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Abstract 
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outcomes. Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of 
Medicine 1786. 76 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1338-2. 

In the years following its introduction in the late 1980’s, thoracic endovascular aortic repair 
(TEVAR) rose as a minimally invasive alternative to open surgical repair of thoracic aortic 
disease. As a result, an expanding group of patients are receiving invasive treatment, even 
though evidence in the area is still scarce. The overall aim of this thesis was to study the 
outcomes of modern treatment of thoracic aortic disease – TEVAR and hybrid repair – by 
analyzing data from local and international cohorts. 

Paper I includes an evaluation of outcomes of TEVAR for intact and ruptured thoracic aortic 
aneurysm (TAA) at a tertiary referral center (1999 to 2014). Survival was unexpectedly poor 
after ruptured TAA repair, only one third of the patients were alive at 3-years follow-up. Intact 
TAA repair was associated with low perioperative mortality and acceptable 5-year survival. 

Paper II analyses aortic remodelling, complications, reinterventions and survival after 
TEVAR for subacute and chronic type B aortic dissection at a tertiary aortic center 
(1999-2015). TEVAR induced positive remodelling, characterized by false lumen thrombosis 
and shrinkage accompanied by true lumen expansion, of the thoracic but not the abdominal 
aorta. Reintervention due to aortic dilatation distal to the stent graft was common. 

Paper III, an international registry-based multicenter study of 9518 TEVAR cases from 2012 
to 2016, demonstrated substantial international differences in practice patterns. The large dataset 
provides a point of reference for short-term outcome after TEVAR in current practice. 

Paper IV, a single-center study of 50 consecutive patients who underwent frozen elephant 
trunk repair of the aortic arch (2006 to 2020), confirmed that whilst this procedure is associated 
with morbidity and mortality, the technique provides an adequate bridge to endovascular repair 
of the downstream aortic segments, which was common during follow-up. The repair was shown 
to induce positive aortic remodeling in the thoracic but not abdominal aorta, in patients with 
chronic aortic dissection. 

In conclusion, this thesis provides insights into the rapidly evolving field of TEVAR, 
including an overview of current practice as well as clinical and morphological outcomes. 
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It’s not the absence of fear, it’s overcoming it. Sometimes you’ve got to 

blast through and have faith. 

 

-Emma Watson 
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Abbreviations 

AAD Acute aortic dissection 

AHA American Heart Association 

CAD Chronic aortic dissection 

CI Confidence interval 

CSF Cerebrospinal fluid 

CT Computerized tomography 

CTA Computerized tomography angiography 

DBIIIA DeBakey type III A 

DBIIIB DeBakey type III B 

EACTS European Association for Cardio-Thoracic Surgery 

ESVS European Society for Vascular Surgery 

FET Frozen elephant trunk 

IQR Interquartile range 

iTAA Intact thoracic aortic aneurysm 

LSA Left subclavian artery 

MPR Multiplanar reconstruction 

MRI Magnetic Resonance Imaging 

rTAA Ruptured thoracic aortic aneurysm 

SCI Spinal cord ischemia 

SD Standard deviation 

SE Standard error of the mean 

TAA Thoracic aortic aneurysm 

TAI Traumatic aortic injury 

TBAD Type B aortic dissection 

TEVAR Thoracic endovascular aortic repair 
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Introduction 

The thoracic aorta extends from the aortic root to the diaphragm, and consists 

of the ascending aorta, the aortic arch, and the descending aorta. Thoracic aor-

tic disease is a heterogeneous group of degenerative, structural, acquired, ge-

netic and traumatic disorders. This report will focus mainly on endovascular 

treatment of thoracic aortic aneurysm, dissection, and traumatic injury. Tradi-

tionally, thoracic aortic disease has been treated by open surgical repair. Open 

repair was however associated with a rather high perioperative morbidity and 

mortality1,2, and many patients were left untreated since they were not consid-

ered fit enough. Since the first thoracic endovascular aortic repair (TEVAR) 

in 19873, this minimally invasive method has rapidly replaced open repair in 

treatment of several thoracic aortic pathologies.4,5 An increasing group of pa-

tients are receiving invasive treatment, despite a general lack of evidence in 

the area of treatment of thoracic aortic disease. The relatively low prevalence 

and the heterogeneity within the disease group, makes it challenging to study 

thoracic aortic disease and treatment. 

In all, even though there has been a rapid development in the field of endo-

vascular aortic repair, evidence for TEVAR is still scarce, and further research 

is necessary. 
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Background 

Historical aspects 

 “About seven in the morning, Saturday, October 25th, a noise was somewhere 

heard, as if a large billet had tumbled down; and, upon enquiry, his Majesty 

was found fallen on the ground, speechless and motionless… He appeared to 

have just come from his necessary-stool, and as if going to open his escri-

toire”. Frank Nicholls, personal physician of George II, King of England, de-

scribed the event of the King’s sudden and unexpected death 1760, before 

revealing the findings of the autopsy: “upon examining the heart, its pericar-

dium was found distended, with a quantity of coagulated blood, nearly suffi-

cient to fill a pint cup…and, in the trunk of the aorta, we found a transverse 

fissure on its inner side, about an inch and a half long, through which some 

blood had recently passed, under its external coat, and formed an elevated ec-

chymosis”.6 His description represents the first clear report of the condition 

that we today recognize as an aortic dissection. In this particular case, the dis-

section had caused a fatal cardiac tamponade. 

Meanwhile, arterial aneurysms have been recognized since thousands of 

years. The word aneurysm comes from the Greek term ἀνεύρυσμα (aneu-

rysma) which means “dilatation” or “widening”. Galen of Pergamon, a prom-

inent physician and surgeon of the ancient Rome, is said to have been one of 

the first to describe an aneurysm in the Common Era. Antyllus, another sur-

geon active in Rome, contemporary of Galen (second century C.E.), made the 

first recorded attempts to open surgical repair of aneurysms.7 His technique 

consisted of proximal and distal ligation followed by incision of the aneurysm 

sac and evacuation of the thrombotic material.  

Rudolph Matas (1860-1957), active in New Orleans, performed the first rec-

orded successful ligation of an aortic aneurysm, in 1923.8 He also developed 

an aneurysm repair technique known as “endoaneurysmorrhaphy”.9 The re-

constructive form of endoaneurysmorrhaphy, which involved partial removal 

of the aneurysm and reconstruction of the lumen through the remaining part, 

restoring blood flow to the lower extremities, was practised until direct repair 

with homografts and later on synthetic grafts was introduced during the twen-

tieth century.  
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A new standard of care developed when synthetic vascular prostheses, grafts, 

were added to the instrumentarium. Arthur Voorhees (1921-1992) developed 

the first synthetic grafts from a Vinyon-N cloth originally designed as a sail 

or parachute cloth, and began using them as aortic prostheses in dogs. The 

results were published in 1952, and in 1953 his colleague Arthur Blakemore 

(1897-1970) replaced a ruptured abdominal aortic aneurysm with a Vinyon-N 

graft, the first replacement of human aorta with a synthetic graft.10,11 In 1954, 

Michael DeBakey (1908-2008) with colleagues performed the first successful 

resection of a dissecting thoracic aortic aneurysm.12 Around the same time, 

his group started experimenting with Dacron, a polyester polymer, which soon 

became the first choice material for arterial grafts.13  

The advent of angiography, an imaging technique for visualisation of the lu-

men of blood vessels, followed by the development of catheter-based blood 

vessel repair, were important steps on the path to minimally-invasive aortic 

repair. The Swedish radiologist Sven-Ivar Seldinger’s (1921-1998) technique 

for introducing catheters percutaneously into blood vessels14 (figure 1) was a 

crucial contribution to the development of angiography, and thus the realisa-

tion of interventional radiology.   

 

Figure 1. Illustration of the Seldinger technique for vascular access. Arterial puncture 
(A) is followed by insertion of a guidewire through the needle (B), whereby the needle 
is removed (C). Then a catheter is advanced over the guidewire, through the vessel 
wall and into the lumen (D). The guidewire is removed (F). 

The Ukrainian surgeon Nikolai Volodos (1934-2016) was a pioneer in the de-

velopment of thoracic endovascular aortic repair (TEVAR), a minimally in-

vasive method to treat damage and disease in the thoracic aorta. In 1987, he 
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and his colleagues repaired a post-traumatic thoracic aortic aneurysm by in-

troducing a self-fixating synthetic vascular prosthesis through the common 

femoral artery and then further on, into the thoracic aorta where it was un-

folded and dilated with a balloon to attach to the aortic wall.3  

Thoracic aortic aneurysm 

The common definition of an arterial aneurysm is a 50% or greater, increase 

of the normal diameter for a given vessel segment. The normal thoracic aortic 

diameter varies depending on age, sex and body surface area. A thoracic aortic 

aneurysm (TAA) may develop on the ascending aorta, the aortic arch or the 

descending aorta. It may also extend over more than one segment. Approxi-

mately 50% of TAAs affect the ascending and 30-40% the descending aorta.  

In a population-based study performed in Minnesota, the incidence of TAA 

was reported to be 10.4 per 100 000 person-years.15 The incidence appears to 

be increasing the last decades.15,16 However, due to the asymptomatic nature 

of the disease, the true incidence remains unrevealed.  

In elderly patients, the most common aetiology of a TAA is degenerative 

changes in the tunica media of the aortic wall. Aneurysms can also develop 

secondary to aortic dissection, infection or inflammation in the vascular wall, 

connective tissue disease and traumatic aortic injury. Aortic size has a major 

impact on growth rate and the risk of life-threatening complications (rupture, 

dissection).17,18 Other risk factors linked to accelerated aortic growth are hy-

pertension, chronic aortic dissection, chronic obstructive pulmonary disease 

and advancing age.19 

TAAs are usually asymptomatic until complicated by a rupture or dissection. 

In approximately 15% of cases though, they cause symptoms. Hoarseness, 

dysphagia, respiratory failure, cardiac arrhythmias and aortic insufficiency are 

symptoms that can be caused locally, whereas hemiplegia and renal infarction 

are examples of symptoms that can be caused by peripheral embolization from 

an aneurysm.20  

Indication for TAA repair in asymptomatic patients is based on the TAA di-

ameter. The risk of rupture and dissection increases with increasing TAA di-

ameter. According to a report by the Yale group in 1997, ascending aortic 

aneurysms rupture or dissect at a median dimeter of 5.9 cm, and descending 

aneurysms at 7.2 cm.17 In 2002 the same group reported that at TAA diameter 

of ≥6 cm, there is a distinct increase in the average yearly rate of complications 

(rupture or dissection) to 6.9% per year, more than three times as high as in 

patients with TAA diameter of 4.0-4.9 cm.18 These findings contributed to the 
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foundation for current recommendation guidelines on surgical repair of TAA. 

Still, evidence on when the risk of complications exceeds the risks of repair is 

missing, since there are no randomized controlled trials comparing surveil-

lance with repair of TAA. European Society for Vascular Surgery (ESVS) and 

American Heart Association (AHA) guidelines regarding interventional treat-

ment of TAAs are summarized in Table 1.21,22 

 

Table 1. Guidelines regarding interventions for ruptured and intact thoracic aortic an-
eurysm. Green = Class I recommendation, Yellow = Class II recommendation. 

 

Society, 

year Ruptured TAA Intact TAA 

ESVS, 

2017 

TEVAR should be the 

first treatment option. 

TEVAR may be considered for DTAA 56-

59 mm, should be considered for DTAA 

>60 mm. Open repair considered if patient 

unsuitable for TEVAR. 

AHA, 2010 
  

TEVAR is recommended if DTAA >55 

mm. 

ESVS, European Society for Vascular Surgery; AHA, American Heart Association; 

DTAA, descending thoracic aortic aneurysm. 

