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PREAMBLE

Clinical practice guidelines summarize and assess all relevant evi-
dence on a specific topic at the time of their creation, with the
goal of assisting physicians in selecting the best management strat-
egies for individual patients with a given condition. These guide-
lines take into consideration the impact on patient outcomes as
well as the risk–benefit ratio of different diagnostic or therapeutic
methods. Although these guidelines do not replace textbooks, they
complement them and cover topics pertinent to contemporary
clinical practice. They serve as a vital tool to aid physicians in mak-
ing decisions in their daily practice. However, in essence, although
these recommendations serve as a valuable resource to guide clin-
ical practice, their application should always be tailored to the
needs of the individual patient. Each patient’s case is unique, pre-
senting its own set of variables and circumstances. The guidelines
are a tool designed to support, but not supersede, the decision-
making process of physicians, based on their knowledge, expertise
and understanding of their patients’ individual situations.
Furthermore, these guidelines should not be interpreted as legally
binding documents. The legal responsibilities of healthcare profes-
sionals remain firmly grounded in applicable laws and regulations,
and the guidelines do not alter these obligations.

The European Association for Cardio-Thoracic Surgery (EACTS)
and The Society of Thoracic Surgeons (STS) selected a task force
composed of professionals working in the field of this particular
pathological condition. In an effort to maintain transparency and
uphold integrity, all experts involved in the development and review
of these guidelines provided declarations of interest, detailing any
possible conflicts. Any changes to these declarations during the
writing process had to be immediately reported to the EACTS and
the STS. The EACTS and the STS provided all financial support for
this task force, with no involvement from the healthcare industry.

Building upon this collaborative work, the clinical practice guide-
lines committees of the EACTS and the STS oversaw the creation,
refinement, and approval of these new guidelines. A comprehensive
review of the draft was carried out by an external panel of experts in
the field. Their feedback informed the necessary revisions. After this
thorough review and updating process, the final document received
approval from all the experts on the task force and the governing
bodies of the EACTS and the STS. This approval made it possible for
the guidelines to be published simultaneously in the European Journal
of Cardio-Thoracic Surgery and The Annals of Thoracic Surgery.

These guidelines, endorsed by both the EACTS and STS, repre-
sent the official viewpoint on this topic. They show a commit-
ment to ongoing improvement, as regular updates will be made
to keep the guidelines relevant and useful in the constantly evolv-
ing field of clinical practice.

INTRODUCTION

‘The obvious is imperceptible until it is perceived’

For centuries, the field of medicine has centred its attention on
the function of end organs. The shift in perception that recog-
nizes the ‘aorta as an organ’ in its own right is a recent develop-
ment. This transformative perspective was first captured in a
pioneering document about the ‘vessel aorta’ by Raimund Erbel
for the European Society of Cardiology in 2001 [1]. This ground-
breaking work led to an uptick, or ‘hausse’, sparking a series of
guidelines and expert consensus documents.

The scientific community has recently realized the unique
function of the ‘organ aorta’. They have come to understand its
critical importance, necessitating an update of our current knowl-
edge on its physiology and pathophysiology. This change led to
the creation of a comprehensive document detailing all known
aspects of the natural history, diagnosis and treatment of both
acute and chronic aortic pathologies.

This guideline addresses areas of interest both to specialists in
aortic diseases (ADs) and to clinicians involved in diagnosis; endovas-
cular, open surgical or hybrid treatment; and surveillance of patients
with AD. Moreover, it provides a transparent basis for informed
patients to comprehend the treatment offered by their specialists.

METHODOLOGY

Organization of the writing committee

To develop clinical practice guidelines with a primary focus on the
management of AD, a multidisciplinary task force was established
by the governing bodies of the European Association for Cardio-
Thoracic Surgery (EACTS) and The Society of Thoracic Surgeons
(STS). This selection and development adhered to processes out-
lined in the EACTS Methodology manual for clinical practice docu-
ments [2]. The societies involved endeavoured to ensure diversity
in the composition of the writing group and adequate transpar-
ency in disclosing relationships with industry and other entities.
Disclosure of any conflicts of interest was required from the task
force members and the peer reviewers at the outset of the project
and in the event of any change during the writing process.

Literature review

Once the task force agreed upon the project’s scope and developed
the final table of contents, sections were assigned to task force mem-
bers who had no relevant conflicts of interest. Chapter leaders, with
assistance from their institutional biomedical specialists, carried out a
scoping review of the literature. The appraisal of evidence prioritized
the most recent data to ensure the relevance of clinical practice
documents to contemporary clinical practice. However, essential
publications were also included, irrespective of their publication date.
This document focuses on adult cardiac surgery and primarily
includes studies published in English. Due to resource constraints for
an official translation, including entire articles and study protocols,
the task force was unable to incorporate studies in other languages.
The methodological quality of these studies was evaluated with a par-
ticular emphasis on study type and the risk of underlying biases. The
review process favoured the randomized controlled trial (RCT), pro-
spective studies and their meta-analyses over retrospective observa-
tional studies and case series. If required, the evidence was critically
appraised for quality by task force members with the assistance of a
clinical epidemiologist.

Class of recommendation and level of evidence

All chapters were written, reviewed and edited in close collabora-
tion among the task force members. Following this evaluation, a
provisional set of recommendations was developed during a
face-to-face meeting. Cost analyses were not considered or deliv-
ered due to the high variability in economic parameters and a
lack of cost-effectiveness data in this setting.
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The level of evidence (LoE) and the class of recommendation
were weighed and graded according to predefined scales, as
outlined in the EACTS process development document
(Tables 1 and 2) [2]. The class of recommendation denotes the
strength of the recommendation by weighing the health risks
and benefits associated with the specific intervention, whereas
the LoE reflects the quality of the supporting evidence based on
the quantity and consistency of data from clinical trials and
other research studies. In accordance with EACTS policies for
voting recommendations, each recommendation was voted on
anonymously after the face-to-face meeting via an online vot-
ing platform. Although the consensus threshold was set at 75%,
the average consensus for all recommendations was 96%. The
draft document underwent internal validation and approval by
all writing committee members before proceeding to external
validation by anonymous reviewers chosen by the governing
bodies and journal editors.

PATHOPHYSIOLOGY AND NATURAL DISEASE
COURSE—WHEN AND WHERE TO INTERVENE

The aortic organ

There is no better description of the aortic organ than the univer-
sal definition of an organ being ‘part of an organism which is typi-
cally self-contained and has a specific vital function’; in other
words, a functional unity. Although our perception of the aorta in
this context is new and might well be due to the historical per-
spective of specialties handling only segments and not the entire
functional unity, the current viewpoint that this guideline aims to
provide is a holistic one from the embryologic origin from proxi-
mal to distal (secondary heart field, neural crest and mesoderm),
which forms the basis of our understanding of tissue texture; the
development of the embryologic arches, which are fundamental

Table 2: Classes of recommendations

Class of recommendations Definition Suggested wording  

Class I Evidence and/or general 
agreement that a given 
treatment or procedure is 
beneficial, useful and 
effective. 

Is recommended/is 
indicated 

Class II Conflicting evidence and/or a 
divergence of opinion about 
the usefulness/efficacy of the 
given treatment or 
procedure. 

  Class IIa Weight of evidence/opinion is 
in favour of 
usefulness/efficacy. 

Should be considered 

  Class IIb Usefulness/efficacy is less 
well established by 
evidence/opinion. 

May be considered 

Class III Evidence/general agreement 
that the given 
treatment/procedure is not 
useful/effective and may 
sometimes be harmful. 

Is not recommended 

Table 1: Levels of evidence

Level of 
evidence A 

Data derived from multiple randomized clinical trials or meta-
analyses. 

Level of 
evidence B 

Data derived from a single randomized clinical trial or from large 
non-randomized studies. 

Level of 
evidence C 

The consensus of expert opinion and/or small studies, retrospective 
studies and registries. 

Recommendation Table 1: The aortic organ

Recommendation Classa Levelb Refc

It is recommended to view, interpret and
treat the aorta in the context of an organ,
whereby diagnosis, treatment and surveil-
lance should be approached with this
perspective.

I C -

aClass of recommendation.
bLevel of evidence.
cReferences.
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to understanding arch anomalies as well as the quantity of elastic
fibres that decrease from proximal to distal and that form the basis
of our understanding of disease mechanisms and the effect of
treatment modalities and their impact on adjacent organ systems.

Development of the aorta and the mechanisms of
aortic disease

The aorta exhibits a heterogeneous developmental origin. The
aortic root derives from cells of the secondary heart field, and the
ascending aorta and part of the aortic arch stem from the neural
crest. The more distal part of the aorta is of mesenchymal origin
[3]. The origin and microstructure of the aorta is illustrated in
Fig. 1. Initially, a paired aorta is formed by the fusion of isolated
vascular islands. The aortic sac develops by fusion of the 2 ventral
aortae and the descending aorta, by fusion of the dorsal aortae.
Six paired aortic arches develop consecutively and connect the
aortic sac with the dorsal aorta. The arches develop and regress at
different times, thereby forming the aortic arch, supra-aortic
branches, the pulmonary artery and the ductus arteriosus. Most
congenital anomalies of the great vessels are the result of either
persistence of segments that normally regress or vice versa [4].

Vascular smooth muscle cells are the predominant cell popula-
tion in aortic tissue and interact with the extracellular matrix (ECM)
in maintaining aortic homeostasis. Different models of AD describe
changes that lead to the loss of contractile function of smooth
muscle cells and a phenotypic switch towards similar cells of differ-
ent origins such as mesenchymal cells or myofibroblasts. Decreased
expression of smooth muscle cell proteins and increased expression
of inflammatory proteins such as matrix metalloproteinases have
been described in the context of thoracic AD [5].

Fibrillin-1 is an important component of the ECM and plays a
key role in transducing mechanical stress between the ECM and

vascular smooth muscle cells. Current data suggest that the inter-
play between vascular smooth muscle cells and mechanical stimuli
in the ECM is a key factor in the development of AD [6]. Ageing as
well as AD in general lead to loss of distensibility, which in turn is
associated with an increase in glycosaminoglycans and extracellu-
lar collagens as well as a loss of elastin content [7].

Variants in genes associated with the transforming growth fac-
tor-b (TGFb) signalling pathway have been implicated in aneur-
ysm formation in the context of heritable connective tissue
disorders, with Marfan syndrome and Loeys–Dietz syndrome
being the most prominent ones. TGFb is a ubiquitous cytokine in
most mammalian cells that controls proliferation and cellular dif-
ferentiation [8].

The administration of TGFb antibodies prevented aneurysm
formation in a mouse model of Marfan syndrome and therefore
established a cause–effect relationship for the development of
thoracic AD at the molecular level. Over the past decade, several
TGFb-associated vasculopathies have been identified and have
turned the TGFb signalling pathway into a promising target for
therapeutic interventions [9].

Epidemiology

The epidemiology of the thoracic aorta in the population is
poorly studied because such studies would require adequate
consecutive imaging [at least transthoracic echocardiography
(TTE) or at best computed tomography (CT) scans or magnetic
resonance angiography] of a large number of individuals in a
specific geographic area. An aortic aneurysm is defined as 1.5-
fold its normal vessel diameter for descending and abdominal
aortic aneurysms and >45 mm for the aortic root and ascending
aorta [10, 11]. Aortic dilation in the aortic root and ascending
aorta is defined as diameters ranging 40–45 mm. In a population
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study in Canada, the incidence of thoracic aortic aneurysms
(TAA) increased between 2002 and 2014 from 3.5 to 7.6 per
100 000 persons [12]. In a prospective cohort study in Sweden,
the incidence rate per 100 000 patient-years at risk was 15 for an
aortic dissection, 27 for an abdominal aortic aneurysm and 9 for
a TAA [13]. In a review of 11 studies, TAA incidence ranged from
5 to 10 per 100 000 person-years [14]. In a recent study, an
increased aortic size of the ascending aorta (>36 mm) was found
among 12% of participants in Iran, whereas the prevalence of an
aneurysm (>45 mm) was 1.2% [15]. All these data need to be read
with caution because the methodology for measuring the size of
the aorta by ultrasound varies (outer-to-outer vs inner-to-inner
or edge-to-edge methods). The results of a recent study suggest
that the normal values of the aorta may be different in Africans,
requiring ethnic-specific normal values [16].

Data on the epidemiology of acute aortic syndromes (AASs)
are limited. In autopsy studies the prevalence of aortic dissec-
tion ranges from 0.2% to 0.8% [17], whereas in most population
series the incidence of aortic dissection ranges from 0.61 to 7.2/
100 000 people [18–27]. In one study in the USA performed
during the 2010–2015 period, the incidences of AD, intramural
haematoma (IMH) and penetrating aortic ulcer (PAU) were 4.4,
1.2 and 2.1 per 100 000 person-years, respectively [28].
However, these rates plausibly underestimate the actual inci-
dence because many victims die undiagnosed or before arriving
at the hospital with accurate diagnostic imaging. One study in
Japan reports a much higher incidence (17.6 per 100 000),
which is probably more accurate because the authors per-
formed systematic CT scans on all out-of-hospital deceased
persons without a clear cause of death [24]. The reported 30-
day mortality varies from <11% to almost 75%, the latter rate
reported in Japan using the post-mortem imaging approach
[24]. In a recent analysis in Spain and Ontario, surgery rates
increased and mortality rates decreased after diagnosis of AD
during the past 2 decades [26, 29]. However, trends in mortality
related to AD vary from one country to another and may be
affected by the ability in each country to diagnose AD in a
timely manner and determine accurately the causes of deaths
in their populations [30].

Data on the epidemiology of the abdominal aorta aneurysm
(AAA) are less scarce, not only because of the ease of diagnosis
using abdominal echography but also because of several
national population screening studies. Overall, the prevalence
of AAA is decreasing: Whereas population studies and screening
trials in the late 20th century reported a prevalence around 4–
5% in men [31], more recent studies report lower rates, often
used to counter-argue national screening plans. In a vascular
screening trial in Denmark, 3.3% of participants had AAA [32].
In the Swedish nationwide AAA screening programme pro-
posed to men >65 years of age, the prevalence of AAA was 1.5%
[33]. Over 25 years of a screening programme in
Gloucestershire, the prevalence of AAA decreased from 5% to
1.3% [34], equalling the rates reported among the first 700 000
men screened (2009–2013) in the UK national screening pro-
gramme [35]. A reduction in smoking rates and improved man-
agement of cardiovascular risk factors may plausibly explain
this evolution. As a consequence, decreases in hospitalization
and mortality related to AAA are reported in several countries
[36, 37].

NOMENCLATURE AND RISK STRATIFICATION

How to speak a common language

The need to use a common language in aortic medicine is grow-
ing, the main reasons being: (i) aortic medicine is now a subspe-
ciality in which the aorta is viewed more and more as a complex
organ and not simply as a large vessel distributing blood; (ii)
patients with AD are followed life-long, with many requiring sev-
eral aortic interventions over time, and a common language facil-
itates long-term follow-up and reporting of results; and finally
(iii) aortic medicine is multidisciplinary, so a common language is
essential for effective communication among a vast array of spe-
cialties including cardio-vascular surgery, cardiology, radiology,
anaesthesiology, rheumatology, genetics and endocrinology.

Several groups of experts have tried to harmonize language in
aortic medicine, initially with best practice guidelines for report-
ing treatment results after thoracic endovascular aortic repair
(TEVAR) [40]. More recently, the European Journal of Cardio-
Thoracic Surgery editors published STORAGE guidelines, defining
standards of reporting in both open and endovascular aortic sur-
gery [41]. They provided definitions of aortic pathologies and
instructions on how to analyse and report results of imaging
studies including the most fundamental measurements such as
aortic diameter. Furthermore, STORAGE guidelines include infor-
mation on how to report on open and endovascular procedures,
including treatment techniques and their outcome. Several other
documents contain recommendations on reporting standards,
including one for acute type B aortic dissection (TBAD) published
by the Society of Vascular Surgeons and the STS [42] and another
on endovascular repair of an aortic aneurysm involving the
renal-mesenteric arteries [43].

Categorization of tears in aortic dissection. The writing commit-
tee suggests that the terms multiple entries and re-entries be
removed from clinical use and be replaced by the wording most

Recommendation Table 2: Nomenclature and risk
stratification

Recommendations Classa Levelb Refc

In patients with aortic dissection, Ishimaru
zones are recommended for use as a report-
ing standard of disease extent.

I C -

The use of the TEMd classification should be
considered in any acute aortic syndrome to
determine the type of disease and an initial
treatment strategy.

IIa C -

The use of the GERAADAe score should be
considered in patients with acute type A
aortic dissection undergoing surgery to
determine 30-day mortality.

IIa C -

aClass of recommendation.
bLevel of evidence.
cReferences.
dType, entry, malperfusion [38].
eGerman Registry for Acute Aortic Dissection Type A [39].
GERAADA: German Registry for Acute Aortic Dissection Type A; TEM: type,
entry, malperfusion.
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proximal tear, communications between lumina and most distal
tear in addition to the term primary entry tear. This proposed
wording should help create a better understanding of the patho-
physiology as well as help standardize communication among
physicians describing the pathological categories.

Aortic arch replacement of various extents. When referring to
aortic arch treatment, qualitative and semi-quantitative state-
ments should be avoided. Due to the rising number of patients
receiving open and endovascular therapy, it seems reasonable to
refer to the treatment-based classification using the terminology
‘zones 0–4’ when describing surgery on the aortic arch. Again,
‘distal arch aneurysm’ covers a wide range of anatomical varia-
tions. Replacing the arch using the frozen elephant trunk (FET)
with an anastomosis proximal to the left carotid artery and selec-
tive reimplantation using separate grafts is not adequately cov-
ered in the current definitions.

One notable exception is the term ‘hemiarch’, which has been
widely used for decades even if it also covers a wide range of sur-
gical strategies. The writing committee refers to hemiarch as
replacing the ascending aorta and performing an open distal
anastomosis to resecting the entire concavity of the arch down
to the proximal descending thoracic aorta. For the purpose of
this guideline, total aortic arch replacement (TAR) is defined as
replacing the entire aortic arch—or excluding it from the circula-
tion as is the case when using the FET technique (TAR with an

antegrade stent graft implant in the distal aortic arch and proxi-
mal descending aorta using a single hybrid prothesis)—from the
innominate artery to a point beyond the left subclavian artery
(LSA). Reimplantation or revascularization of the supra-aortic
branches can be performed in different ways, and the method
used is not part of the definition of TAR. To facilitate communi-
cation and to harmonize the standards of reporting, defining TAR
as replacing (or excluding from circulation) aortic zones 0–2 (or
beyond) seems reasonable. All other procedures on the arch
should be named partial arch replacement.

Residual dissection after type A repair. The chronic dissected
state of aortic segments distal to the proximal repair is defined as
‘residual dissection after type A repair’. The writing committee
uses the term ‘parallel grafts’ to refer to chimneys, snorkels and
periscopes. A ‘hybrid approach’ is the combination of an open
vascular surgical technique and an endovascular procedure per-
formed simultaneously or on a sequential basis to treat AD.

Acute aortic dissections

The location of the primary entry tear and the extent of the aortic
wall dissection (e.g. the separation process) determine both the
pathoanatomical classification and essentially the treatment strategy
[44] (Fig. 2). A proximal or a type A aortic dissection involves the
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ascending segment of the aorta and requires open surgery in almost
every patient, whereas a TBAD excludes the ascending aorta and
could be managed medically in combination with endovascular
interventions in many patients [45–47]. Improving diagnostics and
imaging quality recently identified a subgroup of non-A non-B dis-
sections with a separation of media layers encompassing the aortic
arch but sparing the ascending aorta [48], with an entry tear often
found in the region between the brachiocephalic and left subclavian
arteries. These characteristics should be clearly separated from an
earlier version of a non-A non-B dissection defined by an entry tear
in the arch with retrograde extension, which is nothing but an over-
lap and subset of type A dissection [49].

Whereas a proximal or a type A aortic dissection constitutes
59–67% of all AAS cases, a type B dissection accounts for around
31% and a non-A non-B dissection for 3–10%, with a minority
showing an entry tear located not in the arch region but rather
in the descending aorta with retrograde propagation of the false
lumen [38, 48, 50].

With the recent interest in non-A non-B dissection, the view
on best treatment is blurred, with options ranging from open sur-
gical resection of the arch [with or without an elephant trunk]
and hybrid debranching and/or endovascular intervention to
medical management only. Aortic dissection is further subclassi-
fied based on symptom/dissection onset: (i) acute (up to 14 days
after dissection onset); (ii) subacute (15–90 days after dissection
onset) and (iii) chronic (91 days after dissection onset and later).

Extent of disease by Ishimaru zones

The aorta is divided into the following zones: the aortic root, the
ascending aorta, the aortic arch, the descending thoracic aorta
and the abdominal aorta. Ishimaru zones (Fig. 3) have enabled a
more detailed classification of aortic segments by dividing the
aorta into 12 zones (0–11) [51]. The use of Ishimaru zones is rec-
ommended when reporting on both open and endovascular
aortic treatment extension, AD extension (such as aneurysm or
dissection) and location of communications between aortic
lumens in patients with an aortic dissection.

We recommend referring to the types I, II and III aortic arch
configurations when reporting on aortic arch anatomy (Fig. 4). In
a type I aortic arch, all supra-aortic branch origins are at the
same horizontal level. In type II, the innominate artery originates
between the horizontal planes of the outer and inner curvatures
of the aortic arch. If the innominate artery originates below the
horizontal plane of the inner curvature of the aortic arch, it is a
type III aortic arch [41]. In particular, a type III aortic arch gener-
ates a unique abnormal helical flow and may therefore account
for its high prevalence in patients with TBAD [52].

