the management of thoracic aortic pathologies has evolved to 
include endovascular approaches next to conventional open aortic repair.
In Chapter 2 the most up-to-date knowledge about the current treatment strategies 
of aortic dissection is summarized. Primary conservative medical treatment with an-
tihypertensive agents in combination with close surveillance seems to be justified in 
TBAD, until complications such as aneurysmal expansion, rupture, or progression of the 
initial dissection occur. Optimal medical treatment is established when blood pressure 
and heart rate are within normal limits.5 Beta-blockers, calcium channel blockers, and/or 
ACE-inhibitors are administered at presentation and continued during follow-up if nec-
essary. Randomized controlled trials have been conducted to evaluate the use of tho-
racic endovascular aortic repair (TEVAR) in combination with optimal medical treatment 
in uncomplicated TBAD patients.11,12 TEVAR has been proven to be safe and effective 
with satisfactory mid-term outcome, while recently more positive long-term outcomes 
have been reported.13-15 Despite improved 5-year aorta specific survival, and induction 
of false lumen thrombosis and aortic remodeling in patients treated with TEVAR, high 
periprocedural mortality warrants caution in the preemptive use of this technique in 
all TBAD patients.15 Especially considering that around 50% of patients have excellent 
outcomes with optimal medical treatment alone, while TEVAR is associated with the 
occurence of stent graft related complications requiring re-interventions with accompa-
nying costs and additional hospitalizations.15-18 Therefore, a patient-specific approach in 
order to treat only those patients at risk for complications is warranted.
To select a group of uncomplicated TBAD patients at high-risk for aneurysm formation 
and rupture, several clinical and radiological predictors have been identified.4-6,19,20 In 
Chapter 3 the available literature is systematically reviewed to select the most impor-
tant predictors of aortic growth in uncomplicated TBAD.21 Younger age, white race, 
Marfan syndrome and high fibrinogen-fibrin degradation product level at admission 
were identified as clinical predictors of aortic growth, while tight heart rate control, 
and use of calcium-channel blockers were associated with negative or limited aortic 
growth.5,22 Radiologic predictors included large aortic diameter on initial imaging, 
large proximal descending thoracic aortic false lumen diameter, elliptic formation of 
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the true lumen, patent false lumen, partially thrombosed or saccular formation of the 
false lumen, presence of one entry tear, large entry tear size located in the proximal 
part of the dissection, false lumen located in the inner aortic curvature, and fusiform 
dilated proximal descending aorta.1,4,6,19,20,23 In contrast, thrombosed false lumen, the 
presence of two or more entry tears, a false lumen located at the outer aortic curvature, 
and circular configuration of the true lumen were all associated with negative or limited 
aortic growth.1,6 Different radiologic predictors including patent false lumen, false lu-
men diameter, elliptic true lumen combined with round false lumen, one entry tear, and 
large entry tear size all seem inter-related due to pressurization of the false lumen, with 
subsequent aortic growth of the dissected segment.4,6,19,20 Combining these clinical and 
radiologic predictors, it seems possible to identify patients with uncomplicated TBAD 
at higher risk for aortic enlargement and rupture during follow-up. Although conserva-
tive management remains indicated in uncomplicated TBAD patients, selected patients 
might benefit from closer surveillance or early endovascular intervention. This approach 
deserves even more consideration because a significant group of patients develops 
aneurysmal degeneration along the dissected segments during follow-up and may lose 
the chance for endovascular treatment if not identified at an early stage.
In contrast to standard treatment of uncomplicated TBAD, TEVAR has been established 
as first line treatment option for complicated TBAD. In Chapter 4 the International Reg-
istry of Acute Aortic Dissection (IRAD) Interventional Cohort (IVC) was used to analyze 
157 patients with acute TBAD treated with TEVAR. Intra-procedural details were ana-
lyzed and related to in-hospital outcomes. Several factors were associated with adverse 
early outcomes. For instance, shorter time interval to intervention was associated with 
increased in-hospital mortality, malperfusion, and acute renal failure post-TEVAR. This 
implicates that patients requiring immediate intervention likely already have a poor 
prognosis compared to patients allowing a longer time interval to intervention. In other 
words, in TBAD the worse clinical conditions are associated with a prompt diagnosis 
and treatment, but, at the same time, with poorer outcome. Such observation confirms 
as the hyperacute phase, defined as that one within 24 hours from the onset of symp-
toms, represents in aortic dissection the most dangerous interval time, during which 
mortality is higher, irrespective of management.24 Additionally, malperfusion rates were 
higher among those patients receiving more aortic stent grafts. The necessity to deploy 
multiple stent grafts might indicate the complexity of the individual case, with more 
extensive disease. An additional explanation could be attributed to certain institution’s 
policy, in which malperfusion management initially includes placement of a single stent 
graft to cover the primary entry tear, and distal extension, only if malperfusion persists. 
In line with these findings, those patients receiving longer endovascular aortic coverage 
were associated to have unfavorable early outcomes, with higher rates of early mortal-
ity, and extension of dissection, also resulting in limb ischemia. This latter finding might 