Aortic dissection 

The reported incidence of acute aortic dissection ranges from 2.5-12 cases per 

100 000 person-years.23-25  

An aortic dissection starts with a tear in the intimal layer of the aortic wall, 

blood entering and splitting the medial layer, creating a so called false lumen 

in the vessel wall. Usually, approximately 2/3 of the aortic circumference is 

affected by the dissection, which may extend in antegrade or retrograde direc-

tion. The most serious complication to an aortic dissection is rupture of the 

damaged aortic wall, which may lead to cardiac tamponade or hemothorax 

depending on location. By obstructing the blood flow to aortic branches, a 

dissection may also cause a cerebral infarction, spinal cord ischemia leading 

to paralysis, visceral ischemia and limb ischemia. 

There is a strong association between arterial hypertension and aortic dissec-

tion, the majority of dissection patients suffering from hypertension. Several 

other risk factors for aortic dissection have been identified, including family 

history of TAA or dissection26,27, connective tissue diseases, increasing age28, 

pregnancy29 and cocaine use30. Exactly what causes the intimal tear remains 

unclear. The primary entry tear is usually localized to an aortic segment that 

is anatomically fixed and therefore strained by flexional forces caused by the 
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movements of the heart and the thoracic aorta during the heart cycle. The most 

common of these sites are the right lateral wall of the ascending aorta, and the 

ligamentum arteriosum.31 

Typically, the patient with an acute aortic dissection presents with an intense, 

ripping pain between the shoulders or in the chest, radiating to the neck, the 

arms or the stomach. Syncope, neurologic symptoms and peripheral vascular 

complications may also occur. Hyper- or hypotension, different blood pres-

sure in the upper extremities, and a diastolic heart murmur caused by aortic 

insufficiency (if the dissection extends to the aortic valve) are possible find-

ings during the clinical examination. The diagnosis is made by Computerized 

Tomography angiography (CTA). 

The location of the primary entry tear is of great importance for the initial 

clinical course and therefore the initial management of an acute aortic dissec-

tion patient depends upon the Stanford classification of aortic dissections (fig-

ure 2). Stanford type A dissections comprise all dissections involving the as-

cending aorta regardless of distal extension, whereas Stanford type B dissec-

tions extends from distally to the left subclavian artery in the descending aorta 

and never involve the ascending aorta. In their latest guidelines on aortic arch 

repair, ESVS and EACTS recommend that the term non-A-non-B is utilized 

for aortic dissections involving the aortic arch but not the ascending aorta.32 

This recommendation is based on reports suggesting that involvement of the 

arch has major impact on clinical course and outcome.33 Aortic dissections 

can also be subdivided according to the DeBakey classification (figure 2). The 

DeBakey type I dissection propagates from the ascending to the descending 

aorta, type II is limited to the ascending aorta, type IIIa is limited to the de-

scending aorta above the diaphragm, and IIIb extends from the descending 

aorta and continues below the diaphragm. 

The majority of Stanford type A dissections become the subject of urgent open 

surgical repair since the proximity to the heart means a great risk of early life-

threatening complications in the shape of cardiac tamponade, acute myocar-

dial infarction, cerebral infarction or aortic rupture. Medical therapy alone, 

with blood-pressure lowering medications and pain killers, is the gold stand-

ard for treatment of uncomplicated Stanford type B dissection. In case of com-

plications such as aortic rupture, rapid false lumen expansion, malperfusion 

of viscera or extremities, or refractory arterial hypertension or pain, surgical 

treatment is considered.  

The acute phase of an aortic dissection is defined as the first 2 weeks from the 

dissection event. The time period from 2 weeks to 3 months after the dissec-

tion event, is referred to as the sub-acute phase. This is explained by an in-

creased risk of death secondary to the dissection up to 3 months after the onset, 
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and reports on a greater chance of stent graft-induced aortic remodelling dur-

ing this time.34 When 3 months have passed since the dissection event, the 

chronic phase begins. 

Approximately 20-50% of patients with a chronic Stanford type B aortic dis-

section (TBAD) suffer aorta-related complications.35 20-40% develop an an-

eurysmatic enlargement of the false lumen that requires treatment.36 Other 

possible complications are rupture of the false lumen, retrograde dissection 

and recurrent dissection. 

There are different views regarding whether a chronic TBAD with aneurysmal 

degeneration is best treated with open surgical repair or TEVAR. Recommen-

dations from ESVS21 and AHA22 on interventions for acute and chronic type 

B dissection are briefly summarized in Table 2.  

The goal with TEVAR of aortic dissection is to avoid progressive aneurysmal 

degeneration and false lumen rupture, by covering the primary entry to the 

false lumen.  

 

Table 2. Guidelines regarding interventions for acute and chronic type B aortic dis-
section. Green = Class I recommendation, Yellow = Class II recommendation. 

 

Society, 

year Acute TBAD Chronic TBAD 

ESVS, 

2017 

Medical therapy should always be 

part of the treatment. TEVAR 

should be the first line intervention 

for complicated acute TBAD. 

Repair may be considered for 

chronic TBAD aneurysm 56-59 

mm, should be considered for aneu-

rysm >60 mm. Open repair is first 

choice, TEVAR if high surgical 

risk. 

AHA, 

2010 
Medical therapy is recommended to 

always be part of the treatment.  

Open repair is recommended if 

chronic TBAD aneurysm >55 mm. 

ESVS, European Society for Vascular Surgery; AHA, American Heart Association. 
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Figure 2. Stanford and DeBakey classification of aortic dissections. Arrows indicat-
ing blood flow into the false lumen through the primary entry tear. 

Traumatic aortic injury 

Traumatic aortic injury is a common cause of death on-site in trauma-patients. 

The majority of traumatic aortic injuries are caused by motor vehicle acci-

dents. The deceleration force tears on the fixed aortic segments and may cause 

different grades of injuries. The most common localisation for traumatic in-

jury on the aortic wall is the isthmus, where the ligamentum arteriosum at-

taches. Blunt traumatic aortic injuries can be classified according to a system 

proposed by Azizzadeh et al. where grade I represents an intimal tear, grade 

II an intramural hematoma, grade III a pseudoaneurysm and IV a rupture.37 

Patients with a complete rupture of the aortic wall seldom reach the hospital 

alive.  

Grade I and II injuries may be managed conservatively with repeated imaging 

controls, while grade III and IV should be repaired.32 TEVAR is recommended 
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as the first choice treatment for thoracic aortic injury according to the ESVS 

guidelines.21 

Thoracic endovascular aortic repair – TEVAR  

Since the first endovascular aortic repairs, the treatment strategy for thoracic 

aortic disease has changed, and TEVAR (figure 3) is now according to guide-

lines considered the first choice treatment for many thoracic aortic patholo-

gies.21 Even though randomized controlled trials comparing TEVAR to open 

surgery are missing, several studies suggest that TEVAR is associated with 

lower perioperative morbidity and mortality than open repair.38-42 

The stent grafts that are used for TEVAR today have undergone substantial 

improvements since the first interventions.43 In earlier generation stent grafts, 

the proximal part failed to conform to the angulated aortic arch, causing “bird 

beaking” with increased risk of graft failure, collapse or migration. Current-

generation stent grafts are more flexible, resulting in a better conformability 

to the arch. Other developments are pathology-specific stent grafts, hybrid 

prostheses (used in the frozen elephant trunk technique, described later on) 

and fenestrated and branched stent grafts that may be utilized in the aortic 

arch.  

Unfavourable anatomy, which may include unsatisfactory proximal or distal 

seal zones, lack of vascular access possibilities, or tortuosity, is the main con-

traindication to TEVAR. The general view has been that insertion into infected 

areas should also be avoided, however, there is emerging evidence that endo-

vascular management of mycotic aortic aneurysms is associated with better 

survival outcome than open surgical repair.44 
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Figure 3. Thoracic endovascular aortic repair (TEVAR) of a chronic dissection aneu-
rysm. Supra-aortic vessel revascularization had been performed prior to TEVAR. 

TEVAR complications 

Serious complications that may arise during the perioperative phase are retro-

grade type A aortic dissection, cerebral infarction, paraplegia due to spinal 

cord ischemia (SCI), visceral ischemia, and access vessel damage.  

Retrograde type A aortic dissection is a rare but one of the most feared com-

plications of TEVAR, associated with a high mortality rate. It is more common 

in patients treated for aortic dissection. Proximal bare stent and proximal land-

ing zone are other suggested risk factors.45 The manipulation of the aortic arch 

during a TEVAR procedure causes a risk of embolization to the supra-aortic 

vessels and following stroke. Thrombus lining of the aortic arch wall, history 

of prior stroke, and a very proximal seal zone are risk factors for stroke.46 



 

 21 

Coverage of the LSA and embolization via the LSA may cause posterior cir-

culation stroke, associated with higher morbidity and mortality compared to 

anterior circulation stroke.47 The subclavian artery, the intercostal arteries 

leaving the descending thoracic aorta, the lumbar and the iliac arteries all pro-

vide collateral flow to the spinal cord. Limiting the flow through these arteries 

poses a risk of SCI and subsequent paraplegia. Coverage of the LSA, extensive 

coverage of the thoracic aorta and prior abdominal aortic aneurysm repair 

have all been reported as risk factors for SCI.48-50 Coverage of the coeliac trunk 

carries a small risk of mesenteric ischemia,51,52 wherefore prior demonstration 

of collateral flow from the superior mesenteric artery via an intact gastroduo-

denal artery is necessary. TEVAR devices have large diameters, requiring 

large sheaths that may damage the access vessels, causing bleeding or limb 

ischemia.53 It is important to assess the access vessels on preoperative imaging 

to reduce the risk of complications. In some cases, an alternative access tech-

nique such as an iliac bypass conduit is necessary.  

A disadvantage of TEVAR is a higher frequency of late complications than 

after open surgical repair. Due to these late complications, reinterventions are 

more common than after open surgery.54 There is a risk of stent graft migra-

tion, stent graft kinking or collapse, and different types of endoleak, described 

below. In rare cases an aortoesophageal fistula arises, causing life-threatening 

blood-loss.53,55 An endoleak may occur after aneurysm repair and is defined 

as a persistent flow outside the stent graft, within the aneurysm sac. Endoleak 

may lead to enlargement of the aneurysm sac and eventually rupture. Incom-

plete sealing of the stent graft to the vessel wall may cause proximal or distal 

endoleak type Ia and Ib respectively. Type I endoleak occurs in 3-16% of cases 

and are usually treated by endovascular methods, mainly proximal or distal 

stent graft extension or relining to achieve seal.56-60 Type II endoleak signifies 

retrograde flow into the aneurysm sac from aortic side branch vessels. The 

most common cause of type II endoleak after TEVAR is retrograde flow from 

a covered LSA. In case of aneurysm sac expansion, LSA embolization may 

be performed. Type II endoleak may also arise from intercostal and bronchial 

arteries, and may in these cases generally be managed conservatively, unless 

there is aneurysm sac expansion. Type III endoleak signifies mechanical graft 

failure caused by stent graft component separation or a fabric tear, uncommon 

after TEVAR. The standard management is relining of the stent graft. Type 

IV endoleak describes an endoleak caused by porosity of the graft, which no 

longer occurs thanks to developments in endograft fabric technology. Lastly, 

type V endoleak, also called endotension, signifies expansion of the aneurysm 

sac without an identifiable endoleak on imaging. Alternatives for management 

include relining of the stent graft, use of extension cuffs, and conversion to 

open repair.61  
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The Frozen elephant trunk technique for aortic arch 

repair 

While the descending thoracic aorta is quite easily accessible for endovascular 

repair, the aortic arch offers more of a challenge. The most obvious challenge 

is of course the proximity to the heart. Apart from that, there is a relatively 

large variability in the anatomy of the aortic arch, not least with respect to the 

origin of the arch vessels and the degree of arch angulation. Due to the angu-

lation, the seal zone of an endograft must be relatively long. Continuous ef-

forts over the last decades to meet the complex demands of the arch with a 

minimally invasive technique, have yielded broadly three main alternatives to 

traditional open surgical repair. Firstly, there is the Frozen elephant trunk tech-

nique (FET), which will be discussed and evaluated in this thesis. Secondly, 

there is the combination of open surgical debranching of supra-aortic vessels 

and TEVAR. Lastly, there is the total endovascular aortic arch repair. 