The GErman Registry for Acute Aortic Dissection
type A score

Acute type A aortic dissection (ATAAD) is a critical surgical emer-
gency that necessitates immediate intervention in most cases.
Despite significant advancements in surgical techniques and peri-
operative management, the repair of type A dissection remains
associated with substantial mortality and morbidity, with
reported mortality rates exceeding 20%, depending on the pre-
senting characteristics and operator experience [53–56]. The sur-
vival of patients after type A dissection repair relies heavily on

their presenting haemodynamic status and the presence of end-
organ ischaemia [57, 58].

Although the majority of patients with acute type A dissection
will benefit from immediate surgery, the development of
dissection-specific risk models that enable rapid risk assessment
at the bedside has provided clinicians with additional tools to
optimize care. Such models may pave the way for advanced
decision-making in situations where the surgical risk is exception-
ally high, potentially favouring endovascular therapies to address
malperfusion before proceeding with open aortic repair or even
performing an endovascular primary repair in the future [59, 60].
Risk stratification also provides a simple and reproducible
method for risk-adjusted outcome assessment for quality
improvement, performance measurement or evaluations of the
comparative effectiveness of different techniques. Commonly
used bedside tools for cardiac surgery risk assessment, such as
the STS score and the EuroSCORE II, are not calibrated to be
used to estimate risk in patients with ATAAD [61, 62].

Two risk assessment methods are currently used in type A dis-
section: the German Registry for Acute Aortic Dissection Type A
(GERAADA) score and the Penn classification [39, 63]. The
GERAADA score is calculated using a Web-based application and
stratifies patients into low-risk (<15%), intermediate-risk (15–30%)
and high-risk (>30%) mortality groups (https://www.dgthg.de/de/
GERAADA_Score). The inputs in the GERAADA score include sex,
age, resuscitation before surgery, previous cardiac surgery, intuba-
tion, catecholamine support at referral, grade of aortic regurgitation,
organ malperfusion, hemiparesis, extension of aortic dissection and
location of primary tear (Fig. 5). The GERADA score can effectively
predict the 30-day mortality rate and has been validated in various
cohorts, although it may overestimate overall risk in some popula-
tions [64, 65].

The Penn classification is a very parsimonious categorization
of patients based on the total body burden of ischaemia, with
classifications ranging from none (Penn class A) to local or
regional ischaemia (Penn class B), global ischaemia or shock
(Penn class C) or combined local and global ischaemia (Penn
class BC) [63]. This system has been validated and emphasizes
total physiologic ischaemic burden and considers haemodynamic
collapse in the absence of localized ischaemia. A recent publica-
tion from the home institution of the Penn class showed a base-
line mortality rate of 5% in Penn class A patients [66]. Penn class
B patients had an increased odds ratio (OR) for mortality of 2.4
[95% confidence interval (CI) 1.4–4.3], Penn class C patients had
an increased OR of 3.4 (95% CI 1.9–6.0) and finally Penn class BC
patients had a markedly increased OR of 13.1 (95% CI 7.9–22.2)
[66]. The Penn classification has remained internally consistent
over time and has been verified as a strong predictor of perio-
perative mortality at several institutions [67, 68].

Do we still need De Bakey or should we remain
with the type, entry, malperfusion classification
and/or the Ishimaru extent?

The Stanford and DeBakey systems have been used to classify
aortic dissection for the last 7 decades. Several new dissection
classification systems have been proposed, including one sug-
gested by Roux and Guilmet [69], DISSECT (Duration, Intimal
tear, Size, Segmental Extent, Clinical complications, Thrombosis)
[70] and the PENN classification [71]. Due to their complexity,
they have not been widely adopted in clinical practice.
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Figure 3: Aortic segments based on Ishimaru zones.

Figure 4: Classification of aortic arch types.
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Figure 5: Web interface for GERAADA score calculation. GERAADA: German Registry for Acute Aortic Dissection Type A. Reproduced from Czerny et al. [39] with per-
mission from Oxford University Press.
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The Society for Vascular Surgery (SVS) together with the STS
recently proposed a new classification that includes the Stanford
nomenclature [42]. In this new SVS/STS classification, aortic dissec-
tion is defined not by the dissection extension but by the entry
location. If a patient has an entry in the aortic arch or the descend-
ing aorta and the dissection extends down to the aortic valve, it is
an aortic dissection type B. Aortic dissections type A are only those
dissections with entry in the ascending aorta and proximal arch.

The European update of the Stanford classification—the type/
entry/malperfusion (TEM) classification—has been recently pro-
posed [38] (Fig. 6). In the TEM classification dissection, type (T) is
defined by dissection extension as proposed by the Stanford clas-
sification and not by entry location. TEM provides for the first
time a separate term for dissections involving the aortic arch but
not the ascending aorta: non-A non-B aortic dissection [38, 50,
72]. It gives information on the location (E) of the primary entry
tear and malperfusion status (M). The entry location ‘0’ is given if
the primary entry tear is not visible; ‘1’ if it is in the ascending
aorta; ‘2’ if in the arch; and ‘3’ if in the descending aorta (E0, E1,
E2 and E3). Malperfusion status is noted by a ‘0’ if malperfusion is
absent; ‘1’ if coronary arteries are affected; ‘2’ if supra-aortic ves-
sels are dissected; and ‘3’ if the visceral/renal and/or a lower
extremity are affected (M0, M1, M2 and M3). A plus (+) is added
if malperfusion is clinically present and a minus (-) is added if it is
a radiological finding.

The DeBakey classification and the binary Stanford classification
do not allow the precise classification of different dissection sub-
groups, which is important given the new evidence on treatment
outcomes in different aortic dissection subtypes involving different
malperfusion status and different dissection anatomies. Therefore,
the TEM classification or the descriptive approach defining the dis-
section anatomy according to Ishimaru zones (for example, aortic
dissection with entry in zone 0 extending down to zone 6) is rec-
ommended to be used in clinical practice and in the literature.

Bicuspid aortic valve aortopathy

The aortopathy associated with the bicuspid aortic valve (BAV) has
in the past been the object of intense scientific debate, especially
concerning its pathogenesis, whether it is genetically determined
or haemodynamically driven. The lack of a definite answer to this
question has yielded discrepancies in surgical attitudes and even
in official guidelines [73–76]. Only when the clinical and pheno-
typic heterogeneity of this disease began to be highlighted and
systematically addressed by research studies could the hypothesis
that the 2 mechanisms could coexist, with different respective
weights of different phenotypical forms, lead to new interest in
classifying BAV aortopathy [73–77]. However, initially different sys-
tems were suggested based on different criteria, possibly causing
general confusion [77–79]. Most recently, a large group of interna-
tional experts developed a consensus statement on nomenclature
and classification of BAV and the associated aortopathy: The valve
should be described as ‘fused’, ‘2-sinus’ or ‘partial-fusion’ type,
whereas the aortopathy has been classified as ‘root phenotype’
(15–20% cases, dilatation prevailing at the level of the sinuses),
‘ascending phenotype’ (70–75%, dilatation prevailing at the tubular
tract) or ‘extended phenotypes’ (5–10%, either root dilatation with
significant extension into the tubular tract or tubular dilatation
involving also the proximal arch) [80]. This system was a modified
version of the classification first proposed by Della Corte et al. [77],
who inferred that the different phenotypes, each showing peculiar
associations with clinical features (Fig. 7), might represent forms
with different degrees of severity in prognostic terms [81]. Later,
the root phenotype has shown an association with the faster
growth of the ascending diameter [82], the higher prevalence of
aortic dilatation in relatives [83], the greater risk of acute aortic
events (AAEs) in post-aortic valve replacement follow-up [84], the
higher propensity to dissect [85–87] and potentially aortopathy-
related gene variants [88]. Patients with clinical characteristics of

13M. Czerny et al. / European Journal of Cardio-Thoracic Surgery

Figure 6: Type, entry, malperfusion classification for acute aortic dissection. TEM: type, entry, malperfusion.
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the root phenotype (or the root extended) should undergo stricter
surveillance and an earlier operation.

Few studies have selectively addressed the ascending pheno-
type: In that setting, aortic wall morphometric and molecular
changes are localized in the areas with maximal flow-related wall
shear stress (WSS) (usually at the outer curvature of the tubular
tract) [89, 90], and growth rates after aortic valve replacement are
extremely slow [91]. Typical features that are associated with an
extended phenotype include an ascending dilatation with sten-
otic right-noncoronary leaflet fusion type BAV [77, 80, 92]
(‘ascending extended’ into the arch); a root dilatation with regur-
gitant BAV and effacement of the sinotubular junction [77, 82]
(progression to ‘root extended’ to the ascending aorta).

Classification of bicuspid aortic valve aortopathy: Two main phe-
notypes are depicted, with the respective typical associations
with the patient’s characteristics. The 2 pathogenetic mechanisms
of aortopathy development (genetic variants, haemodynamic
derangements) probably coexist in both phenotypes, but their
respective contributions might differ. The extended phenotypes
can be the evolution of either a root or an ascending phenotype
as the disease progresses over time.

REPORTING STANDARDS AND QUALITY
INDICATORS

Reporting standards

Reporting standards for the treatment of TBAD were formulated
jointly by the SVS and the STS in response to the evolving under-
standing of the anatomy and physiology of TBAD and the growing
body of literature on endovascular intervention for TBAD across
different specialties that disparately reported on aetiology/risk
factors, diagnoses, interventions and outcomes, preventing

comparisons of data and study results [42]. The document com-
bines clinical and technical end-points and suggested a novel clas-
sification system to describe TBAD, borrowing from the Stanford
classification but adding location of intimal tear and proximal and
distal extent of the dissection, because these anatomical features
helped define arch involvement with more granularity and
impacted open and endovascular options for treatment. These
issues have become even more important in the setting of devices
that combine surgical grafts with endovascular stents to facilitate
open arch replacement with the FET and a strategy that focuses on
treatment of both the intimal tear and the re-entry tears in the
arch and proximal descending thoracic aorta. It also harmonized
into consensus terms such as acute, chronic, complicated, high risk
and types of malperfusion.

During open surgery, reporting of cardiopulmonary bypass
(CPB), hypothermic circulatory arrest (HCA) and cerebral perfusion
times is essential. In order to provide uniformity in reporting these
substantial factors during the operation, the writing committee sug-
gests the following differentiation in the reporting of (i) CPB time,
(ii) selective antegrade cerebral perfusion time (right/left/double/tri-
ple), (iii) aortic cross-clamp time, (iv) lower body HCA time, (v)
HCA, and (vi) myocardial perfusion or arrest time. Moreover, the
writing committee recommends that reporting the neuromonitor-
ing strategies such as near-infrared spectroscopy (NIRS) or meas-
urement of cerebral perfusion pressure if applied.

The 30-day mortality and in-hospital mortality outcomes are
considered early dissection-related deaths. Neurologic outcomes,
including stroke and spinal cord injury (SCI), are characterized in
the STS/SVS document by the modified Rankin scale and modi-
fied Tarlov scoring system, respectively, with timing, severity and
recovery as important features. The Valve Academic Research
Consortium (VARC) definition for stroke, which combines the
National Institutes for Health Stroke Scale and the modified
Rankin Score, has been updated in the VARC-3 [93]. We

Figure 7: Phenotypes of root and ascending aortic morphology in bicuspid aortic valve aortopathy. RL: right-left coronary; RN: right-noncoronary.
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recommend reporting results of endovascular repair according to
both the SVS/STS reporting standards and the VARC-3 docu-
ments. However, we recognize that the VARC-3 document does
not address SCIs and neither considers how to parse out compli-
cations in procedures that include both open and endovascular
components, whether performed concomitantly or in a staged
fashion (e.g. FET, hybrid arch). Other efforts, for example, by the
Arch Academic Research Consortium, to address these unre-
solved issues in an expert consensus document are ongoing.

Long-term follow-up has been difficult to achieve in existing
large database registries but is extremely important in assessing
the durability and efficacy of aortic interventions. Not only
should the intervened-upon segment be followed for healing or
disease progression, pseudoaneurysm, endoleak, stent-induced
new entry or antegrade/retrograde dissection, but the native
aorta, whether normal or residually diseased (e.g. dilated, aneur-
ysmal, dissected) can also progress to a state requiring interven-
tion. The number and frequency of future interventions captured
in follow-up may provide insights into to the long-term superior-
ity of open versus endovascular approaches, the appropriate
sequence of interventions or important patient-specific risk fac-
tors to consider. Pooling of resources among centres and societal
registries may be required to create these long-term granular,
clinical databases that contain information not captured by
claims data or by governmental registries that capture status as
just alive or dead. Completeness of follow-up is of utmost impor-
tance in supporting study validity [94].

Quality indicators

Although the widely used and validated EuroSCORE II (euroscor-
e.org) [61] does include surgery on the thoracic aorta as a varia-
ble, its applicability for comparative studies is limited by its
procedure-non-specific broad inclusion of aortic procedures,
including arch, descending and thoraco-abdominal replacement,
development of the model with a small number of thoracic aortic
procedures (n = 1636) and the only measured outcome of in-
hospital mortality. Data collection for a second recalibration
exercise for EuroSCORE III is underway. The STS has well-
developed risk models/scores for a portfolio of the most com-
mon open cardiac surgical procedures but lacks one for aortic
procedures, because procedures for an aortic aneurysm have
comprised only 5.5–7% of the total procedures in the Adult
Cardiac Surgery Database over the past several years [95] and
more precise aortic-specific variables did not exist until version
2.9 was implemented in July 2017. A subsequent iteration (ver-
sion 4.20) was implemented in July 2020. With enough data for
risk modelling, current efforts by the STS Aortic Task Force focus
on a risk model for elective proximal aortic operations involving
the ascending aorta in combination with replacement of the
aortic root or aortic valve. Risk models for the aortic arch—
beyond hemiarch replacement included with ascending aortic
replacement—were excluded due in part to the complexity of
arch operations and the smaller number of cases. The model is
currently undergoing development and validation. The
JapanSCORE proved to be a reliable tool for estimating operative
mortality in open aortic procedures. Nevertheless, observed mor-
tality was lower in endovascular cases, requiring an additional
risk score for these procedures [96].

Studies have shown that maximum diameter does not solely
predict rupture risk of a thoracic aortic aneurysm [97]. Liang et al.

[98] combined machine-learning algorithms for statistical shape
modelling with previous work on finite element analysis of
ascending aortic aneurysms [99] to develop a risk model that pre-
dicted ascending aortic rupture with an accuracy >95%; however,
work on the model is ongoing to refine it and make it more
easily accessible and practical for clinical application.

For aortic dissection-specific risk prediction, the GERAADA
score for ATAAD, though it combines both preoperative and
intraoperative variables, effectively predicts 30-day mortality for
patients undergoing surgery for ATAAD [39] and is accessible via
a Web-based tool. The Penn classification system for malperfu-
sion in ATAAD is straightforward to apply and provides excellent
discrimination for 30-day mortality after surgical repair, even in a
cohort with more contemporary patients undergoing a variety of
surgical procedures involving the ascending aorta and arch and
differing cerebral protection strategies [66]. Older models include
the International Registry for Acute Aortic Dissection risk predic-
tion models for ATAAD [100] and TBAD [101] and lack an online
calculating tool.

With advances in our understanding of anatomy, malperfusion,
hypothermia and cerebral protection, evolving surgical and
endovascular techniques and new hybrid and branched endovas-
cular devices, the number and conduct of procedures that can
be performed for aortic pathology have increased dramatically.
The corresponding increase in expertise needed to be able to
perform these procedures and maintain quality outcomes should
be considered. The current literature has shown volume–out-
come relationships impacting both low-mortality elective proxi-
mal aortic surgery [102] and those for higher mortality ATAAD
[103, 104]. Further study is required, but, eventually, regional spe-
cialization for the treatment of AD, while maintaining adequate
access to care, may optimize outcomes, especially for high-
mortality conditions and high-risk procedures.

AORTIC TEAMS AND HEALTHCARE
IMPLICATIONS

15M. Czerny et al. / European Journal of Cardio-Thoracic Surgery

Recommendation Table 3: Aortic teams and healthcare
implications

Recommendations Classa Levelb Refc

Shared decision-making for the optimal
treatment of aortic pathologies by a mul-
tidisciplinary aortic team is
recommended.

I C -

In patients with multisegmental aortic
disease, treatment is recommended in
aortic centres providing open and endo-
vascular cardiac and vascular surgery on
site.

I C -

Transfer to an aortic centre should be
considered for patients with complex
aortic pathologies.

IIa B [105–118]

For endovascular aortic procedures, a
hybrid operating room, including an
integrated imaging system, is
recommended.

I C -

aClass of recommendation.
bLevel of evidence.
cReferences.
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Impact of aortic disease on health care

The incidence and prevalence of AD is increasing and is driven by
demographic changes in the population at large, increased aware-
ness (especially in low- and lower-middle income countries) [119]
and improved access to aortic imaging with a significant propor-
tion of aortic aneurysms being diagnosed incidentally [120–122].
Recent studies of the global burden of aortic aneurysms and dis-
sections have found distinct patterns in the epidemiology of AD: (i)
The total number of AD-related deaths is continuously increasing
(projected at +42% until 2030). (ii) Age-standardized mortality rates
have decreased over the past 2 decades and will level out in high-
income countries or increase in low- and lower-middle income
countries over the next decade. (iii) Aortic disease-related age-
standardized mortality rates remain lowest in low- and lower-
middle income countries, most likely due to age distribution and
under-recognition of AD. (iv) High systolic blood pressure [123]
and smoking [124] remain the most important risk factors for AD.
(v) Overall, high systolic blood pressure has surpassed smoking as
the most important risk factor [121, 122].

In line with this epidemiological development, cardiovascular
surgery societies report increasing annual numbers of aortic pro-
cedures with a current rate of approximately 5% per year [125].
At the same time, patients having aortic surgery are now older
and exhibit more comorbidities [125, 126]. In comparison with
other cardiac procedures, aortic surgery has a significantly higher
risk of perioperative mortality and morbidity [125, 127].

The economic burden of AD is high and AD-related health-
care costs are rising at a higher pace than the inflation rate [126].
The 1-year healthcare cost of patients treated for thoracic AD is
approximately 50% higher in comparison to matched controls
[126]. At the same time, a multitude of endovascular and hybrid
solutions have become available over the past decade [126, 128].
As a consequence, high-risk patient populations, historically
deemed inoperable, are more likely to receive treatment for
aortic pathologies [126, 129]. In addition, the high economic bur-
den of AD is mostly driven by post-hospital discharge costs for
rehabilitation, long-term care and re-interventions [126, 130,
131]. These facts underscore the complexity of AD in terms of
disease extension and progression [132].

Aortic teams, aortic centres and involved
specialties

Although interest has been growing over the past 2 decades in
creating specialized teams to treat AD [115–118, 133, 134], the
positive impact on clinical outcomes of an aortic team in the
diagnosis, management and follow-up of patients with AD has
yet to be demonstrated.

Aortic disease has traditionally been managed by a variety of
specialists without a coordinated care model while attempts to
establish an aortic team have been conducted at an institutional
level with occasional conflicting outcomes [112–114]. The ulti-
mate aim of an aortic team should be to provide a comprehen-
sive care model designed to streamline an earlier and more
accurate diagnosis and to implement appropriate timely therapy,
including optimal medical therapy, open surgical intervention or
an endovascular procedure and ultimately to produce optimal
clinical outcomes.

There are numerous complex clinical and radiological patterns
of AD, which justify establishment of a multidisciplinary team.

Despite large accumulated experiences in the treatment of AD,
its protean and complex clinical and imaging manifestations, the
diversity of clinical conditions across all segments of the aorta
and the lack of well-designed and robust controlled studies still
raise controversy regarding the optimal level of services [135].
Furthermore, the LoE supporting clinical decisions and proce-
dures is relatively lacking and needs to be strengthened [136].
Ultimately, the aortic team should embrace a multidisciplinary
approach according to the patient’s needs, specific aortic seg-
ment involved, clinical presentation, proposed therapeutic
options and estimated risks according to the experience of the
surgical team [137–140].

Definition of aortic team. An aortic team should encompass a
variety of expert specialists as a comprehensive service line
whose knowledge and expertise are available on a 24/7 basis to
treat all types of acute and chronic thoracic and abdominal aortic
conditions in elective and emergency settings, using surgical and
endovascular interventions. As stated, these concepts have been
a matter of both study and controversy in a number of depart-
mental, institutional and societal documents [136, 141, 142].

Members of the aortic team. Members may vary depending on
the type of centre and the institutional resources. Although the
patient with AD can be initially evaluated at every layer of the
health-care system, core members of the aortic team should
include cardiovascular surgeons, cardiologists and radiologists
because all have relevant roles in the treatment of AD [128, 142,
143]. Moreover, for the routine practical approach to the patient
and for specific clinical questions, anaesthesiologists, perfusion-
ists, critical care specialists, geneticists, genetic counsellors, neu-
rologists, pulmonologists, renal specialists, specialized nurses and
social workers should also be considered as part of the aortic
team.

The aortic team deals with a disease process that requires life-
long surveillance to oversee the natural history of treated and
untreated aortic segments as well as potential complications that
arise during follow-up after a given procedure [143, 144]. The
role of genetic screening for heritable aortic conditions in indi-
viduals or entire families is an essential component of the aortic
team care model [80, 145].

Communication. Standard operating procedures of the aortic
team, including a regular meeting schedule and agenda and a
regional network organized around a specific aortic centre (AC)
should be defined locally [105]. This paradigm is critical for
patients with chronic conditions and elective interventions.
Patients with AASs who present outside regular work hours must
be assessed by the on-call specialists.

Rapid communication and sharing of vital clinical and anatom-
ical information with other regional institutions would ideally be
achieved by digital solutions. Decisions on interhospital transfer
of patients for acute assessment or outpatient extended evalua-
tion can be then expedited to avoid delays in diagnosis and treat-
ment. However, availability of digital image transfer platforms or
a teleradiology infrastructure varies significantly among referring
hospitals. In addition, interoperability of existing image transfer
platforms is limited [146].

Communication within the aortic team after hours markedly
depends on local policy. Even reference centres cannot always
provide a dedicated aortic surgical team 24/7 [140]. On call
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cardiovascular specialists will ultimately need to decide upon
appropriate triage of emergency cases within the existing multi-
disciplinary team. Backup communication with aortic specialists
is often provided by colleagues on an individualized private basis
but is rarely institutionalized.