SUMMARY, GENERAL DISCUSSION, AND FUTURE PERSPECTIVES

205

be attributed to complex dynamic forces on the stent graft and aortic wall causing 
stent graft erosion, potentially resulting in a distal stent induced new entry (SINE), or 
retrograde type A dissection.25-27 Larger proximal and distal stent graft diameters were 
also associated with increased in-hospital mortality. In TBAD patients presenting with 
larger diameters, aneurysm formation is more frequently present, and such condition 
might increase the risk for rupture in the acute phase, even after TEVAR. We concluded 
that the extent of disease and complexity of the procedure, indicated by several of the 
above-mentioned patient- and TEVAR-specific details, dictates adverse early outcomes 
in TBAD after TEVAR. Knowledge of those interventional details may be of importance in 
the perioperative assessment of patients presenting with TBAD.
Uncomplicated TBAD patients, not undergoing TEVAR, are generally managed with 
optimal medical treatment alone. Advances in medical care have increased the number 
of patients surviving the acute phase of TBAD, forming a larger cohort presenting with 
chronic TBAD. Despite optimal medical treatment, chronic TBAD patients remain at 
high risk for secondary aorta-related events requiring intervention.28,29 Although TEVAR 
appears to be the preferred treatment modality for complicated TBAD, its role is contro-
versial for chronic TBAD. Therefore, a comparative analysis of open and endovascular 
approaches for chronic TBAD is performed in Chapter 5 to determine the most suitable 
approach for those patients requiring intervention. The dissected aorta in chronic TBAD 
patients is thought to have a small true lumen with a thick intimal flap, which may be 
less amenable to endovascular repair and reverse aortic remodeling than the acutely 
dissected aorta with a more flexible intimal flap. Large maximum aortic diameter (OR 
1.1, p=0.001) and visceral aorta intervention (OR 3.5, p=0.026) independently predicted 
adverse early outcomes in a cohort of 122 chronic TBAD patients requiring interven-
tion. Important predictors of late mortality included peripheral vascular disease (HR 2.5, 
p=0.021) and baseline creatinine (HR 1.7, p<0.001), but not treatment strategy (p=0.225). 
Conventional open aortic repair was associated with higher treatment efficacy, and 
TEVAR was an independent predictor of treatment failure (p=0.046). We concluded that 
intervention for chronic TBAD could be performed with excellent results, either by an 
open or endovascular approach. TEVAR does appear to be a suitable less invasive option, 
and chronic TBAD patients at high risk for open surgery, or those with favorable ana-
tomic characteristics may benefit from an endovascular approach. However, the higher 
rate of treatment failure after TEVAR warrants modification of current device design or 
endovascular approach before broad application of this treatment strategy for chronic 
TBAD.

Advancements in Dynamic Aortic Evaluation 

With growing experience with TEVAR, stent graft design is continuously evolving. 
However, despite major improvements, complications such as endoleaks, retrograde 
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dissection, stent graft induced new entry (SINE), and stent graft migration still occur.26,27 
Such complications are the major limiting factors for TEVAR durability. Adequate proxi-
mal fixation and stent graft sealing, with appropriate stent graft design and sizing, is 
important in order to optimize TEVAR durability. However, as a result of pulsatile aortic 
changes, the aortic dimensions change during the cardiac cycle, with implications for 
stent graft sizing.30,31

In Chapter 6 the contemporary role of computational analysis in endovascular treat-
ment for thoracic aortic diseases is studied. Several forces might contribute to the failure 
of TEVAR, including radial, displacement, and fixation forces. The combination of these 
forces will balance the stent graft fixation to the aortic wall, which depends on aortic 
morphology (i.e. length of proximal and distal landing zones, and the condition of the 
aortic wall), and the mechanical properties of the stent graft.32 Advances in medical im-
aging with new imaging technologies are outlined, which provides insight into current 
status of electrocardiographic-gated CT and MRI, 4D phase contrast MRI, the process 
of computational analysis with computational fluid dynamics (CFD, i.e. a numerical 
technique for evaluating the hemodynamic environment of a vessel segment), and the 
applicability of those technologies into clinical practice.8,32,33

In 2009, Figueroa and colleagues assessed the displacement forces acting on thoracic 
stent grafts using CFD, proving that computational methods can enhance the under-
standing of the magnitude and orientation of the loads experienced in vivo by thoracic 
stent grafts, improving their design and performance.7 The same group evaluated the 
biomechanical and hemodynamic forces acting on the intermodular junctions of a 
multi-component thoracic stent graft through computer-based simulations, with a 
special focus for type III endoleaks.33 The importance of dynamic aortic evaluation is 
further emphasized in Chapter 7. A maximum difference in aortic distensibility during 
the cardiac cycle has been reported around 18% in the descending thoracic aorta, and 
with around 10% oversizing of the stent graft to aortic diameter, undersizing of the 
stent graft might occur in certain cases. This phenomenon illustrates the necessity to 
use dynamic aortic evaluation when planning TEVAR.30,34 Distensibility of the thoracic 
aorta is maintained after TEVAR, which makes adequate sizing of the stent graft even 
more crucial.35

A patient-specific computational model can be created, using information from medical 
imaging, to investigate the different forces acting on the aortic wall and stent graft.36 
In Chapter 8 we analyzed a patient with post-dissecting aneurysm treated with TEVAR 
using CFD analyses based on the patient-specific geometry reconstructed from imaging 
datasets. In this particular case, hemodynamic conditions were assessed in both the 
global aorta and in 3 specific aortic regions; 1) the inner curvature of the aortic arch where 
the bird-beak was present, 2) the partially covered origin of the left subclavian artery, 
and 3) the distal part of the descending thoracic aorta characterized by the narrowed 
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true lumen. The presence of the bird-beaked stent graft was not associated with relevant 
increased disturbance of flow in the aortic arch. These findings might be particularly at-
tributed to the boundary conditions and also to the distinctive preoperative geometry. 
Arch angulation after TEVAR might potentially be reduced, and this could mitigate the 
impact of the bird-beak configuration on aortic arch blood flow disturbance. Further-
more, the bird-beak configuration resulted in a significant reduction in lumen patency, 
and therefore in an increased pressure drop. This pressure drop, which was congruent 
with a pressure drop reported in a previous study37, demonstrates that the part of the 
stent graft protruding into the lumen is exposed to hemodynamic forces, which solely 
indicates a potential risk of stent graft infolding or collapse. Although the main clinical 
concern of this study was initially directed to the impact of bird-beak configuration, 
the CFD simulations demonstrated as translational finding that the local hemodynamic 
condition is impaired and the blood flow is disturbed in two other important areas: 1) 
the origin of the left subclavian artery that was only partially covered by stent graft and 
2) the narrowed true lumen in the distal descending thoracic aorta. This study shows the 
importance of a conscious collaboration between clinicians and biomedical engineers, 
and therefore poses the base for further studies with a larger clinical dataset.
Future investigations could enhance the clinical impact of CFD by identifying a case 
with confirmed endoleak and asking the subject to consent to a phase-contrast MR 
imaging study to measure the flow velocities in the supra-aortic branches and thoracic 
descending aorta. This will lead to simulations with patient-specific outflow boundary 
conditions, at least post-TEVAR. We conclude that CFD gives important information 
about aortic hemodynamics, and will help physicians particularly to understand the 
changes in aortic geometry after TEVAR. This study is the first step in establishing a 
computational framework that, when completed with patient-specific data, will allow us 
to study thoracic aortic pathologies and endovascular therapy.
Specifically, the thoracic aorta experiences higher and more complex forces than the 
abdominal aorta during the cardiac cycle, and its radial expansion change have been 
described as significant.35 Synchronically the thoracic aorta also changes longitudi-
nally.38 In such setting, the concept of pulsatile aortic changes can be evaluated by aortic 
distensibility (i.e. radial expansion) and aortic elongation, (i.e. longitudinal expansion), 
as performed in Chapter 9. Thoracic aortic diseases and their endovascular manage-
ment, with the deployment of a rigid stent graft, can disrupt the biomechanical balance 
and functionality of this complex vascular system. Although TEVAR has become the 
preferred treatment modality for several thoracic aortic pathologies, knowledge about 
its impact on pulsatile aortic changes is lacking. Analysis of pulsatile aortic changes, 
based on pre- and postoperative dynamic imaging, might represent an important tool 
for better understanding long-term outcome in TEVAR patients.30,39 Pre- and post-TEVAR 
radial expansion and elongation changes were observed during the cardiac cycle. More-
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over, based on the analysis of radial expansion and elongation, we observed a trend of 
increased pulsatile aortic changes after TEVAR along the different aortic segments. This 
observation might potentially have implications for stent graft sizing, design, durability, 
and related complications.