The elephant trunk technique was developed to enable repair of aortic arch 

aneurysms extending into the descending aorta. An interposition graft, with 

branches perfusing the supra-aortic vessels, is inserted from the ascending 

aorta to the aortic arch through a sternotomy incision. Distally to the arch 

anastomosis, the graft is left to hang (as an elephant trunk) into the descending 

aorta, where it can function as the proximal anastomosis for a following repair 

of the descending aorta through a left thoracotomy in a second stage proce-

dure.62 In the frozen elephant trunk (FET) technique, the descending graft is 

replaced by a stent graft, which provides an ideal landing zone for endovascu-

lar repair of the downstream aortic segment.63-65 Avoidance of proximal endo-

leak and the potential of the stent graft to obtain seal against the aortic wall, 

and of total aortic arch repair in a single procedure, are other advantages.66 

The FET technique is now widely utilized for repair of extensive thoracic aor-

tic disease involving the aortic arch, including acute and chronic aortic dissec-

tions as well as complex TAAs.67,68 In recent guidelines by the ESVS and the 

European Association for Cardio-Thoracic Surgery (EACTS), it is recom-

mended that the FET technique is considered for treatment of aortic arch dis-

ease with concomitant distal thoracic or thoracoabdominal disease.32 

Notwithstanding the advancements, the FET technique as well as other arch 

repair techniques remains a high risk procedure associated with high rates of 

morbidity and mortality.69 Serious neurological complications – stroke and 

SCI – are a particular concern.70,71 
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Imaging and post-repair surveillance 

The diagnosis of thoracic aortic disease is made by imaging, usually with CTA 

(figures 4 and 5). CTA gives a detailed imaging of the entire aorta, distin-

guishes well between different aortic pathologies, and is rapidly performed 

and widely available. Multiplanar imaging, three dimensional reconstruction 

and centre lumen line reconstruction technique enable thorough evaluation of 

the aortic lumen and vessel wall. Magnetic Resonance Imaging (MRI) angi-

ography, transesophageal echocardiography and conventional aortography are 

other possible imaging modalities. Transesophageal echocardiography can 

give a good visualization of the descending aorta but is inferior to CTA in the 

acute setting since it is more time-consuming, requires sedation and may cause 

patient discomfort. The diagnostic capability of MRI is very good and com-

parable with CTA, and can be used for both preoperative planning and follow-

up.72 An advantage of MRI is that it does not involve any ionizing radiation. 

However, the limited availability and the longer scanning times makes MRI 

less suitable in the acute setting with an unstable patient. 

Patients who have undergone TEVAR are followed in structured surveillance 

programmes to prevent and to detect complications in time. The ESVS guide-

lines suggest that a CTA is performed within 1 month and then 12 months 

after the procedure. If no endoleak or sign of complication is detected, CTA 

is then performed annually until 3 years follow-up, when the interval may be 

extended to 2-3 years. If a type I or III endoleak is detected on the postopera-

tive CTA, prompt reintervention should be performed. If a type II endoleak is 

detected, closer surveillance with 3 or 6 months interval is recommended as 

long as the endoleak persists, to watch for aneurysm sac expansion >10 mm 

necessitating reintervention.21   

In the surveillance after aortic dissection repair, it is relevant to assess false 

lumen thrombosis, since it is an important predictor of clinical prognosis.73,74 

CTA and magnetic resonance angiography (MRA) are both used for this pur-

pose. Serial images along the aorta are obtained, ideally during venous phase 

since arterial phase may overestimate the volume of false lumen thrombosis.75 

Absence of contrast enhancement in the false lumen is interpreted as throm-

bosis. Venous phase MRA complemented by a blood pool contrast agent that 

becomes evenly distributed in the intravascular circulation, has been sug-

gested to provide even more accurate imaging of the false lumen, avoiding 

overestimation of false lumen thrombosis.76    
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Figure 4. CTA image, axial view, at the level of the bifurcation of the pulmonary 
trunk. Cross-section of dissected descending aorta in the lower right quadrant of the 
image. Arrows pointing at the true (TL) and false lumen (FL). There is contrast en-
hancement in the false lumen – no sign of thrombosis. Measurements of true lumen 
and total aortic diameter in green. 

Figure 5. CTA image, sagittal view. Dissected descending aorta with expanded false 
lumen where partial thrombosis is seen (area without contrast enhancement). 
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Aims 

The overall aim of this thesis was to evaluate the outcomes of modern treat-

ment of thoracic aortic disease – TEVAR and hybrid repair – by analysing 

data from local and international cohorts. The specific aims were: 

 

Paper I 

To study the short- and long-term outcome of TEVAR for intact and rup-

tured thoracic aortic aneurysm and to evaluate predictors of mortality. 

 

Paper II 

To assess long-term remodelling, reintervention and survival outcomes 

after TEVAR for chronic type B aortic dissection. 

 

Paper III 

To study practice patterns and short-term outcome after TEVAR, based 

on data from an international vascular registry collaboration. 

 

Paper IV 

To evaluate outcomes, including aortic remodelling, of the frozen ele-

phant trunk technique for aortic arch repair. 
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Patients and Methods 

Patients 

TEVAR has been performed since 1999 at Uppsala University Hospital, and 

since then it has gradually replaced open surgical repair as the first-choice 

strategy for treatment of TAA, acute complicated and chronic type B aortic 

dissection and traumatic aortic injury. Before invasive treatment, all patients 

are discussed at a multidisciplinary conference involving vascular surgeons, 

cardio-thoracic surgeons and radiologists. 

In study I, all patients who underwent TEVAR at Uppsala University Hospital 

during the 15-year-period December 1999 through December 2014 were iden-

tified by means of the prospective local hospital registries and the Swedish 

national vascular registry (Swedvasc) (n=304). All patients with an intact or 

ruptured degenerative TAA as indication for treatment, were included in the 

study. Aneurysms secondary to chronic dissection and anastomotic pseudoan-

eurysms were excluded. 

Indication for surgical treatment of TAA at the study center was a fusiform 

aneurysm with a diameter >6 cm, or presence of symptoms (aneurysm rupture 

or chest/back pain suspected to be related to the aneurysm). The diameter 

threshold was lowered for saccular aneurysms.  

In study II, all patients (n=328) who underwent TEVAR at Uppsala University 

Hospital during the 16-year period of December 1999 through December 2015 

were identified through prospective local hospital registries and the Swedvasc. 

All patients who had an underlying chronic aortic dissection; Stanford type B 

or residual dissection after type A repair, were included. Patients treated with 

thoracoabdominal hybrid procedures (combining endovascular false lumen 

exclusion and open surgical visceral artery debranching) were excluded.  

An aortic dissection was considered to be in chronic phase when >14 days had 

passed from the event of dissection. The subacute phase was defined as 15 to 

90 days after onset of dissection. The indications for surgical treatment of 

chronic aortic type B dissection at the study center were aneurysmal degener-

ation, aortic rupture, hypoperfusion of viscera or limb, and treatment-refrac-
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tory pain. The diameter threshold for TEVAR of a chronic dissection aneu-

rysm was 55 mm21,77, but was lowered in cases of rapid expansion (>1 

cm/year) and elevated to 60 mm for complex aortic aneurysms.  

In study III, primary TEVAR procedures performed 2012-2016 were extracted 

from prospectively held national (Australia, New Zealand, Hungary, Italy, 

Serbia, Sweden, UK), multicenter (Spain, Germany, US) and single-center 

(Helsinki, Finland; Nancy, France; Bern, Switzerland) registries in 13 coun-

tries. The data collection process is depicted in Figure 6. All patients treated 

for descending TAA, type B aortic dissection (TBAD) and traumatic aortic 

injury (TAI) were included in the study. De-identified individual-level data 

were merged for most of the registries. Due to data regulations, data from 

Germany, the US and UK were provided in aggregated form after local anal-

yses were performed. Aggregated data were then pooled with the other regis-

try data, where appropriate, for overall analysis. 

Study IV included all patients who underwent hybrid aortic arch repair with 

the frozen elephant trunk technique at Uppsala University Hospital 2006-

2020. The cases were identified by means of the prospective local surgical 

registries.  
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Figure 6. Flow-chart depicting the data collection process of study III.  
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Methods 

All papers in this thesis were cohort studies, based on retrospective analysis 

of prospectively or retrospectively collected cohorts. Study I and III were 

based on prospectively recorded registry data, study II and IV on a combina-

tion of prospectively recorded registry data and data that were collected retro-

spectively from medical records and CT imaging studies. 

Baseline patient characteristics, procedural details and follow-up data were 

stored in study-specific databases. Follow-up data included complications, re-

interventions and survival. To determine survival in study I, II and IV, the 

unique personal identification number of each patient was utilized for cross-

matching with the Swedish national population registry to ascertain 100% sur-

vival follow-up. For study I and II, data were also obtained from the cause of 

death registry for all deceased patients.  

Study III involved analysis and comparison of practice patterns, in terms of 

the proportion of TEVAR procedures in each included registry that was per-

formed to treat a particular condition (intact and ruptured TAA, acute and 

chronic type B aortic dissection, traumatic aortic injury). Overall rate of peri-

operative mortality and complications depending on indication was deter-

mined. A “composite complication” variable was created, defined as any oc-

currence of stroke, paraplegia, renal replacement therapy or death. For acute 

and chronic TBAD, mortality was also compared for patients ≥80 and <80 

years, and for men and women. The same comparisons, along with a compar-

ison between patients with aneurysms ≥60 mm and <60 mm, were done for 

intact and ruptured TAA.  

In study II and IV, aortic morphology was examined on pre- and postoperative 

CT imaging studies with intravenous contrast in arterial phase, and/or venous 

phase when available. The aortic diameter was measured perpendicular to the 

aortic lumen, utilizing multiplanar reconstruction (MPR). In study IV, the tho-

racic aortic diameter was classified as increasing (>5 mm expansion), decreas-

ing (>5 mm reduction) or stable, based on change from baseline to last CT 

follow-up. Stent graft landing zones were categorized in conformity with the 

classification system proposed by Fillinger et al.78 Aortic dissections were 

sub-divided according to the Stanford and DeBakey classification systems. 

The short axis diameter of the true, false and whole aortic lumen was measured 

at fixed levels along the aorta (in study II: 2 cm distal to the left subclavian 

artery, bifurcation of the pulmonary trunk, coeliac trunk, right renal artery and 

infrarenal aorta; in study IV: bifurcation of the pulmonary trunk, right renal 

artery, infrarenal aorta). In study II, false lumen thrombosis was assessed on 

the same levels as mentioned above. In study IV, false lumen thrombosis was 

evaluated in aortic segments A (along the stent graft), B (between the distal 
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end of the stent graft and the coeliac trunk) and C (distal to the coeliac trunk), 

as reported by Shrestha.79 Absence of contrast enhancement in the false lumen 

was interpreted as false lumen thrombosis.  

Statistical analysis 

In all studies, data management and statistical analyses were performed with 

IBM SPSS Statistics for Windows, version 21.0 to 27.0 (IBM Corp., Armonk, 

NY, USA). 

Categorical data were presented as absolute numbers (%). Continuous data 

were presented as mean values with standard deviation (SD) or 95% confi-

dence intervals (CI) (normally distributed data) or median values with inter-

quartile range (IQR) (non-normally distributed data). In paper I, standard error 

of the mean (SE) was used as the measure of dispersion. Normal distribution 

was visually assessed by histogram, and evaluated by the Shapiro-Wilk test. 

Comparative analysis was performed with unpaired or paired Student’s t-test, 

analysis of variance (ANOVA) or Kruskal-Wallis test for continuous data and 

chi2 or Fisher’s exact test for categorical data. Perioperative survival was cal-

culated as ratio, whereas long-term survival and reintervention rate or freedom 

from reintervention were estimated with the Kaplan-Meier method. In paper 

I, Cox regression model was used to estimate age-adjusted survival. To inves-

tigate predictors of long-term outcome, univariable and multivariable Cox re-

gression analyses were performed. 