Teaching and training. As with many surgical domains, out-
comes after aortic procedures depend significantly on clinical
experience [140, 147]. Learning curves are inevitable, and, as a
result, assistance or proctoring by experienced surgeons is an
essential part of training within the aortic team in disseminating
knowledge on AD [140]. Because multiple multidisciplinary teams
are being organized to cover essentially every aspect of AD [106,
107, 148, 149], it is essential that, in a structured aortic team,
transfer of knowledge and adequate exposure to theoretical and
practical aspects of AD be encompassed. These educational con-
cepts also apply to hands-on practice in low- and high-fidelity
simulators of different interchangeable capabilities [150–154], an
integral part of current and future core curricula across all profes-
sional profiles involved in the provision of care for AD [155, 156].

Establishment and development of an aortic team in an AC is the
consequence of the evolutionary improvement in the knowledge of
AD. Accumulated experience dictates the reorganization of service
provisions and continuation of care through the collaborative efforts
of a variety of professionals. This concept has been discussed for a
long time [157], and increasing amounts of data support the clinical
benefit of a multidisciplinary team approach modelled around
numerous institutions and health systems [143].

Aortic centres. The concept of ‘Centers of Excellence’ originated
in the establishment of national cancer centres in North America
following the National Cancer Act of 1971 [108]. Such centres
were ultimately looked upon to establish the standard of care,
and patients with cancer had improved outcomes when treated
at ‘Centers of Excellence’ [108]. For patients with cardiovascular
disease, the concept of comprehensive heart valve centres was
recently introduced and emphasized numerous essential compo-
nents including physician expertise and experience, adequate
institutional facilities and resources and adequate skills for
research, innovation, and education [141].

Although there is some debate as to the optimal manner in
which to regionalize care in patients with AD [134], the existence
of an AC has merit and should be balanced against the need for
optimal timing in the treatment of aortic pathology for maximal
patient benefit [53].

Several characteristics have been described that should distin-
guish an AC from its institutional counterpart, which include pro-
viding the highest-level quality of patient care, innovation
through research, education of both learners and colleagues and
defining standards of care [108]. The specific clinical components
may differ from centre to centre. Distinguishing features of a
comprehensive AC should encompass the following:

1. The presence of cardiac and vascular surgical expertise as well as
endovascular specialists with extensive experience in managing
all aspects of complex AD in the setting of a high volume of
aortic interventions.

2. Imaging specialists and expertise to perform and interpret CT,
magnetic resonance imaging (MRI) and echocardiography
imaging.

3. Adequate anaesthesiology expertise in the management of acute
AD.

4. Intensive care unit with experience in management of AD.
5. Organization of outpatient management of pre- and postopera-

tive patients.
6. Onsite availability 24/7 of all experts with digital imaging and

digital transfer capability to treat both elective and emergency
cases.

Implementation of an AC using the described essential elements
has been associated with improved outcomes in terms of both
emergency [112, 137] and elective settings [158]. In addition,
implementation of strategic workflow processes and systems can
result in significant increases in aortic volume for both elective and
emergency cases as well as sustainable improvements in transfer
centre and emergency medical service efficiency [108, 135, 136].

DIAGNOSTIC WORK-UP AND IMAGING
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Recommendation Table 4: Diagnostic work-up and imaging

Recommendations Classa Levelb Refc

Clinical risk assessment

Preoperative risk assessment is
recommended.

I B [159–162]

TTE is recommended as part of the
preoperative work-up.

I B [163–166]

Coronary evaluation/assessment
should be considered to rule out
coronary artery disease.

IIa B [167]

Imaging—morphology and function

As the first line diagnostic modal-
ity, CTA from the common carotid
to the common femoral arteries is
recommended for imaging the
aorta and its pathologies.

I C -

For repetitive imaging of the aorta,
it is recommended that the same
imaging modality be used, with a
similar method of measurement to
assess change in diameter.

I C -

Assessment of patency and mor-
phology of the circle of Willis
should be considered prior to total
aortic arch replacement.

IIa C -

In patients with known or sus-
pected aortic disease, it is recom-
mended that aortic diameters be
measured at reproducible anatom-
ical landmarks (and its maximal
diameter) perpendicular to the axis
of blood flow.

I C -

In asymmetric or oval contour
cases, reporting the longest diame-
ter and its perpendicular diameter
should be considered.

IIa C -

When performing CT or MRI, one
should consider measuring the
aorta from the outer edge to the
outer edge, if the vessel wall is
visible.

IIa C -

Continued
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Diagnostic work-up for acute aortic syndromes

The diagnostic work-up to confirm or to rule out AD is highly
dependent on the a priori risk of this condition, which can be
stratified into 3 groups of variables using the Aortic Dissection
Detection Risk Score: predisposing factors (e.g. Marfan syn-
drome), pain characteristics (e.g. chest, back or abdominal pain)
and high-risk clinical examination features (perfusion deficit, new
aortic insufficiency murmur). The risk score can easily be
accessed online (https://www.mdcalc.com/calc/4060/aortic-dis
section-detection-risk-score-add-rs). However, beyond this clini-
cal risk score, a constellation of first-line simple examinations,
including the electrocardiogram (ECG), the chest X-ray, TTE and
biomarkers, is performed primarily in patients with chest pain in
the emergency room and can be useful to rule out alternative
diagnoses (e.g. myocardial infarction or pericarditis) or even, in
the case of TTE, point to the diagnosis of AD by detecting an
aortic intimal flap, aortic wall thickening and/or dilatation, major
aortic valve regurgitation with or without cusp prolapse, as well
as pericardial effusion [168, 169]. Especially when inconclusive,
TTE can be finished by looking at the abdominal aorta, which
may be helpful to detect a flap not visualized at the thoracic
level. A CT scan of the entire aorta is the mainstay imaging tech-
nique for confirmation, except when the patient is highly unsta-
ble and intubated. Transoesophageal echocardiography (TOE)
can be a reasonable alternative for patients under sedation in the
intensive care unit (ICU) to make the diagnosis if TTE is inconclu-
sive. Otherwise, TOE can be performed in the operating room for
type-A aortic dissection because it is useful to complete the
information provided by TTE+CT.

Clinical risk assessment

Risk stratification of patients is crucial for identifying appropriate
candidates for specific aortic procedures. The risk constellation
and case mix are no less heterogeneous in patients with AD than
in the cardiac surgical populations. Recently, the European
Society of Cardiology published an excellent outline (endorsed
by the European Society of Anaesthesiology and Intensive Care)

on the cardiovascular assessment and management of patients
who undergo noncardiac surgery [170]. Others have documented
the importance of tailored anaesthesia and haemodynamic mon-
itoring for noncardiac surgery in patients with valvular disease
[171]. Several risk scores are available as shown previously
(Chapter on ‘Nomenclature and risk stratification’). But an impor-
tant limitation of the available scores is their inability to deter-
mine futility of care. Unfortunately, there is to date no
standardized and objective definition for surgical unfitness [159].
Evaluation by experienced surgeons and multidisciplinary aortic
teams may be an important way to avoid arbitrary denial of sur-
gery to patients who may benefit from an operation. Of note,
invasive therapeutic options should be weighted individually in
each patient. Hence, general health status, life expectancy and
frailty have to be assessed and form the basis for offering invasive
treatment.

Frailty is one of the most important elements not routinely
included in risk models. Grip strength and gait speed can be cap-
tured in the overall functional status assessment. Age, body mass
index, preoperative anaemia and hypoalbuminemia have also
been recognized as indicators of frailty [160]. Daily activities and
weight (loss) could provide additional information about the
overall health of the patient [172–174]. Sarcopenia, identified
through psoas muscle mass measurement by preoperative CT
imaging, has been proposed as a possible objective measure for
frailty assessment [161]. Assessing baseline neurologic function is
important for the initial risk stratification, and systemic cognitive
assessment by experts should be part of the evaluation. A prior
stroke could contribute to frailty and therefore should be added
to the frailty index used to assess the patient’s ability to perform
independent daily activities. A previous stroke can contribute sig-
nificantly to neurologic morbidity [175].

A preoperative workup that includes pulmonary function tests
may be beneficial, and blood work (including kidney and liver
function tests) is necessary for patients undergoing any elective
aortic procedure [175]. Peripheral vascular disease and prior
intervention, including radiation therapy, are important determi-
nants of clinical outcome. Coronary artery disease and cardiac
function are crucial in patients who undergo elective cardiac and
aortic interventions. An invasive coronary angiogram is recom-
mended in patients with known coronary artery disease, whereas
non-invasive testing, such as cardiac CT, may be sufficient in
selected patients without symptoms of coronary artery disease
[175].

The overall frailty and geriatric risk burden include cognitive,
social, functional and nutritional status. These variables should be
considered for stratification of surgical risk, particularly in elderly
patients.

What to look for to reduce the risk of neurologic
complications

Initial imaging plays a crucial role both in assessing the extent
and morphologic expression of the respective AD and in
decision-making and planning of the most suitable treatment
option when indicated.

The focus is not only on the respective aortic pathology but
also on the anatomy of the supra-aortic vessels including the cer-
ebral supply of the circle of Willis and on its structure or varia-
tions. In addition, the assessment of the spinal cord perfusion is
of enormous importance. Evaluation of both is essential before

One should consider measuring
the aortic root from sinus to sinus,
and the largest diameter measured
should be considered as a refer-
ence value.

IIa C -

Assessment of the risk of radiation
exposure is recommended, espe-
cially in younger adults and in
those undergoing repetitive
imaging.

I C -

For CT or MRI techniques involving
the entire aorta, it is recommended
that motion artefacts of the
ascending aorta be minimized and
that the entire aorta should be
acquired in a single data set.

I C -

aClass of recommendation.
bLevel of evidence.
cReferences.
CTA: computed tomography angiography; MRI: magnetic resonance imaging;
TTE: transthoracic echocardiography.
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beginning any treatment in order to minimize the risk of neuro-
logic complications using CT angiography as the method of
choice [162].

It is crucial that the entire aorta is imaged including the supra-
aortic vessels down to the femoral bifurcation irrespective of the
underlying aortic pathology. In case of planned procedures on
the aortic arch, the circle of Willis should also be imaged to
assess its morphology and patency. This approach enables opti-
mal treatment planning and, in case of open surgery, also perfu-
sion planning and minimizes the burden on the patient from
repetitive examinations.

In patients with aortic pathologies, anatomical variants, espe-
cially of the aortic arch, such as a bicarotid trunk, aberrant right
subclavian artery or an isolated left vertebral artery are common
and increase the risk of postoperative neurologic deficits [162,
176]. A unilateral hypoplastic vertebral artery is often the sole
supplier of blood to an isolated cerebral region and does not
form the basilar artery as usual. In many cases there is even an
absence of visible collaterals. Moreover, data suggest that 50% of
patients with AD have aortic arch anomalies, and in 9% of these,
hypoperfusion could have been caused by unilateral selective
antegrade cerebral perfusion. This situation affects the left poste-
rior communication artery in particular, because it identified
aplasia or hypoplasia in 35.6% of these patients [177]. A recent
meta-analysis evaluating 4 commonly used cerebral protection
strategies revealed superior outcomes in terms of in-hospital
mortality and stroke for unilateral cerebral perfusion in moderate
hypothermia [178]. Of note, this study also includes hemiarch
procedures and only 40% were total arch procedures.
Nevertheless, high-moderate hypothermia with selective ante-
grade cerebral perfusion seems to be the safest concept for cere-
bral protection for total arch replacement. Accordingly, variants
of the aortic arch can significantly influence the perfusion strat-
egy and technical implementation in open and endovascular
treatments, which makes meticulous planning based on the ana-
tomical conditions necessary.

In addition to the detailed cerebral perfusion conditions, the
assessment of the anatomical and functional supply of the spinal
cord is essential. The supply is based on 2 essential interrelated
components that must be assessed before each procedure: (i) the
4-territory concept that describes the large extraspinal inflows,
comprising the left subclavian, intercostal, lumbar and internal
iliac arteries [176]; (ii) the intraspinal/paraspinal arterial collateral
network (CN) [179, 180]. In addition to other factors, the maxi-
mum possible preservation of both structures is crucial to pre-
vent SCIs. With regard to the 4 vascular territories, registry data
have shown that eliminating 1 territory alone has minimal impact
on the development of SCIs, whereby eliminating 2 territories is
extremely relevant, especially in combination with intraoperative
hypotension [176]. Recent data on the spinal cord’s CN suggest
that both para- and intraspinal components are crucial and that
both need to be adequately supplied. The anterior radiculome-
dullary arteries (ARMAs) play an important role in components.
It turned out that no single major artery is decisive, but rather
the total number and distances between the ARMAs are. A larger
number with smaller distances seems to be associated with the
lowest risk for an SCI [179, 180]. Moreover, the knowledge of the
exact location of large suppliers is crucial in order to determine
where exactly to implant the stent grafts or to preserve them dur-
ing open replacement.

Thus, the preservation of the left subclavian and internal iliac
arteries in open and endovascular procedures, but also of the

larger segmental arteries supplying the intraspinal/paraspinal net-
work in open thoraco-abdominal aortic replacement, is of partic-
ular importance. Exact knowledge of the anatomical and
functional conditions enables the form of treatment to be
adapted (open vs endovascular) but also enables preparation for
an intervention using priming through prior targeted coiling of
segmental arteries [181, 182].

Imaging—morphology and function

Most imaging can be performed nowadays non-invasively; the
most commonly used modalities are CT, MRI, TTE, TOE and
abdominal aortic ultrasound. But invasive imaging such as inva-
sive coronary angiography may also provide an important assess-
ment of the coronary arteries and can be performed safely in
patients with chronic ADs [167].

The choice of imaging modality is based on patient- and
institution-specific factors including haemodynamic stability,
availability, local expertise, allergy to contrast media, renal func-
tion and patient tolerance. However, CT has been established as
the predominant modality due to its high-resolution, 3-dimen-
sional (3D) image data sets and rapid acquisition. Further, CT
scanners are omnipresent, and, with improved CT technology,
the administered radiation dose has decreased significantly.
Although low, the radiation dose can accumulate with repeated
imaging and should be prevented in young patients by using
radiation-free modalities. Further, it is important that the same
imaging technique be used for repeated imaging, if possible,
given otherwise the increased risk for inter-scanner and even
more for inter-modality variability [183].

Computed tomography. Most recent CT technology, such as a
dual-source, photon-counting CT scanner, allows image acquisi-
tion with a spatial resolution of isotropic 0.2 mm, a temporal res-
olution of 66 ms and a coverage of 2 m in <3 s [184]. As a
minimum standard for imaging of the aorta, an isotropic resolu-
tion of 1 mm should be available in the CT scanner system used.
For imaging the aortic root and the ascending aorta, ECG-
triggered and/or fast acquisition techniques are recommended to
minimize pulsation artefacts and increase measurement accuracy
and diagnostic reliability. Furthermore, it is advantageous if the
aorta is visualized as a whole, which can be challenging depend-
ing on the available CT technology and acquisition technique.

The use of an intravenous, iodine-based contrast agent is sug-
gested for most aortic imaging because it allows delineation of
the aortic lumen and improves the assessment of aortic wall
changes. If not otherwise possible or desired, non-contrast CT
imaging can yield accurate assessment of aortic aneurysm diame-
ter for e.g. follow-up.

In addition, procedure-related risk factors include the high vol-
ume and/or repeated administration of contrast agents in a short
period of time. Dual-energy and so, even more, photon-counting
CT can reduce the necessary contrast agent volume due to
improved contrast-to-noise using low-keV virtual monoenergetic
reconstructions [185]. Nevertheless, these techniques should only
be used if they do not negatively impact the minimal require-
ments (e.g. spatial/temporal resolution, ECG-gating) of CT imag-
ing of the aorta.

Computed tomography has a very high sensitivity and specific-
ity for AAS (including acute aortic dissection, IMH, PAU) and
traumatic aortic lesions as well as aneurysms and silent
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dissections [186]. In addition, CT can detect concomitant coro-
nary artery and/or branch vessel involvement as well as pericar-
dial involvement and help identify entry tears. In patients
suspected of having AAS, a CT scan is also useful to identify alter-
nate diagnoses if the former is not visualized [187]. Furthermore,
cardiac CT serves as a non-invasive alternative to invasive angiog-
raphy to rule out coronary artery disease [188].

A contrast-enhanced arterial-phase series extending from the
thoracic inlet to the level of the femoral artery is recommended
in most cases. If the cerebral arterial circulation is not known,
the scan can be extended cranially to cover the circle of Willis if
the surgical procedure requires selective cerebral perfusion.
Furthermore, there is an association of an aortic and an intra-
cranial aneurysm [189, 190]; although the radiologist should be
aware of this association while reading the CT scan, the scien-
tific evidence is not strong enough to recommend a screening
test for an intracranial aneurysm in patients with an aortic
aneurysm.

If an AAS is suspected, a non-contrast series prior to the
arterial-phase series is usually performed to better distinguish a
possible IMH from other causes of aortic wall thickening; further,
a portal venous-phase series can be useful to determine malper-
fusion of the abdominal organ. Also, a native CT series should be
performed prior to the arterial-phase series at the first postoper-
ative scan to reliably distinguish foreign material from contrast
agent. Additionally, a venous-phase series using computed
tomography angiography (CTA) can provide important informa-
tion to assess false lumen flow particularly after an operation for
type A or in type B with a small entry tear size and in the diagno-
sis of endoleaks after TEVAR implantation.

Magnetic resonance imaging. Magnetic resonance imaging is
the only other modality besides CT that can provide 3D images
with sufficient temporal/spatial resolution and anatomical cover-
age of the aorta to determine vessel enlargement and vessel wall
changes. Due to its better soft-tissue contrast, MRI is the pre-
ferred modality to characterize aortic wall changes associated
with inflammation. Further, MRI provides physiological assess-
ment of ventricular and valvular function and quantification of
blood flow. Similar to CT, ECG-triggered acquisition should be
chosen if the aortic root and ascending aorta require imaging. An
MRI does not require ionizing radiation. Therefore, MRI is often
the first choice for the evaluation of congenital aortic malforma-
tions and is recommended for serial imaging in young patients
or in patients in whom a radiation dose should be avoided (e.g.
during pregnancy).

Limitations of MRI include the occurrence of artefacts in
patients with stents and other metallic implants or devices. In
addition, it has much longer acquisition times and lower spatial
resolution compared to CT. Further, MRI has a limited ability to
monitor and treat unstable patients in the scanner. Therefore,
this modality is rarely used with patients suspected of AAS, espe-
cially when the patient is unstable.

Gadolinium-based intravenous contrast agents can be used to
enhance MRI and are often used for MR angiography.
Gadolinium-based intravenous contrast agents carry some risk
for nephrogenic systemic fibrosis in patients with impaired renal
function. The risk differs significantly between different types of
gadolinium-based contrast agents. For agents with the lowest risk
(like macrocyclic agents), assessment of renal function prior to
MR scanning is not mandatory, and a patient should be

encouraged not to refuse a clinically well-indicated enhanced
MR examination to avoid a contrast agent [191].

An MRI can be performed without intravenous contrast, even
for MR angiography. However, dedicated sequences such as
native 3D TrueFISP or magnetization-prepared 3D non-balanced
dual-echo Dixon are available to examine the aorta in the MR
scanner without contrast agent (Fig. 8).

Transthoracic echocardiography. Transthoracic echocardiog-
raphy is the most commonly used imaging modality for the initial
examination of the thoracic aorta. It is particularly useful for visu-
alizing the aortic root and ascending aorta as well as for assessing
the anatomy and function of the aortic valve [164]. To visualize
the mid-distal ascending aorta, it may be necessary to move the
transducer to the upper intercostal spaces, whereas right para-
sternal views might help visualize the distal portion of the
ascending aorta. Although TTE is not ideal for imaging the aortic
arch, it can often visualize the vascular branches of the aortic
arch and proximal descending aorta and aid in the diagnosis of
coarctation of the aorta (CoA) and ductus arteriosus.
Transthoracic echocardiography is portable and can be per-
formed at the bedside with high spatial and temporal resolution.
It is useful in the evaluation of complications such as aortic
regurgitation, left ventricular (LV) dysfunction and cardiac tam-
ponade. It is useful in the longitudinal monitoring of the aortic
root and ascending aortic dilatation, provided these aortic seg-
ments are well visualized. Moreover, TTE is crucial for providing
important information on ventricular as well as valve abnormal-
ities in patients undergoing endovascular treatment [163, 166].

Transoesophageal echocardiography. Transoesophageal
echocardiography provides high-resolution images of most of
the thoracic aorta, except for a small segment of the ascending
aorta distally due to acoustic shadowing of the trachea. It is also
useful for a detailed understanding of aortic valve anatomy and
function. Transoesophageal echocardiography is particularly use-
ful in the intraoperative evaluation of patients with AAS to guide
both surgical and endovascular repair strategies and to assess
true and false lumens before and immediately after aortic repair.
This imaging modality is very useful in intubated patients in the
ICU, especially if the transfer of the patient to the radiology unit
is hazardous because of haemodynamic instability.

Intravascular ultrasound. Intravascular ultrasound is useful in
guiding the endovascular treatment of complex lesions of the
thoraco-abdominal aorta because, in addition to assessing the
landing zone, it can visualize aortic size, tortuosity, plaque bur-
den, calcification, vascular branching and endovascular filling
defects (e.g. thrombosis, entrapment valves). It is also useful in
aortic dissection to differentiate between true and false lumen
dissection. Thus, endovascular ultrasound can be used to guide
endovascular or open repair. However, this imaging method is
not widely used because of alternate possibilities and its cost.