Advancements in Endovascular Therapies

Endovascular techniques, such as TEVAR and transcatheter aortic valve replacement 
have been successfully introduced as less invasive treatment modalities for thoracic 
aortic pathology.40-42 With major improvements and opportunities in endovascular re-
pair and imaging modalities, also new endovascular therapies have been introduced. 
Nevertheless, difficulties with vascular access are a major limitation of TEVAR, as up to 
20% of patients are not suitable for endovascular therapies.43,44 When TEVAR candidates 
have unfavorable iliac artery anatomy, including a small-caliber iliac artery, iliac artery 
tortuosity, or occlusive disease, in combination with the need for large diameter delivery 
sheaths, traditionally the retroperitoneal iliac artery conduit has been considered as 
most appropriate route for stent graft delivery.45 Specifically, to expand the applicabil-
ity of TEVAR, alternative access techniques for stent graft delivery have been used.45-47 
The open iliac conduit approach requires intra-abdominal or retroperitoneal access 
vessel exposure, resulting in a more complex surgical plan and extended postoperative 
recovery.46 More recently, the endoconduit approach has been introduced as alternative 
for stent graft delivery, and can be performed using a standard femoral approach.47 In 
Chapter 10 the retroperitoneal open iliac artery conduit and the endoconduit tech-
nique are compared as alternative access techniques with TEVAR in 39 patients. The 
endoconduit approach, as described in our study, is safe, effective, and associated with 
low rates of early mortality and late iliofemoral complications. Internal endoconduits 
avoid complications associated with a retroperitoneal approach and allows transfemoral 
TEVAR. With the expansion of endovascular therapies including aneurysm repair and 
transcatheter aortic valve replacement, the endoconduit might be considered a suitable 
delivery route in selected patients.
With the expansion of TEVAR to treat common thoracic aortic pathologies, TEVAR is now 
more commonly used to treat also rare aortic pathologies, such as aberrant subclavian 
arteries and associated Kommerell diverticulum. Related symptoms are tracheal and 
esophageal compression, defined as dysphagia lusoria. Traditionally, open repair has 
been the preferred treatment modality for aberrant subclavian arteries and associated 
Kommerell diverticulum. However over the last decade, operative techniques have 
evolved to include endovascular and hybrid approaches for this pathology.48,49 We evalu-
ated 22 patients with this aortic anomaly in our study, and the frequency of endovas-
cular repair increased after the commercialization of TEVAR as discussed in Chapter 11. 
The evolution towards endovascular and hybrid approaches to treat aberrant subclavian 
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arteries and associated Kommerell diverticulum did not appear to affect late outcomes, 
suggesting that the choice of treatment should be based on patient-specific anatomy 
and associated comorbidities. Currently, both open and endovascular approaches play 
an essential role in the management of this pathology, and our study demonstrated 
that those hybrid techniques can be performed effectively with minimal morbidity and 
mortality, and a high rate of symptom relief.

ConClusIons AnD FuTuRE PERsPECTIvEs

Predictors of aortic growth and complications during follow-up remain a debated topic 
for uncomplicated TBAD.6,9,22 In this thesis several clinical and radiological predictors of 
aortic growth in patients with uncomplicated TBAD have been identified. Combination 
of those predictors might detect a high-risk group that might benefit from closer follow-
up or early prophylactic intervention. Furthermore, larger randomized controlled trials 
should determine if TEVAR should be performed in all patients presenting with acute 
TBAD.
TEVAR has been established as main treatment option for complicated acute TBAD, 
while its role remains controversial for chronic TBAD. In acute TBAD patients treated 
with TEVAR, several patient and TEVAR-specific details dictate adverse early outcome. 
Looking specifically at chronic TBAD patients, we found that open repair remains the 
preferred approach for extensive chronic TBAD, while TEVAR is reserved for patients un-
able to tolerate open repair or with limited extent of disease and can also be performed 
with acceptable rates of morbidity and mortality. 
In general, TEVAR is associated with stent graft related complications.41 Those complica-
tions might be mainly explained by pulsatile aortic changes; during the cardiac cycle, not 
only radial aortic expansion is observed, but also longitudinal expansion. Those changes 
should be taken into account in the preoperative planning of TEVAR, and knowledge of 
those changes can improve stent graft design and performance.34,35,39 Dynamic imaging 
modalities help improve the evaluation of dynamic aortic changes, specifically pre-
TEVAR for stent graft sizing, and post-TEVAR to detect potential complications during 
follow-up. Explicitly, a patient-specific approach should be adopted in which stent graft 
design is focused on individual anatomy and morphologic changes. To establish such an 
approach, evaluation of the aorta and its side branches with ECG-gated CT or MRI is cru-
cial. And also other modalities, including computational analysis and 4D PC-MRI, which 
can both visualize and quantify flow characteristics in relationship to aortic expansion, 
will allow us to better understand the dynamics of thoracic aortic pathologies and the 
influence of endovascular therapies on this process.
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Aortic hemodynamics can be measured quantitatively with CFD, and those simulations 
can complement conventional CT or MRI imaging modalities. Certain case studies have 
been performed and provided insight in endovascular therapies for thoracic aortic 
pathologies7,8, but larger clinical data sets should be investigated in future studies to 
expand our knowledge about the utility of this technique in clinical practice. Particularly 
considering the expansion of endovascular therapy, with the introduction of several 
innovative therapies to optimize TEVAR, and standard TEVAR currently used also to treat 
rare aortic pathologies. Overall, advancements in dynamic imaging and endovascular 
therapy have expanded the use of those techniques, which are continuously improv-
ing.7,8,50 Therefore a conscious collaboration between bioengineers and the medical field 
is crucial. The higher rate of treatment failure after endovascular approaches warrants 
further optimization of the endovascular approach with adequate stent graft sizing and 
performance. We believe that the dynamic evaluation of the aorta and its environment 
is essential and should be performed in all patients considered for endovascular aortic 
repair. Individualization of the endovascular approach, with computational modeling as 
additional tool, might optimize stent graft placement/deployment and even customized 
design with minimal risk for complications. Regarding the endovascular management 
of thoracic aortic pathologies, future studies should focus on further implementation 
of dynamic imaging and computational modeling into clinical practice. The expanding 
bioengineer-medical collaboration, with a patient-specific approach and increasing 
experience with dynamic aortic evaluation, makes the future look bright.
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TYPE B AoRTADIssECTIE