A p-value of <0.05 was considered statistically significant.  

Ethical considerations 

Study I, II and IV were all approved by the Regional Ethics Committee of 

Uppsala. Study III was approved by each participating vascular surgery regis-

try, and by the ethical review board, if needed, according to the ethical review 

process of each individual country. The analysis of the Swedish data was ap-

proved by the Regional Ethics Committee of Uppsala and by the Swedvasc 

committee. 
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Results 

Paper I 

Of the 77 patients included, 49 (64%) underwent TEVAR for intact and 28 

(36%) for ruptured TAA. Forty-one (84%) of the intact aneurysm repairs were 

performed electively and eight (16%) urgently (within 24 hours from presen-

tation). Patients treated for ruptured TAA were older and had a higher fre-

quency of cerebrovascular disease but were more seldom smokers. Fourteen 

of the 77 patients (18%) had a history of aortic surgery. Out of these, three had 

undergone thoracic aortic repair. 

Revascularization of supra-aortic vessels and CSF drainage were the most 

common adjunct procedures: 14 (29%) of intact and 4 (14%) of ruptured TAA 

repairs entailed open supra-aortic revascularization, and 23 (47%) of intact 

and 9 (32%) of ruptured TAA patients received a CSF drain.  

Mean follow-up time was 83 months. The rates of 30- and 90-day mortality 

and major complications are reported in Table 3. In addition to the one case 

of permanent paraplegia in the rTAA group, there were five cases of suspected 

paraplegia (three iTAA and two rTAA cases). All these patients received CSF 

drainage and hemodynamic optimization and recovered completely. 

6 out of 10 aortic reinterventions were proximal or distal stent graft exten-

sions. Median time to first aortic reintervention was 3.8 months in the iTAA 

and 0.3 month in the rTAA group, P=1.000. The majority of reinterventions 

were performed during the first year after the index procedure. The 5-year 

reintervention rate was 13.2% after TEVAR for iTAA and 17.9% after TE-

VAR for rTAA, P=0.682.  

The Kaplan-Meier estimated survival after iTAA repair was 85.7% (SE 5.0%) 

at 1 year; 77.0% (SE 6.1%) at 3 years and 62.5% (SE 7.3%) at 5 years, Figure 

7. For rTAA, the survival estimate was 39.3% (SE 9.2%) at 1 year and 27.8% 

(SE 8.6%) at 3 years. At 5-years follow-up, only one patient treated for rTAA 

was alive. In patients above the age of 80 with rTAA, 30-day survival was 

62.5% (SE 18.3%), 90-day survival was 37.5% (SE 18.3%) and estimated 

1-year survival was 25.0% (SE 15.3%). Aorta-related death occurred in 
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21% of the late (>30 days) deaths in the iTAA and 40% in the rTAA group. 

The majority took place within the first year after TEVAR. 

 

Table 3. Perioperative morbidity and mortality after TEVAR for iTAA and rTAA. 

iTAA (n=49) rTAA (n=28) Outcome variable 

8 (29) 

90-day mortality, n (%) 4 (8) 12 (43) 

Stroke, n (%) 0 (0) 3 (11) 

Permanent paraplegia, n (%) 0 (0) 1 (4) 

Renal failure, n (%) 1 (2) 1 (4) 

Cardiac event, n (%) 2 (4) 0(0) 

 

30-day mortality, n (%) 2 (4) 

Figure 7. Long-term survival after intact (iTAA) and ruptured thoracic aortic aneu-

rysm (rTAA) repair. Standard Error <10% for all survival estimates. 
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To investigate possible changes in outcome over time, survival after TEVAR 

was compared for the patients treated during the first half of the study period 

(1999-2007) versus the second half (2008-2014). No significant difference in 

30-day survival or estimated 5-year survival was found. Predictors of long-

term survival were assessed with univariable and multivariable Cox regres-

sion, and are presented in Table 4. Aortic rupture was associated with an age-

adjusted hazard ratio for death of 4.41, and when early deaths were excluded 

from the analysis, it was still a significant predictor of inferior long-term out-

come. 

 

Table 4. Univariable and multivariable analysis of long-term mortality. 

Univariable Hazard Ratio 95% CI P 

Age, per year increase 1.04 0.99-1.09 0.105 

Gender, female vs male 1.25 0.71-2.20 0.447 

Cardiac disease 0.88 0.49-1.59 0.668 

COPD 1.52 0.80-2.89 0.199 

Renal insufficiency 1.00 0.24-4.15 1.000 

Previous aortic surgery 0.72 0.33-1.54 0.390 

Rupture vs intact 4.63 2.44-8.77 <.001 

Operation year, per year increase 0.97 0.88-1.06 0.478 

Aortic reintervention 1.21 0.54-2.71 0.639 

Multivariable       

Age 1.02 0.98-1.07 0.316 

COPD 1.55 0.81-2.98 0.187 

Rupture vs intact 4.41 2.31-8.42 <.001 

COPD, Chronic Obstructive Pulmonary Disease. 
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Paper II 

Out of 50 patients included, 39 (78%) had a Stanford type B and 11 (22%) a 

residual aortic dissection after type A repair; 10 (20%) had a DeBakey type 

IIIA (DBIIIA) and 40 (80%) a DeBakey type IIIB (DBIIIB) dissection. Five 

patients received fenestrated or branched stent grafts; the remaining forty-five 

underwent standard TEVAR procedures. 40 (80%) were treated electively and 

10 (20%) urgently (i.e. within 24 hours from presentation). 11 (22%) patients 

were treated during the subacute phase, and the other 39 (78%) were treated 

>90 days after the dissection event. Median time from the dissection event to 

TEVAR was 27.6 months (IQR 65.7).  

The indication for TEVAR was to prevent rupture of a post-dissection aneu-

rysm in forty cases (80%), aortic rupture in one case (2%), hypoperfusion of 

viscera or limbs in four cases (8%) and treatment-refractory pain in two cases 

(4%). In three cases (6%), a combination of the mentioned indications led to 

the decision to perform TEVAR. All cases of hypoperfusion and treatment-

refractory pain occurred during the subacute phase, and underwent TEVAR 

15 to 38 days after the dissection event.  

Revascularization of supra-aortic arteries and CSF drainage were the most 

common adjunct procedures. 

Aortic remodelling following repair 

Median radiological follow-up was 46 months (IQR 67). Complete false lu-

men thrombosis was seen in 90.0% of DBIIIA and 30.8% of DBIIIB dissec-

tions on last follow-up CT (p=0.001). Mean maximal aortic diameter de-

creased from 58.7 mm at baseline to 51.9 mm on the last CT (p=0.003), and 

there was still a significant reduction when subacute cases were excluded from 

the analysis. Morphologic changes of the thoracic and infrarenal aorta are il-

lustrated in Figure 8. In the thoracic aorta, mean diameter change from base-

line to last CT was +10.0 mm (95% CI [6.4; 13.6]) (p<0.001) for the true 

lumen and -11.9 mm (95% CI [-15.2; -8.5]) (p<0.001) for the false lumen. 

When DBIIIA and subacute dissections were excluded from the analysis, true 

lumen expansion and false lumen reduction remained significant on thoracic 

level. Only DBIIIB dissections were included in the morphology analysis on 

infrarenal level, since the DBIIIA dissections do not involve the abdominal 

aorta. The mean diameter change from baseline to last CT on infrarenal level 

was +3.1 mm (95% CI [1.4; 4.8]) (p=0.001) for the true and +1.0 mm (95% 

CI [-1.8; 3.8]) (p=0.464) for the false lumen.  
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Figure 8. Change of true and false lumen diameter of the A. thoracic aorta and B. 
infrarenal aorta after TEVAR for chronic type B aortic dissection. Mean change in 
millimeter is displayed above or below the respective box. *=p≤0.05. 
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Major complications 

30-day survival was 96% (95% CI [86; 100]); there were two deaths within 

30 days. Perioperative stroke occurred in two patients (4%). No patient devel-

oped permanent paraplegia or renal failure.  

Long-term survival and reinterventions 

Mean clinical follow-up was 76 months (SD 46). 1-, 3- and 5-year survival 

was 94.0% (95% CI [83; 98]), 91.7% (95% CI [79; 97]) and 76.5% (95% CI 

[61; 87]) according to Kaplan-Meier estimates. 19 late deaths occurred among 

the patients treated with standard TEVAR. The cause of death could be re-

trieved from medical records or the cause of death registry in 13 cases, and six 

out of these deaths were aorta-related. Three of the patients who suffered 

aorta-related deaths, had shown false lumen shrinkage on thoracic level during 

follow-up. There were no late deaths among the patients who received fenes-

trated or branched stent grafts. 

Freedom from reintervention at five-years was 68.6% (95% CI [53; 80]); 

60.0% after TEVAR for DBIIIA and 71.2% for DBIIIB. Median time to first 

reintervention was 9.4 months (IQR 37.8). A total of 25 reinterventions (table 

5) were performed on 18 patients. 16 out of 17 distal stent graft extensions 

were performed because of false lumen expansion distally to the first stent 

graft. 
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Table 5. Reinterventions after endovascular repair of chronic type B aortic dissec-
tion.  

Type of reintervention 

  

Standard 

TEVAR (n=45) 

Fenestrated or branched 

TEVAR (n=5) 

Stentgraft extension 

  

 

Distal 17 0  

Proximal 1 1 

Stent graft in coeliac trunk to cover 

reentry 

1 0 

Visceral bypass with distal stentgraft 

extension 

1 0 

Plug bronchial arteriesᵃ  1 0 

Embolization lumbar arteryᵃ 2 0 

Balloon-dilatation of aorta and deploy-

ment of suprarenal stentb  

1 0 

    

ᵃPerformed due to persistent flow in the false lumen parallel to the stentgraft 

bPerformed due to compressed true lumen distal to stentgraft and visceral hypoperfusion 

 

Paper III 

TEVAR practice – overview  

9518 patients underwent TEVAR for TAA 4436 (46.6%), TBAD 3976 

(41.8%) or traumatic aortic injury 1106 (11.6%) between 2012 and 2016. 

There was a difference between countries regarding the proportion of each 

pathology in TEVAR procedures. Patient characteristics for the respective pa-

thology group are reported in Table 6, and short-term outcomes in Table 7. 
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Table 6. Patient characteristics. 

Variables Acute 

TBAD 

Chronic 

TBAD 

Intact 

TAA 

Ruptured 

TAA 

Mean age, years  61.5 62.2 71.6 73.5 

TAI 

49.5 

Patients >80 years old, %  

[95% CI] 

8.6    

[7.4-9.8] 

4.8  

[3.7-5.8] 

18.6  

[17.4-19.9] 

27.7  

[24.1-31.3] 

4.9  

[3.6-6.2] 

Females, %  

[95% CI] 

29.3  

[27.3-31.3] 

27.7  

[25.5-29.9] 

41.7  

[40.1-43.3] 

40.4  

[36.4-44.4] 

24.3  

[21.8-26.9] 

Cardiac disease, %  

[95% CI] 

25.5  

[22.4-28.5] 

36.6  

[31.5-41.7] 

40.9  

[38.3-43.5] 

39.5  

[33.7-45.3] 

10.3  

[6.9-13.7] 

Diabetes mellitus,%  

[95% CI] 

10.7  

[9.4-12.0] 

12.9  

[11.3-14.6] 

15.7  

[14.5-16.9] 

13.9  

[10.7-17.1] 

9.1  

[7.4-10.9] 

Cerebrovascular lesion,%  

[95% CI] 

5.6  

[4.6-6.7] 

10.4  

[8.8-11.9] 

11.5  

[10.4-12.6] 

11.7  

[8.6-14.9] 

2.4  

[1.5-3.4] 

Pulmonary disease, %  

[95% CI] 

11.7  

[10.2-13.1] 

12.7  

[11.0-14.4] 

26.0  

[24.5-27.6] 

24.5  

[20.3-28.7] 

4.7  

[3.3-6.0] 

Paraparesis, %  

[95% CI] 

2.4  

[0.9-3.9] 

0.9  

[0.0-2.2] 

0.6  

[0.0-1.2] 

2.7  

[0.1-5.3] 

5.8  

[2.3-9.3] 

TAI, traumatic aortic injury; TBAD, type B aortic dissection. 
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TEVAR for thoracic aortic aneurysm 

86.3% of TEVAR for TAA were intact and 13.7% ruptured TAA repairs. The 

proportion of ruptured TAA differed between countries (p<0.001), Figure 9. 