Ultrasound of the abdominal aorta. Ultrasound is recom-
mended for screening and monitoring of an abdominal aortic
aneurysm [192], which is defined as >30 mm in diameter, using
primarily an anterior–posterior diameter, and using the outer
edge-to-outer edge measurement. Although it is an effective
imaging modality with high diagnostic accuracy for detecting
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aneurysms, interobserver variability exists and accuracy can be
limited by obesity and intestinal gas overlay.

Comprehensive abdominal aortic ultrasound can also pick up
other aortic pathologies such as plaque formation, mural throm-
bosis, rupture or aortic fistula, findings that require further imag-
ing using CT or MRI. Abdominal ultrasound can also be used to
monitor patients undergoing abdominal endovascular aortic
aneurysm repair (EVAR), where contrast media may improve its
performance, especially to detect endoleaks.

Conventions for imaging-based assessment and measure-
ments. Accurate measurements of the aorta are essential for
characterizing AD and making treatment decisions. In addition to
accuracy, reproducibility of measurements is critical for longitu-
dinal assessment. Measurements should be performed perpen-
dicular to the long axis of the aorta at specific segments, usually
8 measurements in the thoracic aorta (Fig. 9). In addition, meas-
urements are taken at the site of the abnormality and at the point
of maximum enlargement, if an aneurysm is present. Whereas
reconstructing perpendicular to the long axis is relatively simple
(and can be reviewed/revised at a later time) in imaging modal-
ities delivering 3D data sets such as CT or MRI, this procedure is

21M. Czerny et al. / European Journal of Cardio-Thoracic Surgery

Figure 9: Systematic assessment of the aortic dimensions including the length of the ascending aorta. The diameter should be derived from cross-sectional images.

Figure 8: Contrast-free 3-dimensional magnetic resonance angiography of the
thoracic aorta. Using accelerated acquisition magnetic resonance techniques
allows electrocardiographic and breathing-gated isotropic imaging of the aorta
with an isotropic resolution of 1.2 mm within 3–6 min.
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more difficult and subject to diameter overestimation and varia-
bility when using TTE.

Due to technical differences among the available imaging
modalities, the standard for measuring aortic dimensions varies
significantly. One major aspect is the precise definition of the
start/end-point for the aortic diameter. In the past, it was argued
that one should measure the aortic diameter from inner-edge to
inner-edge as long as no wall changes were present. Because wall
changes are common (e.g. discrete thickening from atherosclero-
sis, IMH, aortitis or other processes), maximum diameter should
be measured including the aorta wall using the outer-to-outer
edge method. However, visualization of the aortic wall may be
difficult by the applied imaging modality, particularly in the
ascending aorta. In case no aortic wall is visible, the outer-to-
outer edge method is identical to the inter-to-inner-edge
method.

Another major aspect is the definition of aortic root measure-
ments. In TTE, the aortic root can be measured from the leading
edge of the anterior wall to the leading edge of the posterior
wall. On CT and MRI, the typical approach is to measure the
aortic root from the commissure to the opposite sinus or from
sinus to sinus, which results in slightly larger dimensions. Both
methods can be used, but consistency is necessary for longitudi-
nal evaluation. Not surprisingly, the aortic dimensions vary also
across the heart cycle, which should be considered in the report
and in the longitudinal analyses. Detailed illustrations of aortic
measurements are summarized in Fig. 10.

Aortic diameter has been shown to be a good risk factor for
the development of aortic dissection and rupture. More complex
assessment matrices have been discussed, using either area or
volume instead of diameter or by height or by body surface area
indexing measurements.

Emerging fields in imaging

Automated measurements of aortic dimensions. Improved
availability of 3D imaging data sets, especially for CT, and of
growing computational power has yielded multiple analytic tools,
which provide (semi-)automatic measurements of vascular
dimensions [193, 194]. The automated measurements of the
thoracic aorta are possible with high accuracy even in CT scans
without contrast medium [195]. Beside accuracy, automated
measurements have the potential to reduce interobserver varia-
bility. Thus, these software tools should be inserted into the clini-
cal workflow, if possible, even if none are available for aorta-
dedicated imaging, to reduce the risk of a missed aneurysm.

Length of the ascending aorta. Most software tools that
determine aortic dimensions using 3D data sets fit a centreline in
the aorta. The centreline should be parallel to the potential blood
flow, in the middle of the true lumen and perpendicular to the
cross-sectional measurements. Performing measurements along
the centreline can derive length parameters of different vascular
segments, which can be helpful e.g. for interventional planning.

The length of the ascending aorta illustrates the natural history
of the ascending aortic aneurysm, and its measurement should be
used to improve the risk stratification (‘see above’). It is defined as
the distance from the aortic annulus to the origin of the innomi-
nate artery [196]; however, it is not used consistently. Nevertheless,
the length of the ascending aorta should be part of the imaging
reports (Fig. 9) and in perspective included in the assessment.

4-Dimensional magnetic resonance imaging. Four-dimen-
sional magnetic resonance (4D flow MR) imaging has been

Figure 10: Systemic assessment of aortic dimensions. (A) Maximum total aortic diameter, (B) maximum true lumen diameter, (C) minimum true lumen diameter and
(D) minimum total aortic diameter.
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around for some time but has become increasingly clinically
available in recent years due to faster MR acquisition sequences
and commercial post-processing/analysis software. This method
is an extremely powerful, non-invasive tool that allows visualiza-
tion of complex flow patterns and quantification of parameters
related to flow dynamics in the aorta [197]. Thus, 4D flow MR
imaging helps to understand the pathological haemodynamics
related to aneurysm formation, such as that in patients with a
BAV. Bissell et al. [198] found that, by comparing 95 patients with
BAVs to 47 healthy controls, increased right-handed helical flow
is the most common flow alteration in the ascending aorta, pos-
sibly leading to increased rotational WSS and subsequent
complications.

Further, 4D flow MR imaging is desired to improve risk predic-
tion in patients with chronic aortic dissection. Most recent key
publications found that the false lumen ejection fraction, which is
defined as the ratio of retrograde flow rate at the dominant entry
tear during diastole over the antegrade systolic flow rate, was an
independent predictor of aortic growth [199, 200] and that high-
volume turbulent flow in the false lumen can signify a high risk of
late complications [201]. All major studies advocate quantifica-
tion of flow volume and velocity and/or visualization of flow
alteration in the false lumen as potential markers of risk stratifica-
tion for delayed aortic complications in patients with chronic
aortic dissection.

Several 4D flow MR imaging studies in patients with aortic
prosthetic grafts showed significantly higher levels of altered flow
patterns relative to healthy volunteers. These flow patterns were
related to the surgically altered aortic geometry with noncompli-
ant artificial grafts or graft kinking leading to pressure gradients
and nonuniform stress distributions [202].

4D flow MR imaging is a promising diagnostic tool for ADs
allowing (patho)physiological measurements. However, standard-
ization is missing, which makes clinical applicability complex at
the moment.

Extended reality in the context of vascular surgery.
Improved visualization of the acquired image data and novel
access to this data are required to extract the maximum informa-
tion from these data and make them understandable for the ben-
efit of the patient. Although volume-rendering techniques have
become standard, even with ray-tracing light simulation, the
technical advancement of extended reality makes applications in
the clinical context possible with reasonable effort.

Augmented reality (AR) in surgery in general relies on the
registration of a virtual image or object onto the real patient
using a co-registration method, which can trace the real environ-
ment and projects virtual objects in the correct position and ori-
entation. Image overlay technologies are increasingly used in
vascular surgery, with their value being reported in the endovas-
cular treatment of AD [203]. There is evidence that they can
improve technical success while reducing contrast volume, radia-
tion dose and overall procedural times. However, concerns
remain regarding the accuracy of image registration, especially
with more complex anatomies [203]. A common problem is dis-
tortion of vascular structures due to breathing, surgical manipula-
tion or the use of rigid stenting systems leading to stretched

vessels. New technologies offer new solutions to improve the
real-time accuracy using robust deformable registration algo-
rithms or real-time intraoperative 3D intraoperative scanners to
enhance AR-guided surgery [204]. In particular, 3D and intravas-
cular ultrasound provide non-radiometric and non-contrast
modes to produce real-time images for intraoperative use, while
electromagnetic tracking provides simultaneous spatial informa-
tion about catheter devices.

Similarly, 3D printing is also explored in the context of vascular
surgery, and most use cases supported by evidence are discussed
in the field of preoperative planning and surgeon training [205].
More research and development are necessary to overcome bar-
riers between different methods of extended reality such as AR,
virtual reality or 3D printing and to shift such technology into
clinical practice.

Photon-counting computed tomography. Photon-counting
CT is emerging in clinical service and is a technology with the
potential to overcome major limitations of the current CT scan-
ners, improving and expanding the clinical applicability of CT
imaging. Photon-counting CT uses new energy-resolving x-ray
detectors, counting the number of incoming photons and meas-
uring photon energy [206, 207]. This technique results in CT data
at very high spatial resolution, without electronic noise and with
improved image contrast. Moreover, photon-counting CT can
reduce radiation exposure, reduce artefacts, e.g. from metal
implants and optimize the use of contrast agents. It could also
make simultaneous images with multiple contrast agents. Initial
clinical results are promising and show particular strengths in
cardiovascular imaging [184].

ACUTE AORTIC DISEASES—NATURAL COURSE OF
THE DISEASE AND WHEN TO INTERVENE

Acute aortic syndromes

Acute aortic syndromes encompassing aortic dissection, IMH
and PAU are life-threatening conditions requiring urgent evalu-
ation and treatment. Acute aortic syndromes can present with a
variety of manifestations, ranging from bleeding within the
media with varying degrees of medial disruption—from local-
ized, isolated disruption in IMH to widespread, propagating
medial disruption in classical aortic dissection. Irrespective of
the sub-variety, all AASs require prompt diagnosis and immedi-
ate institution of optimal medical therapy in order to prevent
acute complications (organ ischaemia or aortic rupture) and
death. Medical therapy includes strict blood pressure manage-
ment to reduce aortic wall stress, coupled with pain control. A
targeted systolic pressure of 100–120 mmHg and a heart rate of
60–80 bpm are recommended [208, 209]. Administration of
intravenous beta-blockers prior to intravenous vasodilators (e.g.
sodium nitroprusside, clevidipine) is efficacious, blunting the
impulse of cardiac contraction, lowering the blood pressure
and decreasing wall stress on the adventitia [210]. Adequate
invasive monitoring should be provided in an intermediate or
ICU setting.
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Type A aortic dissection.

Acute aortic dissection occurs when an intimal tear is propagat-
ing the blood flow into the media, resulting in the separation of
the aortic wall layers by an intimal flap. The propagation of this
process forms a true and a false lumen, with or without commu-
nicating re-entries.

Type A dissection refers to those starting in the ascending
aorta. The natural course of the disease is very aggressive due to
sequelae varying from organ malperfusion to acute heart failure
(from aortic insufficiency), to aortic rupture.

Aortic dissection has a well-deserved reputation as the Great
Masquerader: Because the aorta supplies every organ in the
body, aortic dissection can present with symptoms referable to
any organ. It is essential for emergency department personnel to
have a high index of suspicion for aortic dissection. The D-dimer
blood test is extremely helpful in the emergency setting. If the D-
dimer is negative, the patient does not have an aortic dissection.
(The D-dimer, while very sensitive, is not, however, at all specific;
it can rule out, but not definitively rule in, a dissection.) A meta-
analysis revealed that a D-dimer >500 ng/ml increases the poten-
tial to identify patients suspected to have acute aortic dissection
[222]. If treated conservatively (without surgery), ATAAD is associ-
ated with an early mortality of 0.5% per hour [223]. Surgery has
proven clear benefits over medical therapy [211]. Due to
improvements in diagnostics as well as surgical strategies,

postoperative mortality, previously extremely high, has decreased
to 15–18% with advancement in care over the last 2 decades
[212, 224]. Still, evaluation of each patient’s condition must weigh
the risk of surgery—with all potential adjuncts necessary—against
optimal medical therapy. Risk scores have been created in recent
years, enhancing treatment decisions [39]. In patients with signifi-
cant contraindications or comorbidities, conservative treatment
may, on occasion, be best. In unsuitable surgical candidates,
endovascular repair has been performed, mainly in a compas-
sionate care setting, in a limited number of inoperable patients
[225]. However, the ‘high rent district’ of the aortic root is highly
inimitable to current endovascular interventions, with the deli-
cate aortic valve leaflets and the crucial coronary ostia at risk.

Preoperative evaluation. Any and all branch vessels of the aorta
are potentially vulnerable to malperfusion consequent to type A
aortic dissection. False lumen expansion due to haematoma or
thrombosis can lead to static obstruction of the true lumen of
the aortic branches. In addition, dynamic obstruction of aortic
vessels can lead to low flow phenomena and subsequent malper-
fusion. Both mechanisms, either static or dynamic, can cause
impaired perfusion of end organs. Preoperative malperfusion
syndrome is associated with high perioperative mortality, up to
43.4%, gradually increasing with the number of organs being
malperfused [226]. Besides CT findings, clinical evaluation (e.g.
pulse deficit, neurologic dysfunction, abdominal pain, lactate ele-
vation, oliguria) is essential to define further treatment. The pres-
ence of femoral pulses assures that blood is flowing down the
entire length of the aorta. Clinical assessment must not be forgot-
ten or neglected in the current high-tech imaging climate.
Specifically, on CT imaging, the true lumen may be reduced to a
small size; but, if femoral pulses are preserved, blood is flowing
(via fenestrations) despite the small true lumen. In these times of
modern hybrid operating room suites, on-site imaging can ena-
ble exact diagnosis of malperfused organs and enhance selection
of an optimal treatment algorithm [227].

Mesenteric malperfusion is a devastating complication associ-
ated with an almost 5-fold increased risk of perioperative death
[228]. Given the dismal outcome after traditional repair, alterna-
tive approaches incorporating visceral revascularization prior to
open aortic repair have emerged. A revascularization-first
approach using endovascular fenestration or stenting is associ-
ated with lower in-hospital mortality and may be considered in
patients with radiographic and clinical evidence of mesenteric
malperfusion [229, 230]. Such a course risks the most serious
complication of type A dissection during the time of addressing
the visceral malperfusion: intrapericardial rupture of the dissec-
tion. Many individual surgeons are strongly in favour of immedi-
ate replacement of the ascending aorta (which usually, but not
always, corrects the intestinal malperfusion). A growing minority
favour the intestinal reperfusion-first approach. There is no right
or wrong answer to this quandary. Therefore, addressing visceral
malperfusion by an endovascular-first approach can be justified
in haemodynamically stable patients.

Coronary malperfusion represents another dreaded complica-
tion of acute type A dissection, associated with mortality up to
40% [231]. In 2001 a classification of different types of coronary
compromise by aortic dissection (Neri A-C) was presented, which
has recently been modified by the addition of ‘coronary orifice
intimal tear’ [232, 233]. In patients with circumferential detach-
ment or complete avulsion of the coronary artery, coronary

Recommendation Table 5: Acute aortic diseases: Type A
aortic dissection

Recommendations Classa Levelb Refc

Initiation of emergency surgery is rec-
ommended in patients presenting
with acute type A aortic dissection.

I B [211, 212]

A tear-oriented approach with exclu-
sion or resection of the primary entry
tear in the ascending aorta and arch is
recommended.

I B [213, 214]

Inspection and coverage of communi-
cations between lumina in the proxi-
mal descending aorta may be
considered in specialized centres for
prognostic reasons.

IIb C -

Despite preoperative neurologic dys-
function or non-haemorrhagic stroke,
open repair should be considered.

IIa B [215–217]

In case of clinical and imaging evi-
dence of visceral malperfusion, revas-
cularization may be considered prior
to aortic repair.

IIb C -

Antegrade systemic perfusion via axil-
lary or direct aortic cannulation
should be considered.

IIa B [218, 219]

An open distal anastomosis during
lower body hypothermic circulatory
arrest is recommended.

I B [220, 221]

aClass of recommendation.
bLevel of evidence.
cReferences.
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artery bypass grafting appears to be the most suitable treatment
to restore adequate blood flow and improve coronary ischaemia
[233, 234].

Propagation of the dissection into the supra-aortic vessels,
peripheral embolization or haemodynamic compromise can lead
to impaired cerebral perfusion and preoperative neurologic dys-
function. Optimal timing of surgical repair in patients with cere-
bral malperfusion from acute type A dissection is still under
debate [235, 236]. In patients with preoperative neurologic injury
(except haemorrhagic stroke), emergency aortic repair is gener-
ally favoured over conservative treatment [58, 215, 216, 237]. In
case of completed or haemorrhagic stroke (longer duration from
onset of dissection) immediate aortic surgery may be unwise and
unrewarding. In case of paraplegia due to spinal cord ischaemia,
cerebrospinal fluid (CSF) drainage should be considered as the
patient is prepared for ascending aortic replacement.

Despite organ malperfusion ATAAD might be associated with
acute aortic regurgitation or cardiac tamponade. Especially mal-
perfusion and cardiac tamponade including shock increase surgical
mortality [100, 238]. Therefore, operative risk has to be weighted
against the expected outcomes. Immediate surgical treatment
inevitably is able to solve both cardiac tamponade and severe
aortic regurgitation. In case of cardiac tamponade opening the
pericardium before peripheral cannulation or drainage in centres
without an on site cardiac surgery department is justified if it does
not delay transport and the patient haemodynamic condition is
critically compromised. Nevertheless, in cases of resuscitation
based on assumed severe tamponade without improvement after
opening the pericardium, outcomes are substantially impaired.

Surgical management. As has been well documented over the last
5 decades, patients with type A aortic dissection will benefit from
urgent surgical repair with resection of the proximal pathology
and primary entry tear [239, 240]; due to the unpredictable
behaviour of the dissected aorta (in particular in the vicinity of
the aortic valve, coronary arteries and supra-aortic branches),
swift repair is warranted, considering a mortality risk of 0.5%
per hour while waiting for surgery [223]. The extent of surgical
repair ranges from supracoronary interposition grafting and
valve-sparing root replacement to full resection of the ascending
aorta and the arch, including partial arch replacement with arch

debranching techniques and TAR using the FET. All techniques
are governed by various factors including the extent of the dis-
section, the location of major entries, the local surgical expertise
and the age and comorbidity of any given patient. To date no
solid data exist comparing various strategies, but an individual-
ized strategy preferentially in high-volume ACs seems promising.

In patients undergoing surgical aortic repair, the axillary artery
should be used for arterial inflow; lower body hypothermic circu-
latory arrest in combination with antegrade cerebral perfusion and
an open distal anastomosis obtains favourable outcomes [217, 220,
221]. In addition, a tear-oriented approach, consisting of resection
or exclusion of the primary entry tear, is recommended [213, 214,
221]. Inspection of the proximal descending aorta during hypo-
thermic circulatory arrest should be considered. In case of entry
tears in the distal arch or proximal descending aorta, implantation
of an FET may be considered [241]. As an alternative, post-surgical
TEVAR may be considered for entry tear coverage and optimiza-
tion of true lumen perfusion [136].

The combination of these 3 concepts (axillary perfusion, circu-
latory arrest with cerebral perfusion and evaluation/treatment of
the descending aorta) enhances true lumen perfusion, encour-
ages thrombosis of the false lumen and reduces the risk of late
aortic complications or reoperations. The suggested extent of
treatment for type A aortic dissection is illustrated in Fig. 11.
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Figure 11: Extent of treatment for acute type A aortic dissection. E0, no entry visible; E1, ascending entry; E2, arch entry; E3 descending entry; FET: frozen elephant
trunk; LSA: left subclavian artery; TEM: type, entry, malperfusion.

Recommendation Table 6: Acute aortic diseases: non-A non-
B aortic dissection

Recommendations Classa Levelb Refc

In patients with complicated non-A non-B
aortic dissection with arch entry tear, repair
via the FET technique should be considered.

IIa C -

In patients with anatomical feasibility to
cover the primary entry tear, a stent graft
implantation may be considered.

IIb C -

aClass of recommendation.
bLevel of evidence.
cReferences.
FET: frozen elephant trunk.
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Non-A non-B aortic dissection.

The combination of an intimal disruption in the aortic arch and
descending aorta in the absence of dissected ascending aorta has
not been considered in the Stanford or DeBakey classification in
the past. The new SVS/STS classification describes TBAD as any
aortic dissection with an entry tear in zone 1 or more distally
[42]. Accordingly, the Stanford classification of this specific but
rare dissection pattern has been described as non-A non-B dis-
section by various authors. Conservative treatment was associ-
ated with high mortality due to malperfusion and aortic rupture
in early series, paving the way towards surgical and endovascular
therapy within 14 days after onset of symptoms [48, 50].

Currently available outcomes data on the subset of non-A
non-B dissection are scarce. Early reports seem to favour open
surgical resection of the entry tear in the arch analogous to the
management of type A dissection with the idea to depressurize
and exclude the false lumen from proximal inflow and subse-
quent expansion under the systolic pressure head. Conversely,
medically managed patients tend to reveal progressive enlarge-
ment, rupture or the need for late extensive replacement sur-
gery [48, 242]. In fact, the largest worldwide registry reported
sobering outcomes of non-A non-B dissection with 19% of
those patients undergoing either open arch replacement with a
mortality of 31%, or an endovascular approach in 25% of cases
with a mortality of 14.3%, which is similar to the 13.9% mortal-
ity with medical management in the majority (>50%) of patients;

the most frequent complication regardless of management was
stroke [242].

More recent experience in 39 patients over 20 years advocated
either a hybrid endovascular approach (with associated vascular
debranching or bypass surgery), which was still associated with
27% overall mortality, or full arch replacement with an FET in
selected younger patients [72].

Similarly, a report from China with 79 patients over 10 years of
open surgical arch replacement and FET revealed an operative
mortality of 5.1% and severe neurologic events (stroke/paraple-
gia) in 6.3%, but a 1-year survival of 82.3% [243].

In view of the complexity of arch replacement surgery with the
associated FET or even staged debranching and endovascular
interventions, new strategies are emerging. A modified surgical
technique that includes sealing the entry tear with sutures and/or
using a scalloped (fenestrations to preserve flow to the supra-
aortic vessels) stent graft inserted antegrade via a median sternot-
omy supposedly avoids debranching or an ET in 28 patients, with
no intraoperative deaths and low mid-term morbidity and mor-
tality [244].