In de afgelopen decennia is de consensus verbeterd ten aanzien van de diagnostiek en 
behandeling van type B aorta dissectie (TBAD).1-3 Preoperatieve risico analyses werden 
verbeterd en een aantal extra klinische en radiologische voorspellers voor aorta-groei en 
nadelige lange termijn uitkomsten is geïdentificeerd.1,4-6 Naast klinische en radiologische 
voorspellingsmodellen, zijn ook andere gebieden van aortadissectie onderzoek verder 
ontwikkeld;  studies waar fluid-dynamica en computergestuurde analyses in de aorta 
werden verricht,  ex vivo en in vitro studies, en daarnaast fundamentele wetenschap-
pelijke onderzoeken waar specifieke genen en biomarkers werden gedetecteerd.1, 7-10 
Heden is de endovasculaire behandeling een belangrijke aanvulling op de conventio-
nele open chirurgische benadering bij de behandeling van pathologie van de thoracale 
aorta. 
In hoofdstuk 2 wordt de meest recente kennis over de huidige behandelstrategieën 
van aortadissectie samengevat. Primaire conservatieve behandeling door middel 
van antihypertensiva in combinatie met een strenge follow-up is eerste keus bij de 
ongecompliceerde TBAD patiënten, totdat complicaties optreden zoals aneurysma 
formatie, ruptuur van het aneurysma, of progressie van de initiële dissectie.  De optimale 
medische behandeling is bereikt wanneer de bloeddruk en hartslag binnen de nor-
maalwaardes vallen.5 Bèta-blokkers, calciumantagonisten, en/of ACE-remmers worden 
toegediend bij presentatie van een ongecompliceerd TBAD en, indien nodig, worden 
deze medicamenten gecontinueerd gedurende de periode van follow-up. Gerandomis-
eerde gecontroleerde studies zijn uitgevoerd om het gebruik van thoracic endovascular 
aortic repair (TEVAR) in combinatie met een optimale conservatieve behandeling in 
ongecompliceerde TBAD patiënten te evalueren.11,12 TEVAR is bewezen veilig en effec-
tief met acceptabele middellange termijn resultaten, en daarbij werden onlangs meer 
positieve lange termijn resultaten gepresenteerd.13-15 Ondanks de verbeterde 5-jaars  
overleving, de inductie van trombose van het false lumen (FL) en remodellering van de 
aorta bij patiënten behandeld met TEVAR, werd een hoge peri-procedurele mortaliteit 
beschreven, wat leidt tot voorzichtigheid in het preventieve gebruik van deze techniek 
in alle TBAD patiënten.15 Zeker gezien het feit dat ongeveer 50% van de ongecomplic-
eerde TBAD patiënten uitstekende resultaten ervaart met slechts een conservatieve 
behandeling. Daarnaast bestaat er een risico van optreden van stent-graft-gerelateerde 
complicaties, re-interventies, en spelen ook de kosten van deze procedures een rol in 
het kiezen van de beste behandeling.15-18 
Om uit de ongecompliceerde TBAD patiënten een groep te selecteren met een hoog 
risico voor het ontwikkelen van aneurysmata of een ruptuur van de aortawand, zijn ver-
schillende klinische en radiologische voorspellers geïdentificeerd.4-6, 19, 20 In hoofdstuk 
3 wordt een systematische review gepresenteerd van de beschikbare literatuur voor 
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de belangrijkste voorspellers van aortagroei in ongecompliceerde TBAD patiënten.21 
Jongere leeftijd, het blanke ras, het syndroom van Marfan, en een hoog fibrinogeen-
fibrine-degradatieproduct niveau bij presentatie van een TBAD, zijn geïdentificeerd 
als klinische voorspellers van aortagroei. In tegenstelling, een goede hartslagcontrole 
en het gebruik van calciumantagonisten zijn geassocieerd met negatieve of beperkte 
aortagroei.5, 22 De radiologische voorspellers, die zijn aangetoond, zijn een grote aorta 
diameter op de initiële beeldvorming, een grote proximale thoracale FL aorta diameter, 
elliptische vorm van het true lumen (TL), een patent FL, partiële trombose van het FL, 
aanwezigheid van 1 entry tear in de aortawand, een grote entry tear in het proximale 
deel van de dissectie, locatie van het FL in de binnenste curvatuur van de aortaboog, en 
een fusiforme verwijding van de proximale aorta descendens.1, 4, 6, 19, 20, 23  Daarentegen zijn 
een getromboseerd FL, de aanwezigheid van twee of meer entry tears, een FL gelokali-
seerd op de buitenste curvatuur van de aortaboog en een cirkelvormig TL geassocieerd 
met negatieve of beperkte aortagroei.1, 6 Verschillende radiologische voorspellers leken 
onderling verbonden door de drukveranderingen in het FL, waaronder het patente FL, 
de diameter van het FL, het elliptische TL gecombineerd met cirkelvormig FL, 1 entry tear, 
en de grootte van de entry tear, wat resulteert in aortagroei van het dissectiesegment.4, 