Intact TAA diameter varied from 59 mm (SD 14) (US) to 69 mm (SD 7) 

(Nancy, France) (p<0.001). 26.4% of patients <80 years and 20.7% of patients 

≥80 years had a registered intact TAA diameter of less than 60 mm. 27.7% 

(95% CI [24.1-31.3]) of rTAA and 18.6% (95% CI [17.4-19.9]) of iTAA pa-

tients were ≥80 years old. Intact TAA patients ≥80 years old were at higher 

risk for perioperative mortality (7.2%; 95% CI [5.2-9.1]) than patients <80 

years old (3.8%; 95% CI [3.1-4.5]) (p<0.001). The mortality rate was lower 

among patients with smaller aneurysms (<60 mm) compared to larger aneu-

rysms (≥60 mm) (3.2% [2.2-4.1] vs 5.4% [4.4-6.4], P=0.003).  

TEVAR for aortic dissection 

57.1% of TBAD patients underwent TEVAR in acute and 42.9% in chronic 

phase. The proportion of acute dissections varied greatly between countries 

(p<0.001), Figure 10. The proportion of patients ≥80 years old was 8.6% (95% 

CI [7.4-9.8]) in the acute and 4.8% (95% CI [3.7-5.8]) in the chronic TBAD 

group. Mean chronic TBAD aortic diameter was 54 mm and did not vary sig-

nificantly between countries. Indications for TEVAR of chronic TBAD were: 

aortic dilatation 75%, refractory pain 6%, rupture 5%, extremity ischemia 3%, 

visceral ischemia 2% and other 7%. Age ≥80 years was associated with a 

higher risk of perioperative mortality after TEVAR for acute or chronic 

TBAD, compared to age <80 years (14.0% [95% CI 8.9-19.1] vs 9.2% [95% 

CI 7.9-10.5] for acute TBAD, P=0.038; 9.5% [95% CI 2.8-16.1] vs 2.7% [95% 

CI 1.9-3.5] for chronic TBAD, P=0.001).  

TEVAR for traumatic aortic injuries 

93.8% (95% CI [91.0-96.6]) of traumatic aortic injury patients were admitted 

emergently. The frequency of each Blunt traumatic aortic injury severity grade 

was: grade I (intimal tear) n=4 (2.5%), grade II (intramural hematoma) n=23 

(14.6%), grade III (pseudoaneurysm) n=53 (33.5%), grade IV (free rupture) 

n=70 (44.3%), other n=8 (5.1%). Perioperative mortality varied depending on 

injury severity (p=0.039), being 20.9% for injury severity grade IV and 3.8% 

for grade III. 
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Figure 9. The proportion of intact versus ruptured TAA treated with TEVAR in each 
country. 

Figure 10. The proportion of acute versus chronic type B aortic dissection treated 
with TEVAR in each country. 
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Table 7. Short-term outcome of TEVAR for acute and chronic type B aortic dissec-
tion, intact and ruptured thoracic aortic aneurysm, and traumatic aortic injury. 

Short-term 

outcome 

Acute 

TBAD 

Chronic 

TBAD 

Intact 

TAA 

Ruptured 

TAA 

TAI 

Perioperative 

mortality,%  

[95% CI] 

9.7  

[8.4-11.0] 

3.0  

[2.2-3.8] 

4.9  

[4.2-5.6] 

26.8  

[23.2-30.4] 

7.8  

[6.2-9.4] 

Paraplegia, % 

 [95% CI] 

6.1  

[5.0-7.2] 

2.6  

[1.8-3.4] 

3.7  

[3.1-4.3] 

7.2  

[4.9-9.5] 

1.7  

[0.9-2.5] 

Stroke, %  

[95% CI] 

6.2  

[5.2-7.2] 

2.6  

[1.8-3.4] 

4.0  

[3.4-4.6] 

6.1  

[4.1-8.1] 

2.4  

[1.5-3.3] 

Renal insuffi-

ciency,%        

[95% CI] 

6.8  

[5.7-7.9] 

1.5  

[0.9-2.1] 

2.6  

[2.1-3.1] 

10.5  

[8.0-13.0] 

3.5  

[2.4-4.6] 

Composite com-

plicationa, % 

[95% CI] 

19.9  

[16.7-23.2] 

6.9  

[4.0-9.9] 

12.8  

[10.9-14.6] 

40.3  

[34.0-46.6] 

16.7  

[12.4-20.9] 

aAny occurrence of stroke, paraplegia, renal replacement therapy, or death. TAI, traumatic 

aortic injury; TBAD, Type B aortic dissection. 

Paper IV 

50 patients underwent FET procedure for complex TAA (23), chronic aortic 

dissection (16 residual type A, 3 type B), and acute aortic dissection (7 type 

A, 1 type B). 17 (100%) of CAD and 4 (80%) of AAD extended beyond the 

diaphragm. 

Perioperative outcome  

Perioperative outcomes are reported in Table 8. 5 (22%) of TAA patients died 

within 30 days from the procedure – two due to descending aortic rupture and 

three secondary to embolic events. There was one (5%) death within 30 days 
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in the CAD group, caused by a myocardial infarction. Three (37%) AAD pa-

tients died within 30 days – two within 24 hours due to circulatory collapse 

and one due to ischemic complications to the dissection. Rate of disabling 

stroke (modified Rankin Scale (mRS) ≥2) was 5 (22%) after TAA, 1 (5%) 

after CAD and 2 (25%) after AAD repair. Rate of permanent spinal cord injury 

was 2 (9%) after TAA and 1 (5%) after CAD repair. None of the three patients 

had received preoperative prophylactic CSF drain, and two had a history of 

previous endografting of the thoracoabdominal aorta.  

Long-term outcome 

Median survival follow-up among those surviving the perioperative period 

was 65 months (IQR 78). 5-year survival was 53% (95% CI [30; 72]) for TAA 

and 83% (95% CI [55;94]) for CAD. There were no deaths beyond the early 

postoperative period in the AAD group.  

19 (38%) of all patients underwent TEVAR during follow-up; 8 of these were 

planned second stage procedures. 13 (68%) of CAD patients underwent TE-

VAR during follow-up, 3 of which were planned second stage procedures. 5-

year freedom from unplanned aortic reintervention was 83% (95% CI [48; 

96]) for TAA and 36% (95% CI [12; 61]) for CAD. No AAD patient had any 

aortic reintervention during follow-up.  

Morphological changes of aorta after repair 

Median time to last follow-up CT was 32 months (IQR 58). There was no 

significant change of TAA diameter between baseline (58 mm, SD 4) and last 

follow-up CT (57 mm, SD 13)(p 0.627). Five (38%) had a decreasing, four 

(31%) an increasing and four (31%) a stable thoracic aortic diameter. In CAD 

patients, none had complete false lumen thrombosis on the last follow-up. The 

rate of false lumen thrombosis fell along the aorta in distal direction: n=14 

(78%) along the stent graft, n=5 (28%) between the distal end of the stent graft 

and the coeliac trunk and n=2 (11%) in the abdominal aorta below the coeliac 

trunk. 9/14 (64%) with thrombosis along the stent graft had undergone TE-

VAR after the FET procedure. Baseline CAD aortic diameters measured: 

proximal descending aorta 52 mm (SD 12), pararenal 36 mm (SD 10) and 

infrarenal 34 mm (SD 7). There was no significant change of aortic diameter 

on proximal descending level, and a significant increase of pararenal (+14%, 

95% CI [6; 21], p 0.001) and infrarenal (+13%, 95% CI [4;21], p 0.004) aortic 

diameter from baseline to last follow-up. Proximal descending and pararenal 

aortic true and false lumen diameter change up to 2 years after the procedure, 

is illustrated in Figure 11. On proximal descending level, true lumen diameter 

increased 64% (95% CI [40; 88], p<0.001) while false lumen diameter de-

creased 39% (95% CI [12;66], p 0.007). On renal artery level, there was a 
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slight increase of both true (+15%, 95% CI [5; 26], p 0.008) and false lumen 

diameter (+14%, 95% CI [4; 24], p 0.008). 

 

Table 8. Complications after FET aortic arch repair. 

Variables 

  

All 

(n=50) 

TAA 

(n=23) 

CAD 

(n=19) 

AAD 

(n=8) 

P value 

30-day mortality, n (%) 9 (18) 5 (22) 1 (5) 3 (38) 0.075 

Disabling stroke (mRS ≥2), n (%) 8 (16) 5 (22) 1 (5) 2 (25) 0.258 

Permanent Spinal Cord Injury, n (%) 3 (6) 2 (9) 1 (5) 0 (0) 1.000 

Acute Kidney Injury, n (%) 15 (31) 9 (39) 3 (16) 3 (50) 0.147 

Dialysis at discharge, n (%) 5 (10) 3 (13) 2 (11) 0 (0) 1.000 

Delayed extubation, n (%) 22 (44) 12 (52) 7 (37) 3 (38) 0.640 

Reoperation for bleeding, n (%) 10 (20) 6 (26) 4 (21) 0 (0) 0.410 

Pericardiocentesis, n (%) 5 (10) 3 (13) 0 (0) 2 (25) 0.096 

Atrial fibrillation, n (%) 22 (44) 14 (61) 7 (37) 1 (13) 0.048  

ECV, n (%) 16 (32) 12 (52) 4 (21) 0 (0) 0.007  

Permanent pacemaker, n (%) 1 (2) 0 (0) 1 (6) 0 (0) 0.531 

Recurrent nerve palsy, n (%) 3 (6) 3 (13) 0 (0) 0 (0) 0.272 

Postoperative infectiona, n (%) 26 (54) 11 (48) 10 (59) 5 (63) 0.738 

  Pneumoniaa, n (%) 18 (37) 7 (32) 7 (37) 4 (50) 0.622 

a Requiring antibiotics. ECV, electrical cardioversion; mRS, modified Rankin scale. 
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Figure 11. Aortic true and false lumen diameter at baseline and during follow-up after 
FET aortic arch repair for chronic aortic dissection. A. Proximal Descending aorta. B. 
Pararenal aorta. 
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General Discussion 

During the last 15-20 years, there has been a great increase of TEVAR proce-

dures, and the technique has rapidly replaced open repair in treatment of tho-

racic aortic pathology.4,5 As a consequence of the implementation of TEVAR, 

the number of patients receiving invasive treatment for thoracic aortic disease 

is considerably higher today compared to just a few decades ago.4,5,80 The in-

crease in thoracic aortic repairs has been reported as most pronounced among 

patients ≥75 years old.4 Whether these patients gain any benefit from the treat-

ment though, is unknown, since studies comparing TEVAR to the natural his-

tory of disease are missing. For example, while there are randomized con-

trolled trials comparing open repair or EVAR to surveillance for small ab-

dominal aortic aneurysms (AAA),81,82 there are no similar studies on thoracic 

aortic aneurysm management. Moreover, there are no randomized controlled 

trials and a lack of meta-analyses comparing TEVAR and open surgical repair 

of the thoracic aorta. Consequently, there is no level A evidence in favour of 

TEVAR, which makes it even more important to evaluate treatment outcome 

when the method is introduced to new patient cohorts. However, due to the 

heterogeneity and the relatively low incidence of thoracic aortic pathologies, 

they are difficult to study. In this report we have aimed to analyse short- and 

long-term results of TEVAR in detailed studies with a high grade of long-term 

survival follow-up.  