On the aggregate, there is currently no consensus regarding
the best management of acute or subacute non-A non-B aortic
dissection; simplified and less traumatic hybrid surgical/endovas-
cular approaches are emerging and may have an edge over com-
plex and complete arch replacement strategies. Treatment
recommendations for non-A non-B aortic dissection are illus-
trated in Fig. 12.

Figure 12: Treatment strategy for non-A non-B aortic dissection. E0: no entry visible; E2: arch entry; E3: descending entry; FET: frozen elephant trunk; LSA: left subcla-
vian artery; OMT: optimal medical therapy; TEM: type, entry, malperfusion; TEVAR: thoracic endovascular aortic repair.
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Depending on the anatomical features and location of the pri-
mary entry tear, an FET or stent graft implant, including complex
branched grafts, is justified [72, 245, 246]. During the mid-term
follow-up, the FET appears superior to endovascular treatment in
terms of survival and reintervention rates [247, 248].

Type B aortic dissections.

Acute type B aortic dissection accounts for 30–38% of all aortic
dissections [29, 211, 258]. Overall, in-hospital mortality of acute
TBAD has not changed over the last 2 decades. The International
Registry of Acute Aortic Dissection database reported a mortality
rate of 14.1% in patients with acute type B dissection presenting
between 2010 and 2013 [211]. In contrast to type A aortic dissec-
tion, clinical presentation and radiological features directly affect
the treatment algorithm. The identification of high-risk features is
mandatory for the optimal choice between medical, interven-
tional or surgical repair.

Several risk factors are known to have the potential to destabi-
lize the course of dissection with subacute and late complica-
tions, such as the anatomical location of the primary entry tear at
the inner curvature or proximity to the LSA, both facilitating the
development of malperfusion or retrograde dissection [259–262].
Furthermore, a proximal entry tear with a defect dimension of 10
or more mm and a high systolic antegrade flow volume in the
false lumen with significant diastolic retrograde flow assessed by
MRI is a predictor for rapid aortic growth or even rupture [261,
263]. Finally, an initial descending aorta diameter of >40 mm and
a false lumen diameter >22 mm are risk factors for aortic diame-
ter increase and aneurysm formation [264, 265]. Therefore,
patients with high-risk features may benefit from best medical
therapy (BMT) together with endovascular stent graft treatment
in the subacute phase. Table 3 summarizes high-risk features in
acute TBAD.

Cases of acute TBAD and clinical or CT signs of rupture, imme-
diate malperfusion or high-risk features are candidates for imme-
diate endovascular treatment. In the absence of the previously

mentioned signs, careful monitoring and initial medical manage-
ment are justified [256, 257]. However, these symptoms represent
a complex, dynamic disease requiring optimal medical therapy
and close monitoring in order to detect early progression of the
disease [268]. In a small RCT of 61 patients (ADSORB trial), early
mortality did not differ between BMT and patients undergoing
TEVAR in addition to BMT, but cross-over to TEVAR was neces-
sary due to the progression of the disease. Patients undergoing
TEVAR had better outcomes in terms of aortic remodelling [251].
Recent data on a larger cohort of patients with TBAD in the suba-
cute phase revealed lower 30-day mortality in patients under-
going early TEVAR in contrast to optimal therapy alone but no
difference in 5-year outcomes [269]. In the INSTEAD-XL trial,
TEVAR in addition to BMT showed improved 5-year aorta-
specific survival and delayed disease progression [249]. In order
to better assess the risk of the malignant natural course with late
aortic events or the need for intervention in type B dissection,
high-risk features or predictors have been identified [262, 264,
270, 271]. The Registry of Aortic Diseases of Model Adverse
Events and Progression (ROADMAP) will further help to validate
risk prediction of TBAD [272]. Based on the promising data on
TEVAR in type B dissection without high-risk features and the
better risk assessment by respecting high-risk features, TEVAR
might be considered in those patients with suitable anatomy.

In acute complicated TBAD with aortic rupture or malperfu-
sion, TEVAR has proven beneficial over medical therapy and
open descending aortic replacement [252, 253]. Endovascular
repair can cover the primary entry tear and control of rupture in
a timely fashion, but it can also restore true lumen flow and
eventually improve remodelling [273, 274]. In patients with mal-
perfusion with mainly static obstruction of a branch vessel, addi-
tional branch stenting might become necessary [275, 276]. Due
to its favourable outcome, TEVAR has emerged as a first-line
treatment in patients with acute complicated type B dissection
and suitable anatomy but it still carries a small risk of periproce-
dural neurologic events and distal stent graft-induced new entries
[277, 278].

The Global Registry for Endovascular Aortic Treatment
(GREAT) showed a low 30-day mortality and low risk of perioper-
ative complications in early TEVAR in a real-world acute TBAD
with or without risk features [279].
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Recommendation Table 7: Acute aortic diseases: type B
aortic dissection

Recommendations Classa Levelb Refc

In patients with complicated acute
type B aortic dissection and suitable
anatomy, TEVAR is recommended.

I B [249–253]

In patients with acute complicated
type B aortic dissection with unsuit-
able anatomy for TEVAR, FET repair
should be considered.

IIa B [254, 255]

In acute type B aortic dissection with
high-risk features, TEVAR should be
considered in the subacute phase.

IIa C -

In patients with acute type B aortic
dissection without high-risk features,
optimal medical therapy, close moni-
toring and follow-up is recommended
for emerging high-risk features.

I B [256, 257]

aClass of recommendation.
bLevel of evidence.
cReferences.
FET: frozen elephant trunk; TEVAR: thoracic endovascular aortic repair.

Table 3: High-risk features in acute type B aortic dissection

Morphologic criteria

Primary entry >10 mm [261, 264]

Primary entry at the inner curvature [264]

Primary entry located <20 mm in relation to the left subclavian artery [261]

False lumen diameter >22 mm [264, 265]

Descending thoracic aortic diameter >40 mm [261, 264]

High systolic antegrade flow volume in the false lumen with significant
diastolic retrograde flow assessed by MRI [263]

Clinical criteria

Persistent pain [266, 267]

Uncontrollable HTA [266, 267]

HTA: hypertension arterialis; MRI: magnetic resonance imaging.
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However, not all patients with complicated or high-risk features
of TBAD are suitable for a TEVAR implant. The effective treatment
option in these patients may be an open surgical arch replacement
with the associated insertion of an frozen elephant trunk. This strat-
egy may be considered for patients with a large ascending aorta
or aortic arch, retrograde extension of a type B dissection and lack
of an adequate landing zone for an endovascular intervention and
for patients with connective tissue disorders [247, 254, 255, 280].

In patients with unsuitable anatomy for endovascular repair,
open surgery using the FET technique or open descending replace-
ment remains an option in highly experienced centres [247, 281].
Treatment recommendations for TBAD are illustrated in Fig. 13.

Intramural haematoma. Intramural haematoma is character-
ized by a localized haemorrhage within the aortic wall of >5 mm
and may occur with or without intimal disruption [282]. Rupture
of vasa vasorum, PAU, or trauma are considered as the leading
pathomechanism for IMH. Based on improved imaging technol-
ogies with high-resolution CT scans and clinical experience, there
is growing evidence that localized intimal disruption, classified as
an ulcer-like projection, may cause IMH over time as the intimal
disruption occurs progressively [283, 284]. However, there are
other explanations that ulcer-like projection (ULP) may be caused
by IMH over time as intimal disruption may occur in the acute
or subacute phase, progressively and ULP appears after focal inti-
mal disruption of IMH [285, 286]. The ulcer-like projection can
be detected as a focal contrast enhancement within the IMH and
have communication with the aortic lumen without any evidence
of atherosclerosis or local calcification. The IMH is predominantly
located in the descending aorta (60–70%)—type B IMH—rather
than in the ascending aorta (30%)—type A IMH—or aortic arch
(10%) [287].

Type A intramural haematoma.

Acute type A IMH can present as a life-threatening condition. Due
to the propagation of the haematoma within the aortic wall, aortic
events within the first 7 days are frequent. Type A IMH evolves
into type A aortic dissection in 33–40% or even to rupture in up to
18% at hospital admission [283, 288, 289]. In the presence of com-
plications, such as malperfusion and rupture, urgent surgery is rec-
ommended, equal to that for type A aortic dissection.

Figure 13: Treatment strategy for type B aortic dissection. FET: frozen elephant trunk; LSA: left subclavian artery; TEM: type, entry, malperfusion.

Recommendation Table 8: Acute aortic diseases: type A
intramural haematoma

Recommendations Classa Levelb Refc

In patients with acute type A IMH
with complications or high-risk fea-
tures, emergency surgery is
recommended.

I B [283,
287–290]

Optimal medical therapies and serial
imaging may be considered in
patients with type A IMH in the
absence of high-risk features.

IIb C -

In selected patients with acute type A
IMH without high-risk features but a
tear in the descending aorta, TEVAR
may be considered in addition to
OMT in specialized centres.

IIb C -

aClass of recommendation.
bLevel of evidence.
cReferences.
IMH: intramural haematoma; OMT: optimal medical therapies; TEVAR: thora-
cic endovascular aortic repair.
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Further risk factors for a malignant course of type A IMH have
been identified based on imaging data and clinical series, and a
score for better risk assessment has recently been proposed [291,
292]. Given the high mortality of patients presenting with high-risk
features, emergency surgical repair is superior to medical therapy
alone [290]. Table 4 summarizes the high-risk features in IMH.

In patients without high-risk features, optimal medical therapy
can help to stabilize the patients [301]. Close imaging follow-up is
mandatory in these patients to detect early progression and re-
evaluate the conservative treatment approach on an individual
basis. The literature reveals a high rate of 30–40% for progression
to surgical repair or interventions after initial conservative ther-
apy [289, 302]. Progression to aortic dissection or to increasing
aortic diameter as well as growing haematoma thickness needs
to be addressed with swift surgical repair.

In patients with acute type A IMH from a defined tear in the
descending aorta or even type B dissection, TEVAR has been
reported in small clinical series as a therapeutic alternative to
open surgery or medical therapy alone [303]. In selected patients
with ascending diameters <50 mm and IMH thickness <10 mm,
TEVAR was associated with a 5-year survival rate of 98% [304].
Because larger comparative studies are lacking, this treatment
strategy remains controversial and has to be weighed carefully
on an individual basis in selected patients.

Type B intramural haematoma.

In 2015, an interdisciplinary expert consensus on IMH type B was
launched, pointing out the natural course of the disease and dif-
ferent treatment pathways [305]. In general, the natural course of
type B IMH is more benign than an IMH located in the ascending
aorta. In patients with acute complicated type B IMH, urgent
aortic repair is indicated. Open surgical repair has been replaced
by TEVAR in most cases due to its lower perioperative
mortality and morbidity. However, the success of an endovascu-
lar approach relies on important anatomical factors like favour-
able landing zones in healthy aortic tissue, left subclavian
perfusion, access vessels and optimal sizing of the graft. In
patients with unsuitable anatomy, open surgery should be per-
formed [305].

In the absence of complications, medical management is rec-
ommended in the initial phase. Similar to type A IMH, evaluation
of high-risk features for a malignant progression of the disease is
of utmost importance.

Type B IMH can show a very dynamic course leading to a
high rate of adverse aortic events mainly within 1 month after
initial medical therapy [296, 306]. The topics of indication for
prophylactic intervention in patients with type B IMH and of
the best timing for treatment after initial medical therapy are
still under debate [307]. In a meta-analysis comparing medical
management to TEVAR, endovascular repair was applied more
frequently in patients with complicating features and was asso-
ciated with a lower rate of aortic dissection or rupture during
the follow-up period. Despite these differences in presentation,
TEVAR was not associated with a lower rate of aortic death or a
higher rate of haematoma regression during 37 months of
follow-up [308]. In a smaller series on the timing of TEVAR,
delayed TEVAR (median 5.5 days) was associated with fewer
aortic-related events and fewer deaths [309]. Open descending
aortic replacement should also be regarded as an alternative for
the treatment of type B IMH, especially in cases of vasa vaso-
rum rupture because pain relief in this setting is debatable after
TEVAR.

Penetrating atherosclerotic ulcer.
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Table 4: High-risk features in intramural haematomas

Age >70 years [293, 294]

Initial aortic diameter >45 mm [293, 295]

Mean aortic diameter growth rate >_5 mm/year [296]

Wall thickness of involved segment >_10 mm [297]

Pleural effusion based on Hounsfield units [298, 299]

Presence of aortic ulcer or ulcer-like projection [294, 300]

Recommendation Table 9: Acute aortic diseases: type B
intramural haematoma

Recommendations Classa Levelb Refc

In patients with acute complicated type B
IMH, urgent aortic repair is recommended.

I B [305]

In patients with acute type B IMH with high-
risk features, TEVAR should be considered if
the patient is anatomically suitable.

IIa C -

In patients with acute type B IMH without
high-risk features, OMT and serial imaging
are recommended.

I B [305,
306]

In patients with acute type B IMH without
high-risk features, OMT, close monitoring
and follow-up are recommended.

I C -

aClass of recommendation.
bLevel of evidence.
cReferences.
IMH: intramular haematoma; OMT: optimal medical therapies; TEVAR: thora-
cic endovascular aortic repair.

Recommendation Table 10: Acute aortic diseases: penetrat-
ing atherosclerotic ulcer

Recommendations Classa Levelb Refc

In patients with PAUs in the ascending aorta
and the presence of IMH or rupture, urgent
aortic repair is recommended.

I B [289]

In patients with high-risk PAUs located in
the distal arch or descending aorta, TEVAR
should be considered if anatomically
suitable.

IIa B [310]

In patients with high-risk PAUs located in
the distal arch or descending aorta unsuit-
able for TEVAR, open surgical repair should
be considered after careful evaluation of
operative risk.

IIa B [311]

aClass of recommendation.
bLevel of evidence.
cReferences.
IMH: intramural haematoma; PAU: penetrating aortic ulceration; TEVAR:
thoracic endovascular aortic repair.
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Penetrating atherosclerotic ulcerations are defined as athero-
sclerotic lesions within the aortic wall originating from the intima
and progressing into the media (Fig. 14).

Based on the underlying disease, patients with PAUs carry a
high atherosclerotic burden, are often of advanced age and
present with other comorbidities. Behind this clinical back-
ground, procedural risk of endovascular or open surgery should
be weighed against frailty, comorbidities and life expectancy in
this patient cohort.

The clinical presentation and the anatomical features guide the
way towards different treatment strategies. Most PAUs are
asymptomatic and are detected as incidental findings during
imaging for other indications; they are located predominantly in
the descending aorta [310, 312].

Due to the ulcerative and degenerative nature of the disease,
PAUs can be associated with localized IMH and carry a high risk
of progression into aortic dissection or rupture, especially if
located in the ascending aorta [289]. Therefore, symptomatic
PAUs or PAUs with high-risk features located in the ascending
aorta should undergo urgent surgical repair.

In patients with PAUs distal to zone 0, the treatment algorithm
depends on the presence of complications—rupture, IMH or
aortic dissection, persistent pain or pleural effusion. In addition,
high-risk features for malignant courses of any PAU should be
evaluated (Table 5) [305].

In high-risk PAUs distal to zone 0, aortic repair should be per-
formed. TEVAR emerged as the first-line therapy in patients with
high-risk PAUs in the descending aorta but is limited to specific

anatomical features [310]. In patients with anatomy unsuitable
for conventional TEVAR of PAUs located in the aortic arch, the
FET procedure is a treatment alternative [311]. Recent technical
advances of endovascular repair might also emerge as an alterna-
tive. In a small clinical series of patients presenting with PAUs
with high-risk features, scalloped TEVARs proved a safe alterna-
tive as a new tool to address more proximal arch pathologies
[318]. Limited data on total endovascular arch repair for PAUs
located in zone 1 or 2 or a limited proximal landing zone show
high technical success [319, 320]. Larger studies and long-term
results are needed to better characterize perioperative complica-
tions and the need for re-interventions.

Figure 14: Penetrating atherosclerotic ulcer.

Table 5: High-risk features in a penetrating atherosclerotic ulcer

Morphologic criteria

Pleural effusion based on Hounsfield units [313, 314]

Prescence of IMH [313, 314]

Large initial PAU depth (>10 mm) and diameter (>20 mm) or high growth
rate size [313]

Clinical criteria

Persistent pain despite medical treatment [313, 315–317]

IMH: intramural haematoma; PAU: penetrating aortic ulceration.
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Blunt traumatic aortic injury.

Aortic injuries may be caused acutely following blunt or pene-
trating traumas. Blunt trauma rapid decelerative events cause
rapid motion of aortic segments relative to fixed anatomical
points. Blunt thoracic aortic injury (BTAI) usually occurs at the
level of the aortic isthmus, less frequently at other levels. BTAI
typically affects young males and is associated with high mortal-
ity rates before the patient reaches the hospital [141, 282, 321–
325]. The following refers to BTAI at the level of the aortic
isthmus. BTAI involving the ascending aorta or the aortic arch is

rare and should be treated based on individual decision-making
of the aortic team. BTAI classified into 4 grades: grade I: intimal
tear; grade II: intramural haematoma; grade III: pseudoaneurysm;
grade IV: free rupture (Fig. 15) [322, 323]. Symptoms vary from
completely asymptomatic or non-specific pain to haemorrhagic
shock, depending on the severity of the lesion. Therefore, physi-
cians should have a high index of suspicion based on the preclinical
situation and the type of traumatic event. The clinical evaluation,
which is based on the stepwise Advanced Trauma Life Support
guidelines, is of primary importance. Evident clinical signs may con-
sist of active bleeding, pulsating or expanding haematoma, puff or
thrill over a wound, absence of distal pulses or ischaemia of the
extremities (pain, pallor, paralysis, hypothermia). A diagnosis, how-
ever, needs to be confirmed on contrast-enhanced CTA imaging.

BTAI management is dependent on lesion severity and thus on
the BTAI grading system. Transport to a high-volume specialized
trauma centre may be preferred in stable patients to achieve
optimal outcomes [326]. Thoracic endovascular aortic repair is
the first choice if treatment is indicated and in the presence of
suitable anatomy [141]. Grade I BTAI lesions can be managed in a
nonoperative manner (e.g. maintaining systolic blood pressure
<100 mmHg and heart rate <100 bpm) with close follow-up
imaging [141, 323]. Grade II BTAI lesions include both those with
and without high-risk imaging features, which consist of posterior
mediastinal haematoma >10 mm, lesion-to-normal aortic diame-
ter ratio >1.4, mediastinal haematoma causing mass effect, pseu-
docoarctation of the aorta; left haemothorax; ascending aorta,
aortic arch, or great vessel involvement; or aortic arch haema-
toma [141, 327–330]. For grade II BTAI lesions that present with
high-risk imaging features, TEVAR should be considered the
treatment strategy of choice. Conversely, nonoperative manage-
ment and close follow-up may be preferred for lesions without
such high-risk imaging characteristics [331, 332]. Grade III–IV
lesions should be managed operatively with TEVAR.
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Recommendation Table 11: Acute aortic diseases: blunt
traumatic aortic injury

Recommendations Classa Levelb Refc

In patients with BTAI grade I, nonoperative
management, including close follow-up
imaging, is recommended.

I C -

In patients with BTAI grade II and high-risk
imaging features, TEVAR should be
considered.

IIa C -

In patients with BTAI grade II without high-
risk imaging features, nonoperative manage-
ment and close follow-up imaging may be
considered.

IIb C -

In patients with BTAI grades III–IV and suit-
able anatomy, TEVAR is recommended.

I C -

aClass of recommendation.
bLevel of evidence.
cReferences.
BTAI: blunt thoracic aortic injury; TEVAR: thoracic endovascular aortic repair.

Figure 15: Classification of blunt traumatic aortic injury.
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CHRONIC DILATATIVE AORTIC DISEASE

Root and ascending aorta

Among aneurysms of the thoracic aorta, those involving the root,
the tubular ascending aorta or both account for �60% [342].
Their natural history can vary based on the underlying defect
(inherited, sporadic, BAV-related); however, a variably long phase
of silent growth is common [mean diameter expansion rates:

0.1–0.3 mm/year in tricuspid aortic valve (TAV)-related
non-syndromic forms] [333, 334, 343]; 0.2–0.6 mm/year in BAV-
related aortopathy [82, 333, 334, 343], with the rare occurrence
of severe AAEs, such as ATAAD or rupture (1–3 per 10 000
patient/year) [333, 344].

Recommendation Table 12: Chronic aortic diseases: root and ascending aorta

Recommendations Classa Levelb Refc

Surgery for an ascending aortic aneurysm located at the root or tubular tract, either with TAV or BAV, is
recommended when the maximum aortic diameter is�55 mm.

I B [333, 334]

Surgery for BAV-related aortopathy with ‘root phenotype’ is recommended when the maximum aortic
diameter is�50 mm.

I B [82, 84–87, 335]

Surgery for TAV-associated aneurysms with ‘root phenotype’ should be considered when the maximum
aortic diameter is�50 mm in a low-surgical-risk setting.d IIa B [87, 336–338]

In patients with low surgical riske and ‘ascending phenotype’ dilatation, both with TAV and BAV, surgical
treatment should be considered when the maximum aortic diameter is >52 mm. IIa C -

In patients with low surgical risk and ‘ascending phenotype’ BAV-related aortopathy, surgery should be
considered at a maximum diameter �50 mm if any of the following is present:

• age <50 years

• short stature (<1.69 m)f

• ascending aortic length >11 cmg

• aortic diameter growth rate >3 mm/year

• family history of the acute aortic syndrome

• aortic coarctation

• refractory hypertension

• shared decision with the patienth

• concomitant non-aortic valve cardiac surgery

IIa C -

In patients with non-syndromic TAV with ‘ascending phenotype’, in a low-surgical-risk setting,d surgery
may be considered at a maximum diameter�50 mm if any of the following is present:

• age <50 years

• short stature (<1.69 m)f

• ascending aortic length >11 cmg

• aortic diameter growth rate >3 mm/year

• refractory hypertension

• shared decision with the patienth

IIb C -

Surgery for aortic dilatation in TAV patients undergoing non-aortic valve cardiac surgery should be con-
sidered at a root or ascending diameter >_50 mm. IIa C -

Surgery for aortic dilatation in patients undergoing aortic valve surgery should be considered at a root or
ascending diameter >_45 mm. IIa C -

Surgery for aortic root dilatation in patients undergoing surgery for ascending aortic aneurysm should be
considered at an aortic root diameter �45 mm. IIa C -

In patients with young age, a family history of the acute type A aortic dissection or known HTAD who are
undergoing ascending replacement, a lower threshold than 45 mm may be considered for concomitant
root replacement on an individual basis.