6, 19, 20 Door de klinische en radiologische voorspellers te combineren, kunnen patiënten 
met ongecompliceerde TBAD worden geïdentificeerd, die een hoger risico hebben op 
uitbreiding van de aortadissectie gedurende follow-up. Hoewel conservatieve behan-
deling eerste keus blijft in ongecompliceerde TBAD patiënten, kunnen geselecteerde 
patiënten met een hoog risico in de toekomst mogelijk profiteren van een strenger 
follow-up beleid of een vroege endovasculaire interventie. Dit is essentieel omdat in 
een aanzienlijk gedeelte van de patiënten aneurysmatische degeneratie optreedt langs 
het gehele dissectiesegment van de aorta en hiermee de kans op behandeling met be-
hulp van een endovasculaire interventie afneemt, tenzij de indicatie tot endovasculaire 
benadering wordt gesteld in een vroeg stadium.  
In tegenstelling tot de standaardbehandeling van ongecompliceerde TBAD, is TEVAR 
de eerste keus van behandeling bij gecompliceerde TBAD patiënten. In hoofdstuk 4 is 
het Interventional Cohort (IVC) van de International Registry of Acute Aortic Dissection 
(IRAD) gebruikt om 157 patiënten te analyseren met acute TBAD, die werden behandeld 
met TEVAR. Intra-procedurele gegevens zijn geanalyseerd en gerelateerd aan klinische 
uitkomsten. Verschillende factoren zijn geassocieerd met negatieve vroege uitkomsten. 
Bijvoorbeeld, is een kort tijdsinterval van presentatie tot interventie geassocieerd met 
een verhoogde mortaliteit in het ziekenhuis, malperfusie en acuut nierfalen na de TEVAR 
interventie. Dit impliceert dat patiënten, waarbij onmiddellijk ingrijpen is geïndiceerd, 
waarschijnlijk al een slechtere prognose hebben in vergelijking met patiënten waarbij 
een langere tijdsinterval tot interventie mogelijk is. Dus, de patiënten met TBAD die zich 
in slechtere klinische toestand presenteren worden geassocieerd met een snelle diag-
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nose en behandeling, maar tegelijkertijd, met een slechtere prognose. Deze waarne-
ming bevestigt dat de 'hyperacute' fase (de eerste 24 uur na het begin van symptomen)
bij aortadissectie het gevaarlijkste interval is, omdat de mortaliteit hoog is ongeacht 
de behandeling.24 Daarnaast is de malperfusie hoger bij de patiënten, waarin meer 
thoracale aorta stent-grafts worden geplaatst. De noodzaak om meerdere stent-grafts 
te implanteren, kan wijzen op de complexiteit van de casus en op een uitgebreidere 
aortapathologie. Een bijkomende verklaring wordt toegeschreven aan het beleid van 
bepaalde ziekenhuizen, waarbij de behandeling van het malperfusie syndroom kan 
verschillen. Behandeling bestaat aanvankelijk uit het plaatsen van een stent-graft om de 
primaire entry tear af te sluiten en distale extensie van de stent-graft behandeling vindt 
plaats indien malperfusie aanhoudt. In lijn met deze bevindingen hebben patiënten die 
een langer gedeelte van de aorta behandeld zagen met stent-graft ongunstige vroege 
uitkomsten, zoals vroegtijdige sterfte, uitbreiding van de dissectie, resulterend in isch-
emie van de extremiteiten. Deze laatste bevinding kan mogelijk worden toegeschreven 
aan complexe dynamische krachten die op de stent-grafts en de vaatwand werken, wat 
stent-graft erosie veroorzaakt; dit kan leiden tot een distale stent geïnduceerde nieuwe 
opening (SINE) of een retrograde type A aortadissectie.25-27 Grotere proximale en distale 
stent-graft diameters zijn ook geassocieerd met een verhoogde vroege mortaliteit. In 
TBAD patiënten die zich presenteren met grotere diameters zijn aneurysmata vaak al 
aanwezig, wat een verhoogd risico op een ruptuur geeft in de acute fase, zelfs na TEVAR. 
Wij concluderen dat de omvang van de ziekte en de complexiteit van de procedure, 
geïndiceerd door verschillende van de bovengenoemde patiënt- en TEVAR-specifieke 
details, nadelige vroege uitkomsten bij TBAD na TEVAR impliceren. Kennis van specifieke 
informatie van de interventie kan van belang zijn in de peri-operatieve evaluatie van 
patiënten met TBAD.
Door de vooruitgang in de medische sector is het aantal patiënten, dat de acute fase 
van TBAD overleeft, toegenomen, wat een groter cohort vormt van patiënten met 
chronische TBAD. Ondanks optimale conservatieve behandeling, hebben chronische 
TBAD patiënten een hoog risico voor secundaire-aorta-gerelateerde events, waarvoor 
een interventie geïndiceerd is.28, 29 Hoewel TEVAR de aangewezen behandeling blijkt te 
zijn voor een gecompliceerde acute TBAD, is de rol controversieel voor chronische TBAD. 
Daarom is in hoofdstuk 5 een vergelijkende analyse verricht tussen open en endovas-
culaire benaderingen voor chronische de-novo TBAD, om de meest geschikte ingreep 
te bepalen voor deze groep patiënten. De aortadissectie bij chronische TBAD patiënten 
wordt geacht een klein TL te hebben met een dikke dissectieflap, die minder geschikt is 
voor endovasculaire benadering en remodellering van de aorta dan een acute aortadis-
sectie, die een meer flexibele dissectieflap heeft. In een cohort van 122 patiënten, die 
een interventie hebben ondergaan voor chronische TBAD, waren een grote maximum 
diameter van de aorta (OR 1.1, p=0.001) en interventie van de viscerale aorta (OR 3.5, 
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p=0.026) onafhankelijke voorspellers van verminderde vroege uitkomsten. Belangrijke 
voorspellers van late mortaliteit waren perifere vasculaire aandoeningen (HR 2.5, 
p=0.021) en het basisgehalte van kreatinine in het bloed (HR 1.7, p<0,001), maar niet de 
behandelingsstrategie (p=0.225). Conventionele open chirurgische aorta interventies 
zijn geassocieerd met een hogere efficiëntie van de behandeling, in tegenstelling tot 
TEVAR, wat een onafhankelijke voorspeller voor een falende behandeling bleek te zijn 
(p=0.046). We concluderen dat een interventie voor chronische TBAD kan worden uitge-
voerd met uitstekende resultaten, hetzij door een open, hetzij door een endovasculaire 
benadering. TEVAR lijkt een geschikte minimaal-invasieve optie te zijn bij chronische 
TBAD patiënten met een verhoogd risico voor open conventionele chirurgie, of bij 
patiënten met gunstige anatomische karakteristieken. Echter, de TEVAR procedure heeft 
een hogere kans op falen van de behandeling, wat benadrukt dat de huidige TEVAR/
endovasculaire procedure verdere technische modificaties moet ondergaan, voordat 
een bredere toepassing van deze strategie voor chronische TBAD mogelijk is.