International TEVAR practice patterns  

International variations in TEVAR practice patterns were evaluated in study 

III, a unique international registry-based cohort study on TEVAR. To begin, 

the proportion of TEVAR procedures in each individual registry that was per-

formed to treat a certain pathology, varied. One explanation may be that some 

countries keep a more conservative approach to a certain condition, while oth-

ers have wider indications for repair. For instance, while many centers still 

keep a conservative approach to uncomplicated acute TBAD, some have 

adopted a more aggressive approach seeking to improve aortic remodelling.74  

It may also be that certain pathologies are more commonly managed by open 

repair in some countries. Apart from that, there are differences between the 



 

 46 

registries that may augment the variations. Single- and multicenter registries 

based on voluntary participation represent only a selected part of a country’s 

population, while national registries contain all vascular surgery procedures 

performed in the country. There are indications that differences in manage-

ment of aortic disease between countries may be related to type of reimburse-

ment system. A previous report from International Consortium of Vascular 

Registries (ICVR) described that the proportions of small intact AAAs and of 

octogenarians with intact AAA undergoing repair were higher in countries 

with a fee-for-service reimbursement system compared with countries with a 

population-based reimbursement system.83 It is conceivable that a fee-for-ser-

vice reimbursement system may also increase the inclination to repair uncom-

plicated TBAD and small iTAA.  

Another difference in practice patterns was that the iTAA diameter at the time 

for TEVAR varied between countries. There are recommendations on diame-

ter thresholds in guidelines from both the ESVS and AHA, tables 1 and 2.21,22 

So it appears that despite present guidelines, indications for TEVAR vary be-

tween countries. The weak scientific evidence in this area may partly explain 

these deviations from guidelines, as the potential benefit of repair for a given 

TAA diameter is not known.   

The dataset of study III is one of the largest datasets of current TEVAR prac-

tice, and the study provides a benchmark for outcome after TEVAR. The re-

ported short-term mortality and morbidity outcome may serve as a reference 

point against which individual centers may evaluate their outcomes. The out-

comes of iTAA, rTAA and chronic TBAD repair reported in study I and II, 

are compared with study III in Table 9. 

Due to the lack of a harmonized core dataset for registration of TEVAR pro-

cedures in vascular registries, there were missing data in study III. Detailed 

reporting standards for TEVAR as well as for specific thoracic aortic pathol-

ogies are available.78,84 However, for quality registries, the granularity of the 

registry and the possibility for adequate quality outcome assessment must be 

weighed against the time it takes to collect the data. A common core dataset, 

partly based on mentioned reporting standards, was suggested in paper III, to 

achieve registry-based quality outcome measures for TEVAR. 
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Table 9. Short-term outcome of TEVAR for iTAA, rTAA and chronic TBAD 
(cTBAD) reported in paper I and II, compared with outcome reported in the interna-
tional multicenter study III. 

Outcome 

variable 

iTAA   

paper III 

iTAA 

paper I 

rTAA  

paper III 

rTAA 

paper I 

cTBAD  

paper III 

cTBAD 

paper II 

Mortality, % 4.9 4 26.8 29 3.0 4 

Stroke, % 4.0 0 6.1 11 2.6 4 

SCI, % 3.7 0 7.2 4 2.6 0 

Renal insuffi-

ciency, % 

2.6 2 10.5 4 1.5 0 

Survival after thoracic aortic aneurysm repair 

In Paper I, the short- and long-term outcome of TEVAR for iTAA and rTAA 

was assessed, and survival after TEVAR for rTAA was found to be surpris-

ingly low. Survival outcome of endovascular and open repair of intact and 

ruptured TAA reported in recent years is presented in Table 10.2,85-92 Few stud-

ies report on outcome beyond the perioperative period after treatment of 

rTAA. Results of the first study indicate that mortality related to the aortic 

rupture remains increased beyond 30 days after rTAA repair. Nearly half of 

the patients were deceased within 90 days, and mortality increased to two-

thirds at three years after the rupture. Given the deaths related to the operation 

that occurred beyond the 30-day postoperative period, 90-day survival rate 

may better depict procedure related events when reporting outcome of TE-

VAR for TAA.  

As opposed to evidence of late deaths after AAA repair seldom being aorta-

related93, aorta-related deaths after the perioperative 30-day period were fairly 

common in the first study, 21% after treatment of intact TAA, in comparison 

to 9% in the Medtronic registries89. Results of a previous meta-analysis of 

endovascular versus open repair of ruptured descending aortic aneurysms in-

dicated that a considerable portion of late deaths after TEVAR are aneurysm-

related94, and this was confirmed by study I where the majority of late deaths 

in the ruptured TAA group were aorta-related. It can partly be explained by 

deaths occurring up to 90 days after repair as a result of the physiologic strains 

of the aortic rupture, and by deaths occurring later on due to aneurysms in 
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other aortic segments which have been left untreated because of disease com-

plexity, advanced age and comorbidity, as well as patient wish. In a recent 

multicenter study on TEVAR for ruptured descending thoracic aortic aneu-

rysm, factors associated with mortality were renal failure, postoperative major 

bleeding, stroke, history of stroke, previous aortic surgery and age.90 

Aortic reinterventions are more frequent following endovascular than open 

repair of TAA, but have not been associated with a higher proportion of aorta-

related death.86 One of the first studies analysing long-term outcome of TE-

VAR for TAA reported a five-year reintervention rate of 14%43; the current 

rate of 13% after intact TAA and 18% after ruptured TAA repair (Paper I), 

demonstrates that the risk of aortic reintervention after TEVAR remains high. 

 

  

 

  



 

 49 

Table 10. Treatment outcome in series of endovascular and open repair of intact and 
ruptured thoracic aortic aneurysm. 

Intact TAA         

Author, year Patients (n) Type of repair Perioperative 

mortality 

5-year 

survival 

Goodney, 2011 2433 TEVAR 6.1% 62% 

Hellgren, 2017a 49 TEVAR 4% 62.5% 

Hellgren, 2021b  3828 TEVAR 4.9% NR 

von Allmen, 2014 354 TEVAR 6.5% NR 

Patterson, 2013 670 TEVAR 5% 60% 

Goodney, 2011 11565 OR 7.1% 72% 

Sadek, 2014 68 OR 3% 82% 

Schermerhorn, 2008 1976 OR 10% NR 

von Allmen, 2014 264 OR 7.6% NR 

Ruptured TAA         

Author, year Patients (n) Type of repair Perioperative 

mortality 

5-year 

survival 

Goodney, 2011 299 TEVAR 28.4% 23% 

Hammo, 2019 140 TEVAR 20.7% 31.9% 

Hellgren, 2017a  28 TEVAR 29% NR 

Hellgren, 2021b 608 TEVAR 26.8% NR 

Jonker, 2010 87 TEVAR 18.4% NR 

von Allmen, 2014 97 TEVAR 30% NR 

Goodney, 2011 1008 OR 45.6% 26% 

Schermerhorn, 2008 573 OR 45% NR 

von Allmen, 2014 44 OR 36% NR 

aPaper I. bPaper III. NR, not reported; OR, open repair. 
  

Aortic remodelling after chronic dissection repair 

In Paper II, long-term remodelling, survival and reintervention outcomes after 

TEVAR for chronic type B aortic dissection were evaluated. TEVAR resulted 

in a reduction of the false lumen diameter in the thoracic aorta over time, 

whereas distal remodelling did not occur. Patients with a DBIIIA dissection 

had a high possibility of complete false lumen thrombosis after TEVAR, while 

the false lumen remained at least partly perfused in the more extensive DBIIIB 

dissections. 
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There is evidence that TEVAR promotes aortic remodelling when performed 

in acute and subacute dissection74, but the tendency for remodelling has not 

been found to be as evident in chronic dissection95,96. It is argued that the 

thicker, less mobile dissection membrane with multiple reentries decreases the 

possibilities for remodelling.97,98 The findings in Paper II indicate that, on the 

contrary, when many years have passed since the onset of dissection, TEVAR 

can nevertheless induce remodelling of the thoracic aorta with expansion of 

the true and shrinkage of the false lumen, although this happens gradually over 

long time of follow-up.  

Prior reports analysing change of true and false lumen dimensions after TE-

VAR for chronic dissection are few. In a small study including 10 patients 

with chronic type B dissection and secondary aneurysmal expansion, Manning 

et al reported a significant reduction in false lumen diameter at the level of the 

stented aorta.99 The VIRTUE registry investigators reported both an increase 

in true and a reduction in false lumen area for subacute dissections (15-92 

days), whereas chronic dissections treated after >92 days had an increase in 

true but no reduction in false lumen area.100 Conway et al recently reported 

promising results regarding sac shrinkage101, and this is confirmed by Paper II 

which demonstrates a decreasing mean maximal aortic diameter during fol-

low-up. A ≥0.5 cm reduction of the aortic diameter, commonly accompanied 

by extensive false lumen thrombosis, has been associated with higher mid-

term survival.102 

Outcome of endovascular and open repair of chronic type B dissection re-

ported in recent years are presented in Table 11.42,101,103-107 Survival in Paper 

II was equal to or better than previously reported outcome of open surgical 

repair for chronic type B dissection105-108, but nearly one third of the late deaths 

were confirmed aorta-related, emphasizing the long-term risks associated with 

this progressive pathology and the possible need for distal treatment to achieve 

total false lumen exclusion.  

Reinterventions were required in one-third of cases in study II, underscoring 

the importance of radiological follow-up. Distal stent graft extension to deal 

with aortic expansion at the distal end of the primary stent graft was the most 

common reintervention. In the beginning of the study period, the main strategy 

of TEVAR for chronic dissection was to cover the primary entry tear. Over 

time, the length of thoracic aortic coverage has increased, to avoid the need 

for distal stent graft extension.99  

Most of the patients in study II had an established chronic aortic dissection 

with aneurysmal expansion. The long-term outcomes of the INSTEAD trial 

suggest that there may be a benefit of TEVAR in the early chronic phase of 



 

 51 

dissection to promote aortic remodelling and avoid aneurysmal degenera-

tion.109 However, TEVAR in the early chronic phase is not risk-free, and far 

from all patients with chronic dissection will need an intervention in the long 

term. For this reason, the role of pre-emptive TEVAR in patients with aortic 

dissection to avoid future aortic complications is still uncertain.21 

Table 11. Treatment outcome in series of endovascular and open repair of chronic 

type B aortic dissection. 

Author, year Patients 

(n) 

Type of 

repair 

Periopera-

tive mor-

tality 

Stroke Para-

plegia 

5-year 

sur-

vival 

Andersen, 2014 74 TEVAR 4% 0% 0% 65% 

Conway, 2018 125 TEVAR 2.4% 0.8% NR NR 

Hellgren, 2021a 50 TEVAR 4% 4% 0% 76.5% 

Lee, 2013 71 TEVAR 1.4% NR NR 89% 

van Bogerijen, 

2015 

32 TEVAR 0% 3.1% 0% 78.1% 

Andersen, 2014 32 OR 6% 16% 9% 79% 

Conway, 2014 86 OR 5.8% 2.3% 2.3% 83% 

Corvera, 2017 196 OR 3.6% 1% NR 79% 

Estrera, 2015 209 OR 8.6% 2.4% NR 72% 

aPaper II. NR, Not reported; OR, Open repair. 