IIb C -

aClass of recommendation.
bLevel of evidence.
cReferences.
dBased on both individual patient’s comorbidities (see footnote e) and the centre’s experience with the required surgery [141, 339].
eBecause the 52.5-/53-mm threshold corresponded to an increase in risk of acute aortic events from <1% to 4–5% [340, 341], a predicted perioperative mortality
<3% justifies the surgical indication.
fFor 1.50-m height, a 50-mm diameter corresponds to 13 cm2/m of ascending cross-sectional area-to- height ratio, which is associated with an increase in risk of
acute aortic events [341]; for 1.69 m height, 13 cm2/m corresponds to 53 mm.
gMeasured with the centreline method from the aortic annular plane to the brachiocephalic trunk using CTA-scan [196, 336].
hConsidering the patient’s lifestyle, occupation, compliance with medical therapy and surveillance, psychological aspects.
BAV: bicuspid aortic valve; CT: computed tomography; HTAD: heritable thoracic aortic disease; TAV: tricuspid aortic valve.
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To define the optimal timing for an operation in terms of diameter,
the risk of complications in the natural history must be weighed
against the operative risk: In this respect, important advancements in
knowledge, through large observational studies, have taken place in
the last decade. The relation between maximum diameter and risk of
AAEs has been revised (Fig. 16): (i) The curve indicating this relation
actually shows 2 ‘hinge points’, with the first at 52.5 mm [340]; (ii)
thresholds have been traditionally extrapolated from the analysis of
diameters in dissected aortas; however, predissection aortic tubular
tract diameters are 18–32% smaller [196, 337, 345]; (iii) the greater
importance of the phenotype of the dilatation over the absolute

diameter has been ascertained [82, 336, 338]. The greater severity of
the ‘root phenotype’ dilatation (root diameter > ascending diameter),
with faster progression and higher risk of ATAAD, was initially recog-
nized uniquely for BAV-related aortopathy [82, 87, 339]. Then, in 2
independent large series, 1 BAV and 1 mixed, the ‘hinge point’ of the
ATAAD-risk curve (increasing from 1% to 4–5%) was consistently
found at 50 mm for the root diameter and at 52–53 mm for the tub-
ular diameter [336, 341]. The root phenotype, together with short
stature, was an independent risk factor for a composite end-point of
ATAAD, rupture and aorta-related death [336]. More recently, in
patients with purely TAV-associated non-syndromic aortopathy who

33M. Czerny et al. / European Journal of Cardio-Thoracic Surgery

Figure 16: Hinge points for increased risk of size-associated complications.

Figure 17: Thresholds for intervention in aortic root and ascending aortic aneurysm. AV: aortic valve.
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experienced ATAAD, those with a root phenotype (younger, more
frequently male) dissected at significantly smaller diameters than
patients with an ascending phenotype [338]. Altogether, the preced-
ing evidence supports lowering the threshold for indication in
patients with low surgical risk (both relative to patient’s profile and to
the centre’s experience), at >52 mm for ascending and >_50 mm for
root phenotype. An earlier operation on the root can also increase
the chances for a successful valve-sparing approach in centres with
consolidated experience in BAV repair [346]. Thresholds for interven-
tion in aortic root and ascending aortic aneurysm are illustrated in
Fig. 17.

Of note, reported mortality rates after isolated proximal aortic
surgery have been decreasing from around 3% [347] to <1.5%
over the last decades (reaching rates as low as 0.25% in large-
volume ACs) [102, 336]. Therefore, in patients with a higher risk
of AAEs (e.g. BAV plus other risk factors), surgery can be consid-
ered at >_50 mm even for the ascending phenotype: Factors to
consider include growth rate, family history, hypertension,
younger age, short stature and patient’s willingness to be oper-
ated on earlier [141, 339] (‘recommendations for root and
ascending aorta’). It has been emphasized that real rapid growth,
as commonly defined, is rarely observed: Measurement errors
must be ruled out before indicating earlier surgery based solely
on this criterion [14, 348].

New dimensional criteria for risk stratification are emerging
[349]: An increased aortic length at centreline, from annulus to
brachio-cephalic trunk origin (>11.5 cm), has been found to be
associated with an increased risk of AAEs [196]. Some data sug-
gested that the most important component of aortic elongation
in determining the risk of ATAAD might be the elongation of the
root segment [87], consistent with the greater malignancy of the
root phenotype: Further studies are needed.

Maximum diameter and maximum length

Since the inception of aortic surgery by the great pioneers
(DeBakey, Cooley, Cabrol, Crawford and others), the aortic
dimension that has been associated with the risk of adverse
events has been the diameter. The theoretical foundation resides
in Laplace’s law, which states that wall tension (the force tending
to pull the wall apart) is proportional to the intraluminal pressure
times the diameter, divided by wall thickness.

Despite established diameter criteria, studies [350] demon-
strated that the majority of acute aortic dissections occur at a
diameter <55 mm, suggesting that Laplace’s law probably applies
to the risk of rupture but not to the risk of dissection: Different
forces must evidently lead to the 2 different modes of aortic wall
acute mechanical failure, transmural rupture versus intimal
delamination [351, 352].

In the attempt to obtain better predictions, diameter was once
considered in the context of body size by correcting for body
surface area [340]. However, to obviate oscillations in weight,
correcting the aortic dimension for body height alone was sug-
gested thereafter [340]. This approach is most helpful for individ-
uals of very short or very tall body height, for whom a ‘standard’
surgical criterion of absolute diameter may not be applicable.

Most recently, aortic length has been confirmed to be a good
predictor of aortic risk [196, 349, 353, 354]. Elongation is observed in
aortic ageing, but it is abnormally enhanced in aortopathies [353].
The aortic length is measured along the centreline, starting at the
aortic annulus and ending at the leading edge of the innominate
artery (Fig. 18). As a predictive criterion for dissection, diameter has
good specificity but low sensitivity (about 4%), whereas length has
shown a 28% sensitivity [354]. Like diameter, length also shows 2
hinge points (Fig. 19); a cut-off of 11 cm has been suggested to pre-
vent AAEs [196]. Typically, intimal tears are perpendicular to the ves-
sel’s axis, suggesting that excess longitudinal stress can generate
them. As an ascending aorta dilates and/or elongates, it must change
its radius of curvature, assuming a C-shape, because the upper and
lower ends are fixed. In a proportion of elongated aortas, character-
ized by root segment elongation, this geometrical change implies
over-angulation of the distal portion of the ascending aorta, i.e. nar-
rowing of the angle of the ascending arch. Consistent with other evi-
dence of the greater ‘malignancy’ of root phenotype dilatations, this
pattern has been found uniquely associated with ATAAD [87].

Therefore, in therapeutic planning, the diameter should be con-
sidered in the broad context of patient-specific factors including
aortic length and angulation, age, sex, family history, genetic var-
iants, and so forth, but also, importantly, aortic pain, i.e. chest pain
in a patient with aortopathy without other apparent cause [355].

Aortic arch
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Recommendation Table 13: Chronic aortic diseases: maxi-
mum diameter and maximum length

Recommendations Classa Levelb Refc

Surgery should be considered for a sympto-
matic aneurysm of the ascending aorta,
almost independently of size (once non-
aortic causes have been eliminated).

IIa C -

For individuals of small body size, height
nomograms should be considered in the
decision about indications for surgery at var-
ious aortic dimensions.

IIa B [340]

An ascending aortic length exceeding
110 mm should be considered as a risk fac-
tor for aortic events when indicating elective
surgery for aortic aneurysms.

IIa B [196]

Despite metrics and precision criteria, the
benefits and risks of surgical intervention
versus nonoperative management should be
considered on a case-by-case basis.

IIa C -

Other non-diameter criteria that also bear
on the risk of aortic events may be consid-
ered in the decision-making.

IIb C -

aClass of recommendation.
bLevel of evidence.
cReferences.

Recommendation Table 14: Chronic aortic diseases: aortic
arch

Recommendations Classa Levelb Refc

In patients with symptomatic aortic
arch pathologies, aortic arch repair is
recommended irrespective of
diameter.

I C -

In patients with asymptomatic iso-
lated aortic arch aneurysms >_55 mm, IIa B [97]

Continued
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The aortic arch comprises an anatomically limited and, in total,
a very short portion of the thoracic aorta, which is defined by
the offspring of the supra-aortic vessels. Aortic arch pathologies
can be associated with a variety of symptoms other than pain or
pressure. Due to the proximity of the aortic arch to important
anatomical structures, patients can become symptomatic with
dyspnoea in cases of obstruction or displacement of the trachea.
If a large aortic mass is compressing the oesophagus or is in asso-
ciation with an aberrant LSA (i.e. a Kommerell diverticulum),
patients can suffer from dysphagia. In 5% of patients with aortic
arch aneurysms, secondary paralysis of the recurrent nerve
(Ortner’s syndrome) can be detected [359]. Only 10% of TAAs are
located exclusively in the aortic arch [360]. Aortic arch patholo-
gies result more frequently from residual chronic dissection after
type A aortic dissection repair. If diseased segments involve the
descending aorta in addition to the aortic arch, the FET techni-
que has emerged as a treatment strategy for a combined repair
with excellent results [311, 356–358]. If preoperative risk assess-
ment weighs against open aortic repair, hybrid or endovascular
aortic repair can be offered by experienced centres as treatment
options [136, 319, 320, 361].

35M. Czerny et al. / European Journal of Cardio-Thoracic Surgery

Figure 18: Method for measuring ‘aortic length’: distance is measured along a centreline from the aortic annulus to the proximal rim of the innominate artery.

Figure 19: Two hinge points are seen for length as well, just as those that were found earlier for diameter. Reproduced from Wu et al. [196] with permission from
Elsevier. AAE: acute aortic event.

aortic repair should be
considered.

In patients with arch pathologies and
diseased aortic segments distal to
zone 2, FET repair should be
considered.

IIa B [311,
356–358]

In patients with an indication for
aortic repair unsuitable for open sur-
gery, hybrid or endovascular aortic
repair may be considered.

IIb C -

Hybrid or endovascular aortic repair
is recommended to be performed in
experienced centres with an adequate
volume of both open and endovascu-
lar aortic repairs.

I C -

aClass of recommendation.
bLevel of evidence.
cReferences.
FET: frozen elephant trunk.

G
U

ID
EL

IN
ES

D
ow

nloaded from
 https://academ

ic.oup.com
/ejcts/article/65/2/ezad426/7614462 by Fernando Proietti user on 28 February 2024



Chronic aortic dissection

Acceptable outcomes of open surgical aortic replacement of the
arch or a descending thoracic aneurysm from a chronic aortic
dissection are well established [362, 363], with the extent of prox-
imal repair at the time of ATAAD associated with a lower inci-
dence of reoperation [364]. Although TEVAR is a first-line
treatment for acute and subacute TBAD, results for TEVAR for
chronic TBAD with an aneurysm have been mixed [365]. This
outcome is in part due to anatomical changes in the aortic dis-
section flap that prevent expansion of the true lumen and in part
to persistent false lumen flow, whether retrograde from the dis-
sected abdominal aorta or antegrade from arch branch vessels
(in the case of residually dissected aorta after type A dissection
repair). Aortic remodelling is better in patients with de novo or
residual dissections limited to the descending aorta dissection
compared to dissections extending to Ishimaru zones more dis-
tally, though mortality and morbidity are similar [366].

Several technical advancements have increased the probability
of successful endovascular treatment of chronic dissection of the
distal arch and the descending thoracic aorta. First, use of the
FET technique at the time of acute type A (and in some instances
type B) dissection repair would eliminate antegrade flow from
arch branch vessels into the false lumen, setting the stage for posi-
tive remodelling of at least the proximal descending thoracic aorta.
If there is continued aneurysmal degeneration of the descending
thoracic aorta in the subacute or chronic stage, completion TEVAR
to the level of the coeliac artery can be performed. In the case of
chronic TBAD, a favourable proximal landing zone with complete

coverage of the proximal intimal defect would also likely lead to
positive aortic remodelling proximally. Second, techniques have
been developed to address retrograde false lumen flow that persis-
tently pressurizes the false lumen. Aortic septotomy [367], the
Knickerbocker technique [368], the Candy-Plug technique [369]
and coil or plug embolization of the false lumen [370] have all
been employed with increasing success to promote positive aortic
remodelling in chronic dissection.

Larger aortic diameters at the distal landing zone are unfavour-
able for successful endovascular treatment, and, given current
device sizes, the distal descending thoracic aorta should be
40 mm or less to be able to treat the patient with 10–20% over-
sizing. Although the maximum aortic diameter in the thoracic
aorta is usually closely monitored until it has reached the thresh-
old for intervention, attention should also be paid to the total
aortic diameter at the coeliac artery, which may already have
reached 40 mm or greater before the maximum aortic diameter
has reached 55 mm. Current techniques to stage endovascular
treatment of the dissected descending thoracic aorta (e.g. FET,
then TEVAR with or without adjunctive treatment of the distal
landing zone, then false lumen coil/plug) may merit endovascular
intervention at a lower maximum diameter threshold to optimize
success because the periprocedural risk is low [371].

Heritable thoracic aortic disease

Recommendation Table 16: Heritable thoracic aortic disease

Recommendations Classa Levelb Refc

Genetic testing is recommended in
patients with thoracic aortic disease
<60 years of age, family history of TAD,
arterial aneurysms in other segments and
those with syndromic features.

I B [169,
372, 373]

Testing of family members is recom-
mended by simpler, more cost-efficient
Sanger sequencing of only the suspect
genetic area.

I C -

Marfan syndrome

In patients with Marfan syndrome, surgery
on the aortic root or ascending aorta is rec-
ommended at a diameter of >_50 mm.

I B [374, 375]

In patients with Marfan syndrome and
high-risk features,* surgery on the aortic
root or ascending aorta should be con-
sidered at a diameter of >_45 mm.

IIa B [374, 375]

In patients with Marfan syndrome with-
out high-risk features with a high likeli-
hood of undergoing valve-sparing aortic
root replacement and very low surgical
risk, surgery on the aortic root or ascend-
ing aorta may be considered at a diame-
ter of >_45 mm when performed by an
experienced aortic team.

IIb C -

In patients with Marfan syndrome, sur-
gery of the aortic arch, descending thora-
cic aorta or abdominal aorta should be
considered at a diameter of >_50 mm of
the respective aortic segment.

IIa C -

Continued
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Recommendation Table 15: Chronic aortic diseases: chronic
aortic dissection

Recommendations Classa Levelb Refc

Intervention is recommended in
patients with chronic aortic dissection
at a maximum aortic diameter of
>_55 mm without involvement of the
ascending aorta.

I B [362, 363]

In patients with HTAD with chronic
aortic dissection, intervention at
diameters <55 mm should be consid-
ered if the multidisciplinary aortic
team makes the decision depending
on the genotype, growth rate, family
history and other individual patient
risk factors.

IIa C -

In patients with dSINE, treatment is
recommended to prevent diameter
progression.

I C -

Intervention at >50 mm should be
considered in patients with chronic
aortic dissection if the treatment
includes a multistep procedure, such
as arch replacement with FET fol-
lowed by TEVAR.

IIa C -

aClass of recommendation.
bLevel of evidence.
cReferences.
dSINE: distal stent graft-induced new entry; FET: frozen elephant trunk;
HTAD: heritable thoracic aortic disease; TEVAR: thoracic endovascular aortic
repair.
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As genetic investigations have burgeoned in the last decade, more
genetically triggered diseases of connective tissue have been iden-
tified that promote TAA and dissection. Currently, whereas only 11
genes are officially classified as ‘disease causing’ by the American

Association of Medical Genetics, a total of 67 genes have been
associated with thoracic AD, with varying degrees of evidence
[169, 372, 373]. Meanwhile, the term ‘connective tissue disorder’
has largely been replaced by the term ‘heritable thoracic aortic dis-
ease’ or ‘HTAD’. HTAD has largely been adopted as the term of
choice by most guidelines, although most of these diseases are
associated with aneurysms or dissection of the entire aorta.

Although the number of genes associated with HTADs is steadily
increasing, the number of patients carrying these pathogenic variants
and the amount of data that is available regarding the natural history
of disease vary widely. As of this writing, the clinically most relevant
HTADs are Marfan syndrome [374–387], Loeys–Dietz syndrome, vas-
cular Ehlers-Danlos syndrome and Turner syndrome. Although
Marfan and vascular Ehlers-Danlos syndromes are associated with
pathogenic variants in one gene, FBN-1 and COL3A1, respectively,
Loeys–Dietz syndrome has been associated with variants in 6 different
genes: TGFBR1 [388], TGFBR2 [389, 390], SMAD2, SMAD3 [390–392],
TGFB2 [393, 394] and TGFB3 [395, 396]. Phenotypes between these
different variants vary, are of clinical importance and impose different
thresholds for intervention [397–400].

These syndromes are characterized by structural defects of the
connective tissues of the aorta, amid other body tissues and
organ systems. It is vitally important for the clinician to be aware
that almost all genetically triggered TAAs are inherited in an
autosomal dominant fashion, so that a variant contributed by a
single parent suffices to induce disease.

It is also remarkable that TAA is largely triggered by a change in
just a single genetic ‘letter’ within the 3.2 billion letters of the
genetic code. Compare this disease to other multifactorial diseases,
like coronary artery disease, in which at least dozens of genes con-
tribute a small risk component. In TAA, a change in 1 molecular
base suffices to produce aneurysm disease on its own merit.

Whereas before we considered all TAAs in one decision-
making ‘basket’, in the present era of accessible, affordable preci-
sion genetics, specific aortic behavioural characteristics are being
rapidly identified for each genetically triggered TAA type. So,
instead of placing all our TAA patients in one basket, patients can
now be placed in individual ‘baskets’ based on the behaviour of
those patients with variants in that specific gene. For this reason,
we recommend widespread screening by whole exome sequenc-
ing. Family members of patients with a positive whole exome
sequencing screen can be tested by the simpler, less expensive
Sanger sequencing (which reads only a short sequence of the
exome containing the variant of interest).

Non-syndromic heritable thoracic aortic disease.

37M. Czerny et al. / European Journal of Cardio-Thoracic Surgery

Loeys–Dietz syndrome

In patients with Loeys–Dietz syndrome,
indication for surgery is recommended
based on the specific genetic variant,
aortic diameter, aortic growth rate, family
history, history of aortic events, patient
age and other individual patient-related
factors and discussed by a multidiscipli-
nary aortic team.

I C -

In patients with Loeys–Dietz syndrome
attributable to a pathogenic variant in
TGFBR1 or TGFBR2, surgery on the aortic
root or ascending aorta is recommended
at a diameter of >_45 mm.

I C -

In patients with Loeys–Dietz syndrome
attributable to a pathogenic variant in
TGFBR1 and high-risk features,* surgery
on the aortic root or ascending aorta
may be considered at a diameter of
>_40 mm.

IIb C -

In patients with Loeys–Dietz syndrome
attributable to a pathogenic variant in
TGFBR2 and high-risk features,# surgery
on the aortic root or ascending aorta
should be considered at a diameter of
>_40 mm.

IIa C -

In patients with Loeys–Dietz syndrome
attributable to a pathogenic variant in
TGFB3, surgery on the aortic root or
ascending aorta may be considered at a
diameter of >_50 mm.

IIb C -

In patients with Loeys–Dietz syndrome
attributable to a pathogenic variant in
SMAD3, surgery on the aortic root or
ascending aorta should be considered at
a diameter of >_45 mm.

IIa C -

In patients with Loeys–Dietz syndrome
attributable to a pathogenic variant in
TGFBR1, TGFBR2 or SMAD3, surgery to
replace the intact aortic arch, descending
aorta or abdominal aorta at a diameter of
>_45 mm may be considered.

IIb C -

In patients with Loeys–Dietz syndrome
attributable to a pathogenic variant in
SMAD2 or TGFB2, surgery on the aortic
root or ascending aorta may be consid-
ered at a diameter of >_45 mm.

IIb C -

aClass of recommendation.
bLevel of evidence.
cReferences.
*For Marfan syndrome: family history of aortic dissection; aortic growth >0.3
cm/y; diffuse aortic root and ascending aortic dilation, marked vertebral arte-
rial tortuosity.
#For Loeys-Dietz syndrome: certain specific pathogenic variants (R528H/C in
TGFBR2); women with TGFBR2 and small body size; severe extra-aortic fea-
tures (ie, craniosynostosis, cleft palate, hypertelorism, bifid uvula, marked
arterial tortuosity, widened scars, and translucent skin); family history of aortic
dissection, especially at young age or aortic diameter <4.5cm; aortic growth
rate >0.3 cm/y.
TAD: thoracic aortic disease.

Recommendation Table 17: Chronic aortic diseases: non-
syndromic heritable thoracic aortic disease

Recommendations Classa Levelb Refc

In patients with HTAD attributable to a
pathogenic variant in ACTA2, surgery on the
aortic root or ascending aorta should be
performed at a diameter of >_45 mm.

IIa C -

In patients with HTAD attributable to a
pathogenic variant in ACTA2 and high-risk
features,* surgery on the aortic root or
ascending aorta may be considered at a
diameter of >_42 mm.