De vooruitgang van Dynamische Evaluatie van de Aorta

Door de groeiende ervaring met TEVAR, evolueert het design van stent-grafts continu. 
Ondanks grote verbeteringen treden complicaties zoals endoleaks, retrograde dissectie, 
stent-graft geïnduceerde nieuwe openingen (SINE) en stent-graft migratie nog steeds 
op.26, 27 Dergelijke complicaties zijn de belangrijkste beperkende factoren voor de 
duurzaamheid van TEVAR. Adequate proximale fixatie en stent-graft sealing, met het 
juiste stent-graft ontwerp en de juiste maat, heeft positieve gevolgen voor het opti-
maliseren van de duurzaamheid van de TEVAR behandeling. Helaas, als gevolg van de 
pulserende aorta, veranderen de aorta afmetingen tijdens de hartcyclus, wat gevolgen 
heeft voor de sizing van de stent-grafts.30 31

In hoofdstuk 6 is de hedendaagse rol van computergestuurde analyse in de endo-
vasculaire behandeling van pathologie van de thoracale aorta uiteengezet. Verschil-
lende krachten zouden kunnen bijdragen aan het falen van TEVAR, waaronder radiale; 
verplaatsings- en fixatie krachten. Door de combinatie van deze krachten wordt de 
stent-graft geconfirmeerd aan de aortawand, wat afhankelijk is van de morfologie van 
de aorta (bijvoorbeeld; lengte van de proximale en distale landing zones en de conditie 
van de aortawand) en de mechanische eigenschappen van de stent-graft.32 Vooruitgang 
in de medische beeldvorming met nieuwe beeldvormende technieken is uiteengezet 
in dit hoofdstuk, welke inzicht geeft in de huidige status van ECG-gated CT en MRI, 4D 
fase contrast MRI, en het proces van computational fluid dynamics (CFD is een numer-
ieke techniek voor het evalueren van de hemodynamiek van een vaatsegment), en de 
toepasbaarheid van deze technologieën in de klinische praktijk.8, 32, 33

In 2009 beoordeelden Figueroa en collega’s de verplaatsende krachten op thoracale 
stent-grafts met behulp van CFD, waaruit bleek dat computergestuurde methoden 
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inzicht geven in de omvang en de oriëntatie van de krachten op thoracale stent-grafts 
in vivo, waardoor het design en de werking van de stent-grafts verbeterd wordt.7 

Diezelfde groep evalueerde de biomechanische en hemodynamische krachten op de 
intermodulaire kruisingen van multi-component thoracale stent-grafts, door com-
putergestuurde simulaties, met speciale aandacht voor de type III endoleaks.33 Het 
belang van de evaluatie van de dynamische aorta wordt benadrukt in hoofdstuk 7. Een 
maximumverschil van ongeveer 18% in de rekbaarheid van de thoracale aorta tijdens 
de hartcyclus wordtgezien. Oversizing van de stent-graft ten opzichte van de diameter 
van de aorta gebeurt met ongeveer 10%, waardoor undersizing van de stent-graft kan 
optreden in bepaalde gevallen. Dit fenomeen illustreert de noodzaak om dynamische 
evaluatie van de aorta te gebruiken bij het plannen van een TEVAR.30, 34 Distensibiliteit 
van de thoracale aorta wordt gehandhaafd na TEVAR, wat een adequate sizing van de 
stent-graft cruciaal maakt.35