    

 

The Frozen elephant trunk technique  

In study IV, outcomes of the FET technique for repair of complex aortic arch 

disease were evaluated. Mortality and complication rates were found to be 

relatively high, and aortic reinterventions common. The repair, commonly fol-

lowed by distal stent graft extension, induced favorable remodelling in tho-

racic but not abdominal aorta in patients with CAD. 
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The study populations of previous reports on FET repair of aortic arch disease 

are small and heterogeneous. As a consequence, rates of short-term mortality 

and major complications vary within a wide range. The overall 30-day mor-

tality in the current study was 18%, which may be compared to figures of 

previous single-center reports ranging from 8-16%.67,110-113 These numbers 

must be interpreted very cautiously though, since the mortality rate is highly 

dependent on the composition of the patient cohort. For instance, the mortality 

rate after CAD repair was actually rather low in study IV, while it was con-

siderably higher after AAD and TAA repair, in line with the results one of the 

few available papers reporting outcome separately for these three condi-

tions.111 Type A aortic dissection is generally associated with a worse preoper-

ative status, and has been reported as an independent predictor of in-hospital 

mortality after conventional and frozen elephant trunk procedure.114 One of 

the advantages of the FET technique brought forward in the comparison with 

traditional open arch surgery is the shorter recovery-time until a planned stage 

two TEVAR procedure, thanks to the minimally invasive nature of the latter. 

Due to an increased risk of SCI when a major part of the aorta is covered at 

the same time,115 a certain time-lapse between the procedures is however in-

evitable, and in the current study one patient with anticipated need for endo-

vascular extension of the FET, died from a descending aortic rupture within 

30 days after the primary procedure. Another challenge is the increased risk 

of embolic events caused by the insertion of a stent graft in an aneurysmal 

descending aorta with thrombus lining. Embolic events caused three aortic 

deaths in the TAA group. Evaluation of the distal stent graft landing zone to 

avoid positioning of the graft in an area with thrombus lining, and wire-guided 

insertion of the graft, are techniques to reduce the risk for dislodgement of 

thrombus during FET implantation. 

In a recent meta-analysis of neurologic complications after FET procedure in-

cluding approximately 3000 patients, the overall stroke rate was 

7.6%.115Acute type A aortic dissection has been associated to a higher stroke 

rate than other conditions.116 In the previously mentioned meta-analysis, the 

rate of permanent SCI was 4%. ≥15 cm stent graft length or aortic coverage 

to T8 or beyond was associated with a higher rate of SCI compared with 10 

cm stent graft length. Due to few available data on use of CSF drain, the ef-

fects of CSF drainage on the risk of SCI could not be evaluated.115  

Often, the FET procedure constitutes a bridge to secondary interventions on 

the downstream aorta. In line with previous reports, aortic reinterventions in-

cluding planned second stage procedures were common in the current co-

hort.117-119 All reinterventions occurred after CAD or TAA repair – there were 

none in the AAD group. There are previous evaluations of the FET technique 

suggesting that reinterventions are more common after TAA and CAD than 

after AAD repair,111,113 and there are actually results indicating that the FET 
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procedure for AAD may prevent aneurysm formation in the chronic dissection 

phase.111 A majority of CAD patients had dilated abdominal aorta already be-

fore the primary procedure, and as could be expected given the progressive 

nature of aortic dissections, downstream aortic repairs were often required.  

Negative aortic remodelling has been associated to a higher rate of aortic re-

interventions.120 As far as we know today, incomplete false lumen thrombosis 

is the strongest predictor of aortic growth in type B aortic dissection.121 There 

are previous reports on positive aortic remodelling – characterized by false 

lumen thrombosis, increase of true lumen diameter and reduction of false lu-

men diameter – along the stent graft after FET repair of acute and chronic 

aortic dissection.79,113,117 However, current and previous reports show that dis-

tal to the stent graft, rate of false lumen thrombosis is low and the total aortic 

diameter is increasing.79 

TEVAR and FET procedure in the elderly 

As the elderly are those who have been affected the most by the advent of 

modern, less invasive aortic repair techniques, it is important to address this 

group separately. Do these patients, previously usually deemed unfit for re-

pair, survive to benefit from the endovascular repair that they now often re-

ceive? Even more essential is of course the question on their quality of life 

after such a procedure?  

In study I, we observed what looked like an apparent correlation between age 

>80 years and worse survival outcome after rTAA repair, though the differ-

ence in survival compared with younger patients did not reach statistical sig-

nificance due to small patient numbers. The association between higher age 

and mortality after TEVAR for rTAA has later on been confirmed by Hammo 

et al in a Swedish multicenter study.90  

In the large international cohort of study III, we observed that patients ≥80 

years old constitute more than one fourth of rTAA and one fifth of iTAA cases 

treated with TEVAR. Patients ≥80 years old were found to be at higher risk of 

perioperative death after TEVAR for iTAA as well as TBAD, compared with 

patients <80. This association between increasing age and mortality after TE-

VAR has been reported previously by others.5,90,122,123  

In a recent study, Beckmann et al compared the outcome of non-urgent FET 

procedure in patients aged ≥70 years with the outcome in patients <70 years 

old.124 Age >70 was an independent risk factor for in-hospital mortality, and 

it was also associated with significantly worse 1- and 5-year survival. The 
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worse outcome already in septuagenarians was referred to the invasive nature 

of total aortic arch replacement.  

Studies on quality of life after endovascular aortic repair are few. In one study, 

mid-term quality of life after elective TEVAR corresponded to the lower nor-

mal range, and quality of life after urgent repair was not significantly worse.125 

In another study on patients who underwent extensive aortic replacement by 

open or hybrid surgical technique, the repair had a small but significant nega-

tive long-term effect on overall physical health-related quality of life, inde-

pendent of surgical technique.126 Mental health-related quality of life was sim-

ilar. With increasing age comes reduced health margins and a higher rate of 

comorbidity, and therefore it seems likely that the elderly are at higher risk of 

impaired quality of life. Future research efforts addressing the important ques-

tion of quality of life after TEVAR, particularly in the elderly, are necessary. 

All in all, the enhanced risk of mortality should be taken into consideration 

when evaluating the indication for TEVAR and FET procedure in the elderly.  

Future Perspectives – how can we further improve 

outcome? 

The studies included in this report underline that outcome of TEVAR is highly 

dependent on the underlying aortic pathology. Outcome is very poor after TE-

VAR for ruptured TAA, >40% of the patients are deceased within 90 days 

from rupture. It would be valuable to identify factors associated to worse or 

better outcome, for improved patient selection. A scoring system based on 

such factors might be useful in evaluation of patients before TEVAR. 

The single center cohort studies included in this report all extend over a long 

period of time. Many of the late aorta-related deaths occurred before the ad-

vent of fenestrated and branched stent graft technology that enables treatment 

of several aortic segments. Further development of this technology will prob-

ably improve long-term survival for patients with complex and multiple aortic 

aneurysms, both primarily degenerative and secondary to aortic dissection.127-

130  

Although TEVAR induces a fine remodelling of the chronic dissection tho-

racic aorta, it does not lead to thrombosis or shrinkage of the false lumen on 

abdominal level (Paper II and IV). It is not clear if a slight tendency towards 

false lumen expansion on abdominal level after TEVAR for a thoracic chronic 

dissection aneurysm, is of any clinical significance. It is however evident that 
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distal extension of the primary stent graft often becomes necessary due to di-

latation of the aortic segment distally to the stent graft. Studies evaluating the 

risk of AAA formation are necessary. Devices to improve the chances of com-

plete false lumen thrombosis are being evaluated. Pellenc et al have reported 

promising results of false lumen embolization with a high rate of false lumen 

thrombosis and improved thoracic aortic remodelling.131 Further studies, eval-

uating the effect of false lumen embolization on abdominal level, are im-

portant. According to results from experimental studies, there may be pressur-

ization of the aortic dissection false lumen even after thrombosis has been 

achieved132, causing a potential risk of rupture despite false lumen thrombosis. 

This may be a reason to further extend the aortic coverage in selected patients 

to attain complete false lumen exclusion.  

Rates of stroke and SCI after TEVAR are unfortunately rather high. Accord-

ing to a meta-analysis of ten studies including 2594 patients with descending 

TAA treated by TEVAR, the pooled prevalence for stroke was 4.1%.133 As for 

chronic TBAD patients, the perioperative stroke-rate ranges from 0%-

7.5%.42,101,134 The risk of SCI after TEVAR ranges from 2.5% to 7.5%.48,49,135 

Coverage of the left subclavian artery increases the risk of stroke and SCI50, 

particularly in those without revascularization133. An important factor in the 

pathophysiology of SCI after TEVAR is stent graft coverage of intercostal 

arteries, which results in reduced perfusion of the spinal cord collateral circu-

lation and potentially, SCI. Several interventions are proposed to lower the 

risk of SCI. Oxygen supplementation, maintenance of a high MAP, avoiding 

anemia, CSF drainage, revascularization of supra-aortic vessels, and staged 

procedures136 are actions to optimize perfusion and oxygen delivery. In-

traoperative hypothermia reduces metabolism and oxygen consumption. Re-

sults of experimental studies suggest that steroids and Naloxone both have 

neuroprotective effects.137,138 In a 9-years series of TEVAR procedures where 

multiple139-141 neuroprotective interventions including high MAP, CSF drain-

age and intraoperative hypothermia had been performed deliberately, the SCI 

rate was 0.65%. This suggests that it is possible to lower the risk of SCI after 

TEVAR by proactive neuroprotective interventions.142 Due to a lack of larger 

or randomized studies, there is still no strong evidence in favor of prophylactic 

CSF drainage. In fact, it is currently uncertain whether the benefits of prophy-

lactic drainage really exceed the risks. There are several studies suggesting 

that CSF drainage has a relatively high rate of complications, of which some 

are severe,139-141 and an increasing extent of centers have become more selec-

tive with the use of drainage. The latest European guidelines on thoracic aortic 

disease, state that prophylactic CSF drainage should be considered when >20 

cm aortic coverage is planned or in case of previous AAA repair.21 A random-

ized controlled trial evaluating prophylactic CSF drainage in the setting of 

complex aortic disease would be valuable. And to conclude, there is a general 
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need for further studies on prevention of neurologic complications to endo-

vascular aortic repair.  
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Conclusions 

Paper I 

Whilst short- and long-term survival was adequate after intact TAA repair, 

it was unexpectedly poor after ruptured TAA repair, with two thirds de-

ceased at 3-years. Aortic rupture was the only independent predictor of 

long-term mortality. 

Paper II 

TEVAR for chronic aortic dissection demonstrated a favorable remodel-

ling of the true and false lumen in the thoracic aorta after stent graft treat-

ment. However, the abdominal aorta continued to expand slowly after TE-

VAR in patients with DBIIIB dissection. One-third of patients needed re-

interventions, underscoring the importance of continued surveillance. 

Long-term survival was acceptable compared with outcome of open repair 

and TEVAR reported by others. 

Paper III 

The large multicentric dataset, based on international registry collabora-

tion, provides a benchmark for short-term outcome after TEVAR in cur-

rent practice. There are international differences in TEVAR patterns, with 

variations in mean aortic diameter at time of repair, as well as in propor-

tions of particular pathologies in TEVAR procedures. 

Paper IV  

Aortic arch repair with the FET technique is associated with significant 

morbidity and mortality. The procedure however provides a good bridge 

to endovascular repair of the downstream aorta at a later stage. Moreover, 

it induces positive thoracic aortic remodelling in CAD; although this does 

not occur in abdominal aorta. Neurologic complications are a special con-

cern, and further advancements to prevent these are necessary. 
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Sammanfattning på svenska 

Thorakalaorta är den första delen av aorta (stora kroppspulsådern), som leder 

blodet från hjärtat genom bröstkorgen. De två vanligaste sjukdomstillstånden 

som kan drabba thorakalaorta är aneurysm och dissektion. Ett aortaaneurysm 

är en vidgning av aorta, som med ökande storlek riskerar att rupturera (brista). 

En aortadissektion börjar med en slitskada i kärlväggens innersta lager, som 

gör att blodet pressas in i och klyver kärlväggen så att ett nytt hålrum, ett så 

kallat falskt lumen, bildas inne i väggen. I allvarliga fall brister den skadade 

kärlväggen. Om skadan sitter nära hjärtat kan bristningen ske in i hjärtsäcken, 

vilken då fylls med blod som pressar ihop hjärtmuskeln och hindrar dess ar-

bete. Bristningen kan även ske direkt ut i bröstkorgen, med livshotande blöd-

ning till utrymmet mellan lungan och bröstkorgsväggen som följd. En dissekt-

ion kan även obstruera blodflödet ut i blodkärl som avgår från aorta, vilket i 

sin tur beroende på vilket kärl som obstrueras kan leda till stroke, ryggmärgs-

skada med förlamning, eller syrebrist i andra inre organ, armar eller ben.  