IIb C -

Continued
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The number of non-syndromic HTADs is increasing with the number
of patients who are screened and the research that is done using
next-generation sequencing. The term ‘sporadic aneurysm’ might be
misleading because the patient might still have a heritable form of
disease that will affect the next generation but the affected gene has
not yet been identified. This thinking is supported because 1 out of 3
of the first-degree relatives from patients without a pathogenic var-
iant also have thoracic AD. Therefore we can never really say whether
TAD in a given patient is sporadic or an HTAD, although factors such
as age are important indicators. At this point, the most appropriate
course of action is to differentiate between those patients in whom a
pathogenic variant could be found and those in whom this was not
possible. There are a number of genes in which pathogenic variants
are associated with a higher risk of dissection than in those without,
and different thresholds apply. These recommendations apply to
patients with bicuspid as well tricuspid valves.

Aortic aneurysm in adults with congenital heart disease

Conotruncal defects such as tetralogy of Fallot, truncus arteriosus
and transposition of the great arteries are associated with the
development of an aortic aneurysm. Several studies from large
cohorts and registries have shown that the risk of AAEs is differ-
ent and considerably lower than in patients with syndromic and
non-syndromic HTADs [401, 402]. In a recent study of 2261
patients with conotruncal defects, 52% of the patients presented
with an aortic aneurysm. Only 2.5% of patients underwent sur-
gery, and the mean ascending aortic diameter at the time of sur-
gery was 58 ± 5 mm and 58 ± 3 mm at the level of the aortic root.
Nevertheless, there was no aortic dissection during 7984 patient-
years of follow-up including 184 patients with a known aortic
aneurysm prior to pregnancy. Interestingly, the aneurysm growth
rate decreased with age, and there was no significant growth
after 40 years of age [401]. Because the majority of patients will
have undergone multiple operations, and further interventions
might be expected, timing of surgery for an aortic aneurysm in
these patients to a large extent depends on the progress of the
underlying disease. Indication for surgery should be based on
careful review of the individual patient by the multidisciplinary
aortic team.

Difference between genotype and phenotype

Correlations of a specific genetic variant with the age at which dissec-
tion occurs permit more accurate prediction of risks and timing of sur-
gical intervention. One major difficulty that has come to light is that
the majority of suspicious genes are labelled by the geneticist as var-
iants of unknown significance (VUS). Geneticists have strict criteria for
labelling a noted variant as ‘disease causing’. They use various criteria
to determine the pathogenicity of the discovered variant; these criteria
include (i) rarity of the variant in the general population [if the variant
is not very, very rare (i.e. <1/10 000), it is not of interest—just too com-
mon to be the cause of a somewhat uncommon disease; (ii) preserva-
tion in phylogeny: a highly preserved gene is likely to be of great
importance [3]; in silico prediction: computerized characterization can
predict whether a change in a given base [adenine, guanine, cytosine
or thymine (A, G, C, T)] is likely to have a marked deleterious impact
on reading the entire gene. However, these criteria can be inconclu-
sive. Final determination of pathogenicity can take generations—too
long for proper care of a patient under evaluation. Tools are needed
to accelerate, in a scientific fashion, the determination of pathogenicity
of a VUS. A zebrafish model has recently been reported that may
accelerate the determination of pathogenicity [403]. The variant is
introduced into the zebrafish model by gene editing techniques. Then,
within days, assessment can be made as to whether the zebrafish phe-
notype of TAA has been induced. Actual dissections in the mutated
zebrafish aorta were presented by the group in Liege (unpublished
data). This modality is promising but investigational at this stage:

• The most common reading of a variant found using whole
exome sequencing is a VUS. The VUS reflects the geneti-
cists’ emphasis on scientific accuracy. However, a final
determination of ‘pathogenicity’ can take generations (to
verify that phenotype follows the genotype in affected fam-
ilies). This situation poses a dilemma for the clinician
charged with the current care of the aneurysmal patient.

• Molecular techniques for rapid assessment of VUS are of sci-
entific interest and may possibly enhance clinical manage-
ment in the future.

Descending aorta

The following important points deserve mention regarding the
descending aorta and its distinction from the ascending aorta:

1. The descending aorta originates from a different embryologic
layer than the ascending aorta. Whereas the smooth muscle cells
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In patients with HTAD attributable to a
pathogenic variant in PRKG1, surgery on the
aortic root or ascending aorta may be con-
sidered at a diameter of >_42 mm.

IIb C -

In patients with HTAD attributable to a
pathogenic variant in PRKG1 and high-risk
features,* surgery on the aortic root or
ascending aorta may be considered at a
diameter of >_40 mm.

IIb C -

In patients with HTAD attributable to a
pathogenic variant in MYLK or MYH11, sur-
gery on the aortic root or ascending aorta
may be considered at a diameter of >_45 mm.

IIb C -

aClass of recommendation.
bLevel of evidence.
cReferences.
*Family history of type A aortic dissection in the setting of no or minimal
aortic dilation, aortic growth rate >0.3 cm/y.
HTAD: heritable thoracic aortic disease.

Recommendation Table 18: Chronic aortic disease: descend-
ing aorta

Recommendations Classa Levelb Refc

In patients with asymptomatic descending
aortic aneurysms >_55 mm, aortic repair is
recommended.

I C -

In patients with asymptomatic descending
aortic aneurysms with high-risk features, repair
should be considered in diameters <55 mm.

IIa C -

aClass of recommendation.
bLevel of evidence.
cReferences.
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of the ascending aorta derive from the neural crest, those of the
descending aorta derive from the mesoderm. This fundamental
difference in origin likely underlies other differences in natural
history and behaviour of the descending aorta [404].

2. The morphology of aneurysms of the descending aorta differs
markedly from that of aneurysms of the ascending aorta.
Although the ascending aortic aneurysms are generally smooth
in contour, non-calcified, not related to atherosclerosis [97] and
free of clot, aneurysms of the descending aorta differ in every
one of these parameters: They are irregular in contour, calcified,
strongly related to atherosclerosis and full of clot.

Not surprisingly, given these fundamental embryologic and
pathological distinctions, the clinical behaviour of aneurysms of
the descending aorta is very different from that of the ascending
aorta. The ascending aorta generally does not rupture without
prior dissection. The descending aorta, on the other hand, rup-
tures frequently (through areas of atherosclerosis) without ante-
cedent aortic dissection [405].

It is even more challenging to predict the onset of dissection for
the descending aorta [406] because dissections of the descending
aorta occur essentially as a ‘scatter plot’ with regard to diameter—
even at very small diameters, even below 40 mm. Fortunately,
although unpredictable, dissections of the descending aorta rup-
ture only infrequently (<10%) under proper anti-impulse therapy,
whereas those of the ascending aorta rupture almost uniformly
(acutely or within several days). However, ‘rupture’ (without dissec-
tion) of the descending aorta can be predicted quite well, usually
occurring above 60 mm [405]. So, 55–60 mm is an appropriate
general criterion for descending aortic intervention.

1. Given its dramatically different embryology, pathophysiology,
pathological anatomy and clinical behaviour, the descending
aorta requires specific rules of management.

2. In contradistinction to the ascending aorta, the descending aorta
often ruptures without dissecting.

3. Because descending aortic dissection occurs frequently at very
small diameters (below 50 or even 40 mm), a diameter criterion
for prevention of descending dissection is not feasible.
Fortunately, a descending dissection is not often lethal.

4. If endovascular treatment is likely to achieve a favourable result in
the presence of high-risk features, lower thresholds are reasonable.

Thoraco-abdominal

Despite the term ‘thoraco-abdominal aortic aneurysm’ (TAAA)
being highly familiar and resounding throughout the entire
community, knowledge regarding the natural history of the

disease is based on a few small series [407, 408]. Recently, a
leap in understanding and interpreting the natural disease
course has been made [405]. Elucidating growth rates and crit-
ical diameters eventually is the most important component
besides other morphologic components such as in the root and
the ascending AD.

Growth is rather slow and on average 0.19 ± 0.07 cm/year
(Fig. 20). The traditional tipping point in the perception of the
community has been around 7 cm with regard to the probability
of occurrence of AAEs [407, 408].

However, recent data have challenged this perception with
regard to diameter as well as with regard to the disease mecha-
nism. Smaller diameters dissect, and larger diameters rupture,
with the tipping point for an exponential rise in risk for rupture
at 60 mm, indicating that treatment below this tipping point is
highly likely to save lives (Fig. 21).

Patients with acute aortic dissection involving the descending
aorta show an acute increase in diameter at the time of the index
event with a 23% increase in diameter in the proximal thoracic
aorta. There is also an increase in aortic length in contrast to the
ascending aorta, where no increase in length is observed after
the index event [345, 409]. This observation further substantiates
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Figure 21: Hinge points for the risk of fatal complications of thoracic and thor-
aco-abdominal aortic aneurysm (rupture/death).

Recommendation Table 19: Chronic aortic disease: thoraco-
abdominal

Recommendations Classa Levelb Refc

In patients with asymptomatic thoraco-
abdominal aneurysms >_55 mm, aortic repair
is recommended.

I C -

In patients with asymptomatic thoraco-
abdominal aneurysms with high-risk fea-
tures, aortic repair should be considered
with diameters <55 mm.

IIa C -

aClass of recommendation.
bLevel of evidence.
cReferences.

Figure 20: Mean yearly growth rate of the descending thoracic and thoraco-
abdominal aorta based on initial aneurysm size.
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the need for the development of knowledge about parameters
other than diameter alone for prediction of adverse event rates.
Fig. 22 shows that the majority of acute TBADs occurred at aortic
diameters below 50 mm.

In analogy to the aortic root and ascending aorta, nomograms
have been developed to estimate the yearly risk for death and
rupture excluding the risk of aortic dissection.

Finally, the mechanism of aneurysm development does not
have any impact on the risk of adverse AAEs; in other words,
classical aneurysmal formation or post-dissection aneurysmal
formation can be seen as one entity with regard to the risk of
aortic rupture at a given diameter.

Abdominal aorta

The most common abdominal AD is an aneurysm, defined as at
least a 50% increase in local aortic diameter or >30 mm absolute
diameter [10, 421]. Abdominal aortic aneurysms are usually fusi-
form and up to 4 times more common in men [422]. This section

focuses on atherosclerotic AAA and does not specifically address
other abdominal ADs such as mycotic AAA, inflammatory AAA,
focal aortic dissection, penetrating aortic ulceration, IMH, pseu-
doaneurysm or (infected) saccular aneurysm.

Most patients with an abdominal aortic aneurysm are asymp-
tomatic but are exposed to a diameter-dependent risk of aortic
rupture [192, 412–417, 423]. Hence, an open surgical or endovas-
cular treatment should be undertaken when the risk of interven-
tion is lower than the risk of rupture, which would cause death
when untreated.

Before reaching the threshold for surgical intervention to pre-
vent the risk of rupture, medical therapy should be adopted to
reduce aneurysm growth (e.g. WSS and inflammation) to prevent
future cardiovascular events (e.g. myocardial infarction) and opti-
mally to prepare a patient for eventual future intervention.
Lifestyle interventions such as smoking cessation and stimulation
of moderate physical activity remain the cornerstone of treat-
ment, whereas medical therapy may help to achieve normoten-
sion and a reduction in cardiac contractility in parallel [418].

Four trials (i.e. ADAM, UKSAT, CAESAR and PIVOTAL) compar-
ing ultrasound surveillance with either open or endovascular
intervention have provided an estimate for the rupture risk per
year in men, which ranges from 0.3% to 0.8%, and surveillance of
AAA <55 mm is supported [419]. In women, however, the risk of
rupture may be up to 4 times higher while operative mortality
seems to be increased as well, justifying intervention at 50 mm
[416, 419, 420, 424]. Linear aneurysm growth is most frequently
observed in small AAAs; immediate surgical intervention at a
smaller diameter (<42.5 mm), in which rapid aneurysm growth is
presumed, seems not always justified [425].

However, in patients with high-risk AAA, earlier intervention
may be reasonable [426]. In patients with symptomatic, unrup-
tured AAA, urgent repair is indicated to reduce the risk of rupture
[192, 412–417, 423, 426]. In patients with ruptured AAA, emer-
gency surgical or endovascular treatment is indicated [192, 410–
417, 423, 426].

Because of the elective and preventive nature of any AAA
intervention, stringent prior diagnosis of any comorbidities is rec-
ommended to determine the risk of intervention. Aortic

Recommendation Table 20: Chronic aortic diseases:
abdominal aorta

Recommendations Classa Levelb Refc

In patients with ruptured AAA, emer-
gency surgical or endovascular treat-
ment is recommended.

I C -

In patients with symptomatic, unrup-
tured AAA, emergency repair is rec-
ommended, irrespective of diameter.

I B [410, 411]

In patients with asymptomatic AAA,
repair is recommended when the
AAA exceeds 55 mm.

I A [192,
412–420]

In women with asymptomatic AAA,
repair should be considered when the
AAA exceeds 50 mm.

IIa C -

AAA repair should be considered if
aneurysm growth exceeds 10 mm/
year.

IIa C -

In AAA patients with high-risk fea-
tures, earlier intervention at lower
diameters may be considered.

IIb C -

In asymptomatic patients with AAA
below the threshold for intervention,
lifestyle modification, OMT and con-
tinuous surveillance are
recommended.

I C -

In elective patients undergoing AAA
repair, preoperative cardiac evalua-
tion is recommended.

I C -

In elective patients undergoing AAA
repair, preoperative cardiac echocar-
diography and/or screening for CAD
(coronary artery angiography or coro-
nary CTA) may be considered.

IIb C -

aClass of recommendation.
bLevel of evidence.
cReferences.
AAA: abdominal aortic aneurysm; CAD: coronary artery disease; CTA: com-
puted tomography angiography; OMT: optimal medical therapy.
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Figure 22: Distribution of adverse event rates (rupture, dissection and aortic
death) above and below a descending thoracic/thoraco-abdominal aortic
diameter of 50 mm illustrated as a scatter diagram. Reproduced from Zafar et
al. [405] with permission from Elsevier.
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aneurysms of atherosclerotic origin are considered a coronary
artery disease equivalent, incorporating a significant risk of cardiac
events (>20% in 10 years) [427]. Preoperative cardiac echocardiog-
raphy and/or screening for coronary artery disease (coronary artery
angiography or cardiac CT) might be reasonable.

Chronic infrarenal obliterative arteriopathy. Extensive
chronic obliterative arteriopathy of the iliac axis and the infrarenal
aorta (Leriche’s syndrome) is one of the most extensive expressions
of atherosclerosis affecting the great vessels [428]. The incidence
remains unclear because a few patients will remain asymptomatic
due to arterial collaterals developing throughout the disease proc-
ess. Symptoms usually include claudication on exertion with
cramps (hips, thighs and buttocks) as well as absence of femoral
pulses. Critical limb ischaemia—due to the usual extensive develop-
ment of collaterals—is a rare condition in Leriche’s syndrome. A
detailed clinical history, physical examination and finally imaging
are the steps necessary to make a diagnosis. Coronary artery dis-
ease is a frequent companion that underlines the necessity of a
complete cardiovascular examination in these patients [429].

Therapy, besides an exercise programme and risk factor modi-
fications, usually warrants revascularization; surgical as well as
interventional options are available. Surgical results, usually with
an aorto-bifemoral Y prosthesis implant, are excellent and should
be considered as therapy of first choice in patients with extensive
disease patterns such as TASC (Trans-Atlantic Inter-Society
Consensus Document on Management of Peripheral Arterial
Disease) C and D lesions [430].

The disease can also affect the ostia of the renal and visceral
arteries, up to a calcification pattern of a coral reef aorta [431].
These patients can present with renal failure and intractable arte-
rial hypertension in addition to claudication on exertion. Because
the clinical picture is rare, the surgical or interventional
approaches are heterogeneous, and a standardized recommen-
dation has not yet been postulated. Under these clinical condi-
tions, descending bifemoral bypass grafting with and without
synchronous or metachronous visceral and renal revasculariza-
tion show excellent and durable results [428].

HOW TO MONITOR END-ORGAN FUNCTION
AND HOW TO AVOID END-ORGAN INJURY

41M. Czerny et al. / European Journal of Cardio-Thoracic Surgery

Recommendation Table 21: How to monitor end-organ
function and how to avoid end-organ injury

Recommendations Classa Levelb Refc

Perfusion

In patients undergoing aortic surgery
with involvement of the aortic arch,
the preference for antegrade arterial
inflow cannulation as compared to
retrograde inflow cannulation should
be considered.

IIa B [218, 219,
432–435]

Axillary artery cannulation should be
considered for an antegrade inflow
cannulation site for patients under-
going aortic surgery with involvement
of the aortic arch.

IIa B [218, 219,
432–435]

Continued

Multiple arterial pressure monitoring
lines (upper and lower body) are rec-
ommended for aortic arch and/or
thoraco-abdominal aortic repair. A
femoral arterial line is recommended
for lower body perfusion-pressure
monitoring.

I C -

Temperature management

Nasopharyngeal and core tempera-
ture (rectal/bladder) measurements
are recommended in patients under-
going aortic arch surgery in lower
body HCA.

I C -

Considering the core temperature
(rectal/bladder) as the reference value
for the determination of the level of
lower body HCA is recommended.

I C -

A target hypothermic circulatory
arrest temperature should be deter-
mined based on the anticipated
extent of repair, expected duration of
lower body HCA and presence of pre-
operative malperfusion.

IIa C -

The use of the term ‘mild hypother-
mia’ is recommended for core tem-
peratures >28�C.

I C -

The use of the term ‘high moderate
hypothermia’ is recommended for
core temperatures between 24.1�C
and 28�C.

I C -

The use of the term ‘low moderate
hypothermia’ is recommended for
core temperatures between 20.1�C
and 24�C.

I C -

The use of the term ‘deep hypother-
mia’ is recommended for core tem-
peratures <_20�C.

I C -

High-moderate lower body HCA in
combination with cerebral perfusion
for hemiarch replacement is
recommended.

I C -

High-moderate lower body HCA in
combination with selective antegrade
cerebral perfusion for complex aortic
arch procedures should be
considered.

IIa B [178]

Target lower body HCA temperature,
as well as the cerebral protection
method, should be determined based
on the anticipated extent of repair,
expected duration of lower body HCA
and the presence of preoperative
malperfusion.

IIa C -

Organ protection—heart

Retrograde cardioplegia should be
considered to facilitate repetitive car-
dioplegia applications without inter-
rupting the procedure.

IIa C -

Non-cardioplegic myocardial perfu-
sion may be considered during
extended aortic arch repair to reduce
myocardial ischaemia time.

IIb C -

Continued
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Perfusion and cannulation

Surgery on the thoracic aorta may require CPB, systemic hypo-
thermia and/or selective organ perfusion for adequate end-organ
perfusion and protection. Isolated surgery on the ascending aorta
including the aortic root can be performed during normothermic
CPB in cardioplegic arrest. Limited data are also available on nor-
mothermic aortic arch replacement without circulatory arrest
[438, 440]. This approach requires clamping of the very distal
ascending aorta that is left in situ. Replacement of the entire tub-
ular ascending aorta is possible with an open distal anastomosis
with or without hemiarch replacement. Thereby, the smaller cur-
vature of the aortic arch is also resected with excellent results in
elective and emergency scenarios [446–448]. This technique
allows a very distal anastomosis but requires a short period of
circulatory hypothermic arrest and selective cerebral perfusion.
In case of aortic arch surgery, circulatory hypothermic arrest and
selective perfusion of supra-aortic vessels are also required.

Several cannulation sites for arterial inflow of CPB have been
described and may be classified into antegrade, physiological
blood flow and retrograde flow cannulation. Methods for ante-
grade cannulation include direct cannulation of the ascending
aorta, the aortic arch, the innominate artery and the subclavian/
axillary or carotid artery. Retrograde flow cannulation is usually
conducted by cannulation of the femoral artery.

Retrograde, femoral artery cannulation is quick and easy to estab-
lish, particularly for patients in haemodynamic shock. However, it
possesses the risk of retrograde malperfusion in patients with aortic
dissection or for retrograde embolization possibly causing stroke
and a negative effect on early mortality [218, 219, 432].

Hence, antegrade perfusion is the preferred method for CPB
inflow, particularly in patients undergoing aortic hemiarch or
complete arch replacement. The right axillary/subclavian artery
has been the preferred cannulation site and allows relatively sim-
ple antegrade selective unilateral cerebral perfusion when clamp-
ing the innominate artery. Cannulation of the right axillary/
subclavian artery through a side graft has been shown to be
superior to direct cannulation via the Seldinger technique [433].
Some centres also use the carotid artery for arterial inflow,

Organ protection—brain

During surgery for aortic arch repair,
the use of bilateral NIRS-based cere-
bral oximetry combined with an algo-
rithmic approach to intervention for
cortical Hb-desaturation is
recommended.

I C -

In a patient with an incomplete circle
of Willis diagnosed in preoperative
cerebral CTA, trilateral antegrade per-
fusion should be considered via addi-
tional cannulation or intubation of
the left subclavian artery.

IIa C -

Organ protection—spinal cord

CSF drainage for spinal cord protec-
tion is recommended in open TAAA
replacement.

I B [436, 437]

CSF drainage should be considered in
total aortic arch replacement in
patients at risk of SCI.

IIa C -

CSF drainage may be considered in
type A aortic dissection patients with
preoperative symptomatic SCI.

IIb C -

CSF drainage is not recommended as
a routine measure in FET procedures
if coverage of ICAs is limited due to
the operative strategy.

III C -

For patients at an increased risk of spi-
nal cord injury undergoing endovas-
cular treatment of thoracic or
thoraco-abdominal aortic disease,
prophylactic CSF drainage should be
considered.

IIa C -

The 4-territory concept should be
considered during planning to reduce
procedure-induced deprivation of
antegrade arterial spinal cord supply
to a minimum.

IIa C -

A critical appraisal of the contribution
of thoracic and lumbar segmental
arteries to spinal cord perfusion
should be considered before surgery
to determine the need for
reimplantation.