Een patiënt-specifiek rekenmodel kan worden gecreëerd, door informatie uit medische 
beeldvorming en informatie van de verschillende krachten op de aortawand en op de 
stent-graft te combineren.38 In hoofdstuk 8 onderzochten wij een patiënt die voor 
een thoracaal dissecterend aneurysma behandeld werd met TEVAR. Deze patiënt 
analyseerden we door middel van CFD, gebaseerd op de patiënt-specifieke geometrie 
reconstructie verkregen uit medische beeldvorming. In dit specifieke geval werden 
hemodynamische condities beoordeeld in zowel de globale aorta en in 3 specifieke 
gebieden van de aorta; 1) de binnenste kromming van de aortaboog, waar de bird-beak 
configuratie zich presenteerde, 2) de partieel gecoverde origo van de linker arteria 
subclavia en 3) het distale deel van de thoracale aorta gekenmerkt door het vernauwde 
TL. De aanwezigheid van de bird-beaked stent-graft was niet geassocieerd met een 
verhoogde relevante verstoring van de stroom in de aortaboog. Deze bevindingen kun-
nen mogelijk worden toegeschreven aan de specifieke anatomie. De angulatie van de 
aortaboog kan na TEVAR afnemen, en dit kan het effect van de bird-beak configuratie 
op de verstoring van de bloedstroom in de aortaboog mogelijk beperken. Bovendien 
resulteerde de bird-beak configuratie in een significante vermindering van de door-
gankelijkheid van het lumen en derhalve een verhoogde drukdaling. Deze drukdaling, 
welke congruent was aan een eerder gerapporteerde drukdaling, demonstreert dat een 
gedeelte van de stent-graft die uitsteekt in het lumen wordt blootgesteld aan hemody-
namische krachten, wat kan wijzen op een potentieel risico van vouwen of collaberen 
van de geplaatste stent-graft.39 Hoewel de belangrijkste onderzoeksvraag van deze 
studie aanvankelijk gericht was op het effect van de bird-beak configuratie, demon-
streerden de CFD simulaties ook dat de lokale hemodynamiek wordt verminderd en de 
bloedstroom wordt verstoord op twee belangrijke gebieden: 1) de partieel gecoverde 
origo van de linker arteria subclavia en 2) het vernauwde TL in de distale thoracale 
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aorta. Deze studie toont het belang van samenwerking tussen medici en biomedische 
ingenieurs en  vormt de basis voor verdere studies met een grotere klinische database.
Toekomstige onderzoeken zouden de klinische impact van CFD kunnen verbeteren 
door het identificeren van een casus met een gediagnosticeerde endoleak, waarbij toe-
stemming is verkregen voor een fase-contrast MRI onderzoek om de stroomsnelheden 
in de supra-aortale aftakkingen en thoracale aorta descendens te meten. Dit zal leiden 
tot simulaties van patiënt-specifieke randvoorwaarden voor uitstroom van het bloed, in 
ieder geval post-TEVAR. Wij concluderen dat CFD belangrijke informatie over hemody-
namiek in de aorta na TEVAR geeft en dat deze informatie nuttig zal zijn voor het begrip 
van de verandering van de geometrie van de aorta na TEVAR. Deze studie is de eerste 
stap in de creatie van een computergestuurd raamwerk wat gebruikt kan worden, wan-
neer dit patiënt-specifieke gegevens bevat, om pathologieën van de thoracale aorta en 
endovasculaire therapieën te bestuderen.
De thoracale aorta ervaart hogere en meer complexe krachten in vergelijking met de 
abdominale aorta tijdens de hartcyclus, waarbij de radiale expansie significant is bevon-
den.35  Synchroon hieraan, verandert de thoracale aorta ook longitudinaal.36 In hoofd-
stuk 9 evalueren wij de rekbaarheid van de aorta (radiale expansie) en de aorta verleng-
ing (longitudinale uiteenzetting) in een omgeving van pulserende aortaveranderingen. 
Thoracale aortaziekten en de endovasculaire behandeling door een stijve stent-graft kan 
de biomechanische balans verstoren en hiermee ook de functionaliteit van dit complexe 
vasculaire systeem. Hoewel TEVAR is uitgegroeid tot de eerste keus behandeling voor 
meerdere pathologieën van de thoracale aorta, ontbreekt in de literatuur de impact op 
de pulsatiele aorta veranderingen. Analyse van de pulsatiele aorta veranderingen tijdens 
de hartcyclus, op basis van pre- en postoperatieve dynamische beeldvorming, kan een 
belangrijk hulpmiddel vormen voor een beter begrip van de lange termijn resultaten 
van TEVAR.30,37 Pre- en post-TEVAR radiale expansie en de longitudinale expansie werden 
waargenomen tijdens de hartcyclus. Bovendien, gebaseerd op de analyse van radiale 
expansie en verlenging, observeerden we een trend van toegenomen pulsatiele aorta 
veranderingen na TEVAR behandeling langs de verschillende segmenten van de aorta. 
Deze observatie kan potentieel gevolgen hebben voor de stent-graft grootte, design, 
duurzaamheid en de daarmee samenhangende complicaties.

De vooruitgang van Endovasculaire Therapieën

Endovasculaire technieken, zoals TEVAR en percutane aortaklepvervanging, zijn suc-
cesvol geïntroduceerd als minimaal-invasieve behandelingen voor pathologie van de 
thoracale aorta.40-42 Met grote verbeteringen en mogelijkheden in endovasculaire be-
handeling en beeldvormende modaliteiten, zijn ook nieuwe endovasculaire therapieën 
geïntroduceerd. Om de toepasbaarheid van TEVAR uit te breiden, zijn alternatieve toe-
gangswegen voor het plaatsen van stent-grafts gebruikt.43-45 Wanneer TEVAR kandidaten 
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ongunstige anatomie van de arteria iliaca hebben; bijvoorbeeld door een klein kaliber, 
tortuositeit of een occlusieve ziekte van de arteria illiaca, in combinatie met de noodzaak 
voor een stent-graft met een grote diameter, wordt traditioneel de retroperitoneale 
open chirurgische benadering van de arteria iliaca beschouwd als de meest geschikte 
weg voor afleveren van de stent-graft.43 Deze benadering vereist intra-abdominale of 
retroperitoneale benadering om toegang te verkrijgen tot deze locatie, waardoor meer 
complexe chirurgie wordt gebruikt met daarbij een verlengd postoperatief beloop.44 

Recent, werd de endoconduit benadering ingevoerd als alternatieve route voor stent-
graft afgifte en dit kan worden uitgevoerd met een standaard femorale benadering.45 
In hoofdstuk 10 zijn de open retroperitoneale arteria iliacale conduit techniek en de 
endoconduit techniek vergeleken als alternatieve toegangstechnieken voor TEVAR in 
39 patiënten. De endoconduit benadering - zoals beschreven in onze studie - is veilig, 
effectief en geassocieerd met een lage kans op vroege mortaliteit en late iliofemorale 
complicaties. Interne endoconduits zorgen voor een transfemorale TEVAR techniek en 
voorkomen complicaties geassocieerd met een retroperitoneale benadering. Met de 
uitbreiding van endovasculaire therapieën, zoals behandeling voor aneurysmata en 
percutane aortaklep vervangingen, kan de endoconduit worden beschouwd als een 
passende route bij geselecteerde patiënten.
Met de uitbreiding van TEVAR als behandeling van vaker voorkomende thoracale 
aandoeningen van de aorta, wordt TEVAR heden ook gebruikt voor zeldzamere aorta 
pathologieën, zoals een aberrante arteria subclavia en bijbehorende Kommerell 
divertikels. Geassocieerde symptomen zijn trachea en slokdarm compressie, wat zich 
presenteert als ‘dysfagie lusoria’. Traditioneel is de open benadering de eerste keus 
behandeling voor aberrante arteriae subclaviae en bijbehorende Kommerell divertikels. 
Maar, in de afgelopen tien jaar is ook de endovasculaire benadering voor deze patholo-
gie beschreven.46, 47 We evalueerden 22 patiënten met deze anomalie van de aorta in 
onze studie, en de frequentie van de endovasculaire en hybride behandeling nam toe 
na de commercialisering van TEVAR, zoals is uiteengezet in hoofdstuk 11. De evolutie 
van endovasculaire en hybride benaderingen als behandeling voor aberrante arteria 
subclavia en bijbehorende Kommerell divertikels bleek niet van invloed op de late 
uitkomsten, wat suggereert dat de keuze van de behandeling moet worden gebaseerd 
op patiënt-specifieke anatomie en bijbehorende co-morbiditeit. Op dit moment worden 
zowel de open als endovasculaire benadering toegepast en spelen zij een essentiële 
rol in de behandeling van deze pathologie. Onze studie heeft aangetoond dat deze 
hybride technieken effectief kunnen worden uitgevoerd met minimale morbiditeit en 
mortaliteit, en een hoge mate van verlichting van de symptomen.
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ConClusIEs En ToEKoMsTPERsPECTIEvEn