För att undvika ruptur brukar man operera patienter med thorakala aortaaneu-

rysm vars diameter överstiger 55-60 mm. Aortadissektioner som börjar nära 

hjärtat, typ A dissektioner, opereras alltid akut. Aortadissektioner som börjar 

efter halskärlens avgång från aorta, typ B dissektioner, brukar behandlas kon-

servativt med blodtryckssänkande medicinering och utan kirurgi om ingen 

komplikation tillstöter. Om komplikation såsom ruptur eller syrebrist i organ 

eller i armar eller ben uppstår så utförs operation. En aortadissektion kan med 

tiden, oavsett operation eller ej i akutskedet, göra att aorta vidgas, vilket kan 

nödvändiggöra operation för att förebygga ruptur. 

Thorakalaorta kan även skadas i samband med olyckor. Vanligast är detta vid 

motorfordonsolyckor, där den kraftiga fartminskningen kan orsaka slitskador 

av varierande grad i kärlväggen. Majoriteten av de som drabbas av allvarligare 

skador av den här typen dör på skadeplatsen. Minimala skador kräver ibland 

ej operation utan kan följas med radiologiska undersökningar; övriga bör ope-

reras akut för att förhindra ruptur. 

Traditionellt har man opererat skador och sjukdomstillstånd i thorakalaorta 

med öppen teknik. Man öppnar då bröstkorgen, tar bort den sjuka delen av 

aorta och byter ut den mot ett konstgjort kärl, ett så kallat graft. Öppen kirurgi 
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har varit förenad med hög risk för död och andra komplikationer, och många 

patienter har lämnats utan behandling då de inte ansetts vara vid tillräckligt 

god form för att ha chans att överleva och återhämta sig från en operation. I 

slutet av 80-talet utvecklades en minimalinvasiv operationsmetod baserad på 

kateterteknik, thoracic endovascular aortic repair (TEVAR). Vid denna metod 

så förs ett förstärkt graft, ett så kallat stentgraft, in i pulsådern i ljumsken och 

vidare upp i aorta, där det vecklas ut för att täcka och förstärka den sjuka delen 

av kärlet. Metoden är förenad med bättre korttidsresultat än öppen kirurgi, 

med färre dödsfall och komplikationer i anslutning till operationen. Antalet 

patienter med sjukdomstillstånd i thorakalaorta som får invasiv behandling har 

ökat explosionsartat sedan TEVAR tillkom som behandlingsalternativ, trots 

att kunskapen om resultaten på längre sikt, inte minst i jämförelse med öppen 

kirurgi, är begränsad. 

Den övergripande målsättningen med den här avhandlingen var att studera re-

sultaten av TEVAR, genom att analysera data från lokala och internationella 

patientkohorter. 

Delarbete I 

I första studien studerades kort- och långtidsresultat av TEVAR för intakt och 

rupturerat thorakalt aortaaneurysm (TAA). Studien inkluderade 77 patienter 

som genomgått TEVAR på Akademiska sjukhuset 1999-2014 för intakt 

(n=49) eller rupturerat (n=28) TAA.  

Efter TEVAR för intakt aneurysm var estimerad 1-årsöverlevnad 77,0%, 3-

årsöverlevnad 62,5% och 5-årsöverlevnad 62,5%. Efter behandling av ruptu-

rerat TAA var 1-årsöverlevnaden 39,3% och 3-årsöverlevnaden 27,8%. Bara 

en patient med rupturerat TAA levde vid 5-årsuppföljningen. I en analys av 

potentiella riskfaktorer för sämre långtidsöverlevnad, var ruptur den enda fak-

torn som föll ut som en signifikant riskfaktor, som innebar 4,4 gånger högre 

risk för död under uppföljningen jämfört med intakt TAA. 21% av sena döds-

fall i gruppen intakt och 40% i gruppen rupturerat aneurysm, var aorta-relate-

rade. De flesta av de aorta-relaterade dödsfallen skedde under det första året 

efter operationen. 

Sammanfattningsvis var överlevnaden efter TEVAR för rupturerat TAA ännu 

lägre än väntat. Vi tror att det är viktigt att försöka identifiera faktorer associ-

erade med sämre eller bättre resultat, för att bättre kunna bedöma vilka pati-

enter med rupturerat TAA som ska erbjudas operation. 
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Delarbete II 

I den andra studien undersöktes hur aorta förändras morfologiskt efter TE-

VAR vid kronisk aortadissektion (där mer än 14 dagar passerat från att dis-

sektionen uppstod). Även överlevnad och frekvens av ytterligare aorta-oper-

ationer efter TEVAR analyserades. 50 patienter som behandlats med TEVAR 

för kronisk aortadissektion på Akademiska sjukhuset 1999-2015 inkludera-

des. 20% hade en kortare dissektion, begränsad till ovan mellangärdet, medan 

80% hade en dissektion som sträckte sig förbi mellangärdet ner i bukaorta. I 

90% av de kortare dissektionerna sågs fullständig trombotisering i falska lu-

men, det vill säga där fanns inte längre något blodflöde genom falska lumen 

efter TEVAR. Fullständig trombotisering av falska lumen sågs däremot bara 

i 31% av längre dissektioner. Det sågs en ökning av äkta och minskning av 

falska lumens diameter i thorakalaorta. I bukaorta sågs en ökning av äkta lu-

mens diameter, falska lumens diameter var oförändrad. 

5-årsöverlevnaden efter TEVAR för kronisk aortadissektion var 76,5%. 5 år 

efter TEVAR hade 31% genomgått minst en ytterligare aorta-operation. De 

flesta reoperationerna gjordes på grund av att aorta vidgats nedanför stentgraf-

tet.  

Sammanfattningsvis sågs en positiv förändring av thorakalaortas morfologi 

efter TEVAR för kronisk aortadissektion, medan bukaorta fortsatte att lång-

samt vidgas. En tredjedel av patienterna behövde ytterligare ingrepp på aorta, 

vilket understryker vikten av fortsatt uppföljning efter operation. 

Delarbete III 

Syftet med det tredje delarbetet var att baserat på ett internationellt kärlregis-

ter-samarbete studera behandlingsmönster och korttidsresultat av TEVAR. 

9518 fall av TEVAR genomförda 2012-2016 för TAA (4436), aortadissektion 

typ B (3976) och traumatisk aortaskada (1106) extraherades från lokala, mul-

ticenter- och nationella register i 13 länder. Andelen TEVAR som ägnats åt 

behandling av respektive patologi-grupp skiljde sig åt mellan länderna.  

Av TAA behandlade med TEVAR utgjordes 86,3% av intakta och 13,7% av 

rupturerade TAA. Andelen rupturerade TAA skiljde sig mellan länder 

(p<0,001). Diametern på intakta TAA varierade från 59 mm till 69 mm (me-

deltal) beroende på land (p<0,001). 4,9% av patienter med intakt och 26,8% 

av patienter med rupturerat TAA, dog medan de fortfarande var kvar på sjuk-

huset eller inom 30 dagar efter operationen. 4,0% av patienter med intakt och 

6,1% av patienter med rupturerat TAA drabbades av stroke efter operationen. 
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3,7% av patienter med intakt och 7,2% av patienter med rupturerat TAA drab-

bades av förlamning efter operationen. 27,7% av patienterna med rupturerade 

och 18,6% av patienterna med intakta TAA var 80 år eller äldre. Bland pati-

enter med intakta TAA, hade de som var 80 år eller äldre högre risk för peri-

operativ död, jämfört med yngre patienter. Mindre aneurysm (<60 mm) var 

förenat med lägre risk för död jämfört med större aneurysm (≥60 mm).  

Av aortadissektioner typ B som behandlats med TEVAR, var 57,1% i akut 

och 42,9% i kronisk dissektionsfas. Vidgning av aorta var den vanligaste or-

saken till TEVAR vid kronisk dissektion. Risken för död efter TEVAR var 

9,7% vid akut och 3,0% vid kronisk dissektion. Risken för stroke var 6,2% 

vid akut och 2,6% vid kronisk dissektion. Risken för förlamning var 6,1% vid 

akut och 2,6% vid kronisk dissektion. Ålder ≥80 år var kopplad till högre risk 

för perioperativ död efter TEVAR för akut eller kronisk aortadissektion jäm-

fört med ålder <80 år. 

Risken för perioperativ död efter TEVAR för traumatisk aortaskada var 7,8%. 

Andra komplikationer var relativt ovanliga. Dödligheten efter TEVAR för 

traumatisk aortaskada varierade beroende på skadans allvarlighetsgrad.  

Studien visar att det finns internationella skillnader i behandlingsmönster och 

tillhandahåller riktmärken för korttidsresultat efter TEVAR.  

Delarbete IV 

Syftet med det fjärde delarbetet var att undersöka resultaten av så kallad Fro-

zen elephant trunk (FET) teknik för behandling av tillstånd som involverar 

aortabågen, den del av thorakalaorta från vilken halskärlen avgår. Tekniken 

kan ses som en hybrid mellan traditionell öppen kirurgisk teknik och TEVAR 

och innebär kortfattat att den del av thorakalaorta som är närmast hjärtat, samt 

aortabågen, genom öppen kirurgi ersätts med ett graft som har grenar till hal-

skärlen, och som i distala änden har ett integrerat stentgraft. Stentgraftet förs 

in och vecklas ut i den nedåtgående delen av thorakalaorta, i vilken det får 

hänga ned som en elefantsnabel (elephant trunk). 

50 patienter opererade med FET teknik på Akademiska sjukhuset på grund av 

TAA (23), kronisk aortadissektion (19) och akut aortadissektion (8) under 

åren 2006-2020, inkluderades i studien.  

Efter operation för TAA var risken för perioperativ död 22%, stroke 22%, för-

lamning 9% och dialyskrävande njursvikt 13%. Efter operation för kronisk 

aortadissektion dog 5%, 5% drabbades av stroke, 5% av förlamning och 11% 

av njursvikt. Efter operation för akut aortadissektion dog 38% och 25% drab-

bades av stroke, ingen av förlamning eller njursvikt. 5-årsöverlevnaden var 
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53% för patienterna med TAA och 83% för patienterna med kronisk aortadis-

sektion. Det skedde inga dödsfall efter den perioperativa perioden bland pati-

enterna med akut aortadissektion. Vid 5-årsuppföljningen hade 17% av pati-

enterna med TAA och 64% av patienterna med kronisk aortadissektion ge-

nomgått minst en ytterligare aorta-operation. TEVAR för förlängning av den 

tidigare behandlingen utgjorde merparten av reoperationerna. Ingen av pati-

enterna med akut aortadissektion genomgick någon ytterligare aorta-operation 

under uppföljningen. 

Andelen kroniska dissektioner med trombotisering i falska lumen minskade 

med ökande avstånd från FET-stentgraftet: 78% längs med stentgraftet, 28% 

i nedre delen av thorakalaorta och 11% i bukaorta. I thorakalaorta sågs en ök-

ning av äkta och en minskning av falska lumens diameter. På njurartärnivå 

sågs en ökning av både äkta och falska lumens diameter. 

Sammanfattningsvis är FET såsom andra metoder för kirurgisk behandling av 

sjukdomstillstånd i aortabågen, förenad med en relativt hög risk för död och 

komplikationer. Däremot tillhandahåller FET-metoden en lämplig bro till 

minimalinvasiv endovaskulär behandling av den del av aorta som tar vid ne-

danför FET-stentgraftet om så behövs. Det sker en positiv förändring av tho-

rakalaortas morfologi efter FET vid kronisk aortadissektion, en utveckling 

som dock inte ses i bukaorta. Perioperativ stroke och förlamning är ett särskilt 

problem och fler förebyggande åtgärder önskvärda. 
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