Voorspellers van de aortagroei en van complicaties tijdens de follow-up blijft een 
veel besproken onderwerp voor de behandeling van ongecompliceerde TBAD. In dit 
proefschrift zijn verschillende klinische en radiologische voorspellers van aortagroei 
bij patiënten met ongecompliceerde TBAD geïdentificeerd. Combinatie van deze voor-
spellers kan mogelijk een hoog-risico groep identificeren, die zou kunnen profiteren 
van nauwere follow-up of een profylactische ingreep. Grotere gerandomiseerde gecon-
troleerde studies moeten bepalen of TEVAR bij alle patiënten met een acute TBAD moet 
worden uitgevoerd.
TEVAR heeft zich ontwikkeld als belangrijkste optie voor de behandeling van gecom-
pliceerde acute TBAD, terwijl de rol controversieel blijft voor chronische TBAD. Bij acute 
TBAD patiënten, die worden behandeld met TEVAR, zijn patiënt en TEVAR-specifieke 
kenmerken verantwoordelijk voor een nadelige vroege uitkomst. Als we ons richten op 
de chronische TBAD patiënten, dan is de eerste keus van behandeling de open benader-
ing voor uitgebreide chronische TBAD, terwijl ook TEVAR kan worden toegepast met 
aanvaardbare uitkomsten van morbiditeit en mortaliteit en hierdoor voorbehouden is 
voor patiënten, waarbij een open benadering te invasief is of bij een beperkte omvang 
van de chronische TBAD. 
TEVAR wordt in het algemeen gerelateerd aan stent-graft complicaties. Die complicaties 
kunnen vooral worden verklaard door de pulsatiele veranderingen van de aorta. Ge-
durende de hartcyclus, wordt niet alleen radiale expansie van de aorta waargenomen, 
maar ook uiteenzetting in de longitudinale richting. Met deze veranderingen moet 
rekening worden gehouden bij de preoperatieve planning van TEVAR en kennis van 
deze veranderingen kan stent-graft design en de uitkomsten mogelijk verbeteren. 
Dynamische beeldvormende modaliteiten helpen bij het verbeteren van de evaluatie 
van de dynamische aorta veranderingen, met name pre-TEVAR met betrekking tot de 
grootte van de stent-graft, en post-TEVAR om mogelijke complicaties op te sporen 
gedurende follow-up. 
Een patiënt-specifieke benadering moet doorgevoerd worden met een stent-graft 
design dat gefocust is op de individuele anatomie en veranderingen in morfologie. 
Om dit te bewerkstelligen, is evaluatie van de aorta en zijn aftakkingen met ECG-gated 
CT of MRI cruciaal. Ook andere beeldvormingsmodaliteiten, zoals CFD en 4D PC-MRI, 
welke zowel de bloedstroom karakteristieken in relatie tot expansie van de aorta kan 
visualiseren en kwantificeren, zullen bijdragen aan een beter begrip van dynamica van 
de thoracale aorta pathologieën en de impact van endovasculaire therapieën op dit 
proces. 
De hemodynamiek van de aorta kan kwantitatief worden gemeten met CFD en deze 
simulaties kunnen conventionele CT of MRI beeldvormende modaliteiten aanvullen. 
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Toch moeten in de toekomst grotere klinische databases worden onderzocht om de 
kennis over de bruikbaarheid van deze techniek in de klinische praktijk te vergroten. 
Zeker gezien het feit dat een aantal innovatieve endovasculaire therapieën ter opti-
malisatie van TEVAR geïntroduceerd zijn en standaard TEVAR nu ook gebruikt wordt 
om zeldzame pathologieën van de aorta te behandelen. Kortom, ontwikkelingen in 
dynamische beeldvorming en endovasculaire therapie, die continu verbeterd worden, 
hebben het gebruik van deze technieken uitgebreid. Daarom is een bewuste samen-
werking tussen bio-ingenieurs en medici van cruciaal belang. Verhoogd falen van de 
behandeling na een endovasculaire procedure, rechtvaardigt verdere optimalisatie 
van de endovasculaire benadering voor adequate stent-graft sizing en uitkomsten. Wij 
geloven dat de dynamische evaluatie van de aorta en zijn omgeving essentieel is en 
uitgevoerd zou moeten worden in alle patiënten die in aanmerking komen voor een 
endovasculaire behandeling. Individualisering van de endovasculaire behandeling, met 
computergestuurde modelvorming als extra tool, kan stent-graft plaatsing en ontplo-
oiing optimaliseren en zelfs customized design is mogelijk met minimaal risico voor 
complicaties. Toekomstige onderzoeken  moeten zich richten op verdere implementatie 
van dynamische beeldvorming en computergestuurde modelvorming in de klinische 
praktijk voor de endovasculaire behandeling van pathologieën van de thoracale aorta. 
De steeds uitbreidende samenwerking tussen biomedische ingenieurs en medici, een 
patiënt-specifieke benadering en verhoogde ervaring met dynamische beeldvorming 
voor endovasculaire behandeling, maakt dat de toekomst er rooskleurig uitziet in dit 
onderzoeksveld.
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