IIa C -

Prevention of steal in particular from
segmental arteries to avoid SCI is
recommended.

I C -

Organ protection—visceral and renal

In patients undergoing aortic arch
surgery repair, early reinstitution of
distal aortic perfusion should be con-
sidered to reduce postoperative vis-
ceral, renal and spinal ischaemia.

IIa B [438–441]

Selective visceral and renal perfusion
is recommended in open TAAA repair

I B [442–445]

In TAAA surgery, maintenance of
lower limb perfusion to avoid rhabdo-
myolysis and AKI is recommended.

I C -

Deep HCA should be considered in
patients undergoing open thoraco-
abdominal aorta repair based on sur-
gical and institutional experience.

IIa C -

Continued
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A period of hypothermic perfusion at
the desired target core temperature
before hypothermic lower body cir-
culatory arrest should be considered
to ensure appropriate thermal distri-
bution throughout the body.

IIa C -

A period of hypothermic perfusion
before initiation of the rewarming
phase should be considered to
decrease end-organ injury.

IIa C -

Arterial CPB outlet temperature of
<37�C during rewarming to avoid
hyperthermic perfusion is
recommended.

I C -

aClass of recommendation.
bLevel of evidence.
cReferences.
AKI: acute kidney injury; CPB: cardiopulmonary bypass; CSF: cerebrospinal
fluid; CTA: computed tomography angiography; FET: frozen elephant trunk;
Hb: haemoglobin; HCA: hypothermic circulatory arrest; ICA: internal carotid
artery; NIRS: near-infrared spectroscopy; SCI: spinal cord injury; TAAA: thora-
coabdominal aortic aneurysm.
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particularly in patients with cerebral malperfusion and type A dis-
section [434]. However, comparable data are missing, and cannula-
tion usually requires at least partial clamping of the carotid artery
with possible negative effects on cerebral perfusion. Innominate
artery cannulation is another safe option for antegrade cerebral
perfusion [449]. Lastly, good results with routine cannulation of the
ascending aorta or the aortic arch during aortic arch surgery have
been reported. In patients with type A aortic dissection, this is
achieved through TOE-guided Seldinger cannulation of the true
lumen [435]. Although the method is quick and has been shown to
be safe, this approach requires additional, more complex measure-
ments for cerebral perfusion during the arch procedure.
Nevertheless, it is an appropriate option if there is a subclavian or
innominate artery dissection and if cannulation of these arteries
does not provide adequate CPB flow.

Surgery on the descending aorta, without affectation of the
aortic arch, can be performed with or without extracorporeal cir-
culation (ECC) in variable degrees of hypothermia. Reports on
the risks and benefits of ECC (i.e. left heart bypass) are variable,
but there is a trend in favour of ECC and/or selective organ per-
fusion, because it is associated with improved survival and signifi-
cantly lower complication rates [450, 451].

Temperature management in aortic arch surgery

Reconstruction of the aortic arch in circulatory arrest became
feasible by the implementation of hypothermia, which reduces
the metabolic rate and oxygen demand of the human body and
allows surgeons to temporarily stop circulation. The first success-
ful series of aortic arch operations using deep hypothermic circu-
latory arrest (DHCA) was reported in 1975 by Griepp et al. [452].
Since then, the technique has been refined, and additional modi-
fications have been made to improve patient outcomes. Kazui
et al. [453] and Bachet et al. [454] introduced antegrade cerebral
perfusion during the period of circulatory arrest and the use of
more moderate levels of hypothermia. However, the optimal

method of cerebral protection for aortic arch surgery remains
controversial, and a consistent global approach is still missing.

Problem definition. Reviewing the literature, one is confronted
with 3 major problems. First, the method of temperature measure-
ment varies between the individual studies. Some authors measure
nasopharyngeal temperature, others use rectal or bladder tempera-
tures, which are defined as core temperatures (Fig. 23). Rectal tem-
perature measurement is more invasive but provides a more
accurate measure of core temperature. Bladder temperature meas-
urement can be affected by factors such as bladder volume and
catheter placement. Nasopharyngeal temperature reflects most
accurately brain temperature but is significantly different from core
temperature. A standardized approach to temperature measure-
ment and reporting in future studies is warranted to allow for more
accurate comparisons between studies.

Second, the definition of deep, moderate and mild hypother-
mia varies from study to study.

Third, the period of circulatory arrest varies significantly
among the studies. Complex aortic arch reconstruction is associ-
ated with arrest times around 60 min, whereas hemiarch replace-
ment can be performed within arrest times of 20–30 min. This
fact has an enormous impact on the evaluation of different cere-
bral protection methods.

Definitions of profound, deep, moderate and mild hypo-
thermia. In a consensus paper published in 2013, a classification
of different ranges of hypothermia was proposed based on the
belief that brain metabolism is the key determinant of a success-
ful arrest temperature [455]. Consequently, nasopharyngeal tem-
perature was selected as the reference temperature for the
definition of the different ranges of hypothermia. It has been
shown that the nasopharyngeal and oesophageal temperatures
most closely resemble brain temperature during cooling and
rewarming. However, it must be critically questioned whether

43M. Czerny et al. / European Journal of Cardio-Thoracic Surgery

Figure 23: Temperature measurements over time depending on the location of the measurement.
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the spinal cord and the other organs are protected in the same
way, especially during longer periods of circulatory arrest. This
consensus paper defined 4 ranges of hypothermia: profound
hypothermia (<_14�C), deep hypothermia (14.1–20�C), moderate
hypothermia (20.1–28�C) and mild hypothermia (28.1–34�C).
Other authors classified the temperature levels as follows: deep
hypothermia (<20�C), moderate hypothermia (20.1–25�C) and
mild hypothermia (>_25.1�C) [456]. Preventza et al. [457] studied
the impact of temperature in aortic arch surgery on outcome
and defined ranges of deep hypothermia (14.1–20�C), low-
moderate hypothermia (20.1–23.9�C) and high-moderate (24–
28�C). It has to be stated that different classifications of hypo-
thermia are used in the studies, which make reporting and scien-
tific evaluation more than difficult. This situation was the impetus
to create a 2023 consensus on hypothermia classification in
aortic arch surgery (Table 6).

Deep hypothermia versus moderate hypothermia. It has
been shown that DHCA provides adequate brain and end-organ
protection up to arrest periods of 30 min [458]. Thereafter, the
risk of neurologic injury and death increases. In addition, DHCA
is associated with coagulopathy, systemic inflammatory response,
end-organ dysfunction and neuronal apoptosis [459, 460]. To
reduce these effects, there has been a shift towards more moder-
ate hypothermic levels in conjunction with antegrade cerebral
perfusion. Several observational studies and meta-analyses elabo-
rate on the safety of moderate hypothermia and the optimal
level of hypothermia [461–465]. A meta-analysis by Manoly et al.
[459] that included 5869 patients demonstrated significantly
reduced mortality and stroke rates with moderate hypothermia
plus an antegrade cerebral perfusion group compared to the
deep hypothermia cohort. Similar results were obtained by
another study group that investigated the influence of 3 different
hypothermia levels on patient outcome [456]. Deep hypothermic
circulatory arrest (<_20�C) was compared to moderate HCA (20.1–
25�C) and mild HCA (>_25�C). A total of 12 370 patients were
included in this meta-analysis. The authors concluded that the
moderate-to-mild hypothermia strategies in combination with
antegrade cerebral perfusion were associated with decreased
operative mortality and the risk of postoperative stroke.
Preventza et al. [457] showed in a patient cohort of aortic arch
operations with antegrade cerebral perfusion times of more than
30 min fewer strokes and reoperations for bleeding at moderate
hypothermia levels. Long-term survival was better in the moder-
ate hypothermia group. In the manuscript of Seese et al. [466],
moderate hypothermia with antegrade cerebral perfusion at a
nadir temperature of 27�C confers the greatest early survival ben-
efit and the smallest risk of postoperative morbidity.

Organ protection—heart

In complex aortic procedures, cardiac mortality and morbidity
remain important issues [467]. Most centres use histidine-
tryptophan-ketoglutarate (Custodiol) or cold blood cardioplegia
(Buckberg) to protect the heart [468–470]. Some centres use
whole blood cardioplegia (i.e. microplegia) also under hypother-
mia and during complex procedures [471, 472]. Repetitive doses
of blood cardioplegia may be administered in a retrograde fash-
ion to avoid interruption of the surgical procedure [471–473].
More recently, del Nido cardioplegia, originally developed for
paediatric procedures, has been suggested for adult cardiac sur-
gery cases, including aortic arch surgery [472, 474–481]. It allows
for a myocardial ischaemia time of up to 90 min with a single
dose. Protocols for repetitive administrations have been devel-
oped [472, 475, 479]. There are no data that indicate a specific
type of cardioplegia is superior in aortic surgery.

Non-cardioplegic myocardial perfusion was a routine protec-
tion method in the past [454]. Over the decades, it was replaced
by cardioplegia. Recently, non-cardioplegic myocardial perfusion
was revived as an option to reduce myocardial ischaemia times
[467, 470, 482, 483] and to improve cardiac outcome during
complex aortic arch operations [467, 470], especially if combined
with concomitant procedures. Normothermic non-cardioplegic
myocardial perfusion results in a more stable sinus rhythm dur-
ing perfusion [470]. Sufficient venting of the left ventricle is crit-
ical to avoid unintended LV distension [467, 470].

Open surgical repair of the aorta from the left chest sometimes
involves HCA. Myocardial protection is challenging during these
procedures. If cardioplegia cannot be administered, it might be
helpful to administer a bolus of potassium chloride immediately
before HCA. The topic of myocardial protection during aortic
procedures remains controversial.

Organ protection—lungs

Postoperative pulmonary complications such as pleural effusion,
respiratory infection, respiratory failure and atelectasis are com-
mon after cardiothoracic surgery. The incidence reportedly
exceeds 50% in this critical patient cohort [484]. Because patients
undergoing aortic surgery suffer from extensive fluid exchanges
and receive pharmacological haemodynamic support, CPB and
sternotomy, strategies to protect the lungs like ventilation and
perfusion are crucial to lower the risk of postoperative pulmo-
nary complications.

General considerations. Despite the lack of aortic-specific sur-
gical data, data on open cardiothoracic surgery and general
anaesthesia do exist. In general anaesthesia, the following 3-pil-
lared lung-protective ventilation strategy should be applied: (i)
moderate hyperoxia (FiO2 not exceeding 80%); (ii) recruitment
manoeuvres; (iii) tidal volume of 6–8 ml/kg of ideal body weight
and positive end-expiratory pressure of 2–5 cm H2O [485–489].

One RCT compared 3 different strategies regarding aortic surgery
involving CPB but failed to show superiority of any one [484]:

1. No ventilation during CPB
2. Ventilation with low oxygen (FiO2 of 30%) and tidal volume (2–4

ml/kg of ideal body weight) with a 10–12 bpm respiratory rate

Table 6: Writing committee 2023 consensus on hypothermia
classification in aortic surgery

Category Core temperature (rectal/bladder)

Deep hypothermia <_20�C

Low-moderate hypothermia 20.1–24�C

High-moderate hypothermia 24.1–28�C

Mild hypothermia >28�C
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and positive end-expiratory pressure of 5–8 cm H2O and 2 L/
min flow

3. Ventilation settings as listed in (ii) but with high oxygen (FiO2

80%).

A meta-analysis published in 2012 also revealed no outcome
benefit of different ventilation strategies during CPB [490].

Organ protection—brain

Antegrade cerebral perfusion is associated with better long-term
survival and better neurologic function [178, 491]. Antegrade
flow may be performed through unilateral carotid artery perfu-
sion (unilateral cerebral perfusion) or through both carotid
arteries (bilateral cerebral perfusion). The carotid arteries may be
intubated by an additional flow cannula or, in case of axillary/
subclavian or innominate artery CPB cannulation, the innominate
artery may be clamped to allow antegrade flow into the right
common carotid artery. In patients with an incomplete circle of
Willis diagnosed in preoperative coronary CTA, trilateral ante-
grade perfusion may be considered by additional cannulation or
intubation of the LSA.

In proximal aortic arch operations (hemiarch replacement),
retrograde perfusion of the superior vena cava has shown results
similar to those found in an antegrade cerebral perfusion cohort
[492–494]. However, in these studies the lower body HCA time
was around 30 min, and the majority of patients were cooled
down to deep hypothermia levels. A contemporary meta-analysis
by Takagi et al. [495] revealed no difference in the postoperative
incidence of stroke and death between antegrade cerebral perfu-
sion and retrograde cerebral perfusion, but noted a trend
towards reduction of transient neurologic deficit in the antegrade
cerebral perfusion group. The majority of manuscripts included
in this analysis elaborated on partial arch replacement.

Retrograde flushing may be considered to clear any debris
from the carotid arteries. In patients undergoing hemiarch
replacement or other arch intervention with circulatory arrest
times <40 min, both unilateral and bilateral antegrade perfusion
may be reasonable. In patients undergoing longer circulatory
arrest periods (>40 min), bilateral cerebral perfusion from the
beginning is reasonable [496–499]. Near-infrared spectroscopy
may be helpful to monitor cerebral perfusion and to modify the
cerebral perfusion strategy from unilateral to bilateral.

Organ protection—spinal cord

Ischaemic SCI remains the Achilles heel of open and endovascular
TAAA repair [500]. Various neuroprotective strategies [e.g. motor
evoked potentials (MEPs) [501]/somatosensory evoked potentials
(SSEPs) monitoring [502] and CSF drainage [436, 503]] are estab-
lished traditional adjuncts to monitor and avoid SCI [504].

Most importantly, the modern CN [180, 181] concept has begun
to replace the classic understanding of spinal cord blood supply,
implying several important clinical consequences: It challenged the
historical paradigm of segmental artery reimplantation [502] (which
has not been proven to reliably avoid SCI, thereby concurrently
promoting dangerous steal phenomena [505] and prolonging dele-
terious cross-clamp times, while it remains no option in endovas-
cular repair) [501]; it paved the way for the concept of ‘staging’
(which significantly lowered SCI rates after endovascular repair
[506]); it reliably resulted in ‘zero paraplegia’ in large-animal

experiments [507, 508]—and equally in retrospect analysed large
clinical open repair series [507]. This sequence of events ultimately
led to the minimally invasive staged segmental artery coil emboli-
zation (MIS2ACE) concept and the PAPAartis RCT [182, 502, 509,
510], it emphasized the importance of regional inflow zones and
perioperative blood pressure management [511] to sustain suffi-
cient cord perfusion during and after aortic cross-clamping
(encouraging the liberal use of distal aortic perfusion and serial
clamping in open repair and deterring the use of a large-bore
sheath in endovascular repair).

Reliable non-invasive tools to monitor cord perfusion to
detect imminent spinal cord malperfusion, ischaemia and forth-
coming neurologic injury (particularly early postoperatively) are
not yet available; neither is a reliable strategy to prevent SCI
during distal circulatory arrest and after segmental artery occlu-
sion. However, 2 promising new concepts—potentially advanc-
ing spinal cord protection further—address these issues: (i) the
clinical application of non-invasive real-time monitoring of the
thoracic and lumbar paraspinous CN oxygenation via NIRS to
detect hypoperfusion in a timely manner [512], and (ii) priming
of the CN by minimally invasive staged segmental artery
coil embolization (MIS2ACE), to achieve sufficient resilience
of spinal cord perfusion prior to definite aortic repair.
Neuromonitoring including MEPs and SSEPs is helpful in order
to monitor posterior column sensory proprioceptive and ante-
rior motor pathways in both open thoraco-abdominal replace-
ment and TEVAR. Therefore, their use in these procedures is
encouraged. Cerebrospinal fluid drainage is not routinely rec-
ommended in TAR because the risk of symptomatic SCI is low.
Nevertheless, it should be considered in high-risk patients with
an already reduced spinal cord blood supply (previous TEVAR/
TAR), occluded LSA or internal iliac arteries.

Organ protection—viscerals and renals

Visceral arteries. Postoperative visceral organ dysfunction can
negatively affect short- and long-term outcomes in patients
undergoing proximal aortic, aortic arch and thoraco-abdominal
aortic surgery. Clinically, the kidneys are the organs most sensi-
tive to ischaemia, followed by the liver and the bowel. Significant
injury can occur when ischaemia lasts longer than 90 min,
although, at higher body temperatures (e.g. 30�C), the safe
ischaemic period can be as short as 60 min [513, 514]. Serial
measurements of liver enzymes (e.g. aspartate amino transferase,
alanine amino transferase, bilirubin) and circulating lactate levels
have been used to monitor for visceral ischaemia [439, 461].

Visceral protection during aortic arch surgery. Despite the
lack of supporting evidence from RCTs, various methods to
reduce postoperative visceral organ ischaemia have been used
by aortic experts [461, 515–517]. These methods include expedi-
tious repair, establishing distal aortic perfusion as soon as possi-
ble, additional distal aortic perfusion and various degrees of
systemic hypothermia and HCA [441]. Prolonged circulatory
arrest and warm distal circulatory arrest can alter intestinal
mucosal perfusion and blood flow regulation and cause mucosal
oedema, leading to prolonged visceral ischaemia that can result
in multiorgan failure and possibly bowel infarction [518–522].
Controlled rewarming that keeps the gradient between the core
temperature and the perfusate temperature at 10�C is important
to avoid reperfusion injury [519, 523].
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Visceral protection during thoraco-abdominal aortic sur-
gery. Bowel ischaemia is uncommon after TAAA surgery. It
occurred in <1% of 1267 consecutive TAAA repairs [524].
Experienced ACs use various techniques for visceral protection
during thoraco-abdominal surgery, although few randomized tri-
als have specifically addressed bowel and liver protection during
TAAA surgery. Elevated hepatobiliary values after extensive TAAA
repair seem to be correlated with prolonged ischaemic times
[525]. In addition to permissive or active hypothermia with circu-
latory arrest, expeditious repair and shortening distal aortic
ischaemic times, other specific techniques include left heart
bypass and, for extensive TAAA repairs, perfusing the coeliac axis
and superior mesenteric artery with isothermic self-oxygenated
blood at a rate of 400–500 ml/min, which can decrease bacterial
translocation from the bowel and postoperative coagulopathy.
Other patient-specific adjuncts include endarterectomy of the
ostia of the coeliac artery or superior mesenteric artery and bal-
loon angioplasty and stenting of these vessels under direct vision
[525–531]. Among 3309 repairs, the renal and visceral arteries
were managed by endarterectomy, bypass or stenting in 9.6% of
extent I repairs, 47.8% of extent II repairs, 54.1% of extent III
repairs and 60.5% of extent IV repairs [528].

Renal arteries. Satisfactory oxygen delivery and perfusion pres-
sure should be maintained intraoperatively (before, during and
after CPB) and postoperatively to avoid end-organ injury in
aortic surgery. Acute kidney injury (AKI) after cardiovascular sur-
gery is a frequent complication. Its risk during long, complex pro-
cedures such as surgery of the aorta was identified more than
60 years ago [46, 532]. Cardiopulmonary bypass is a recognized
factor contributing to AKI. For general cardiovascular operations,
the incidence of AKI is around 30%, and up to 5% can require
renal replacement therapy. In more complex aortic operations
such as open thoraco-abdominal aortic repair or ATAAD repair,
the need for renal replacement therapy ranges between 7% and
15% [528, 533, 534]. Acute kidney injury is a highly morbid post-
operative event that may also adversely impact long-term sur-
vival after aortic surgery. Prevention of such complications is of
vital importance [535].

Many factors are known to be associated with increased risk of
AKI in aortic surgery. Pre-existing renal failure, advanced age, sex,
diabetes, hypertension, anaemia, need for prolonged CPB, vis-
ceral circulatory arrest, atherosclerotic burden, prior operations
and decreased LV function play a role in AKI development but
cannot be modified.

For open surgery with CPB, several factors may impact the
development of AKI. The kidney is at constant risk for the devel-
opment of imbalances in renal oxygen delivery/renal oxygen
consumption. During CPB it is imperative to maintain a satisfac-
tory goal-directed perfusion pressure, always ensuring appropri-
ate pump flow and satisfactory oxygen content (CaO2), and these
goals should be pursued postoperatively.

For certain aortic arch operations, a period of lower body
ischaemia is necessary to complete the aortic repair. There is no
absolutely safe period of circulatory arrest under normothermic
conditions, because it is well known that circulatory arrest leads
to irreversible organic sequelae [536]. Aortic repair at different
degrees of systemic hypothermia is possible when interruption of
circulation is necessary. As observed in other organs, renal
oxygen consumption decreases as temperature declines;

however, renal ischaemia and risk for AKI remain [537]. In situa-
tions where HCA is mandatory to achieve repair, usually in
TAAD, less renal failure requiring dialysis has been observed with
lower systemic temperatures (18�C) [538–541]. Unfortunately,
this situation is associated with a longer CPB run, blood cell
trauma, endothelial dysfunction, coagulopathy and the need for
transfusions, events that have been shown to be predictors of
AKI in previous aortic arch studies [542–545]. It has been argued
that any potential renal protection benefit from additional hypo-
thermia may be offset by the added time on CPB [546]. In more
homogeneous populations, profound hypothermia in patients
undergoing DHCA appeared to have protective effects on kidney
function [547]. The incidence of postoperative renal failure in
patients undergoing aortic arch surgery with hypothermia at
16.8�C versus 22.9�C did not differ in other studies, where the
mean duration of circulatory arrest was equivalent at around
40 min [548]. Other retrospective studies, with limited circulatory
arrest periods, point at moderate instead of deep hypothermia as
a reasonable strategy for kidney protection [549]. Unfortunately,
lack of randomized data precludes detailed recommendations
for the best HCA temperature. It is likely that longer CPB times
counterweigh hypothermic organ protection. Thus, surgical
judgement with a tailored intervention and an understanding of
the clinical tolerance to renal ischaemia are still necessary.

Rewarming strategies after hypothermia play a significant
role in the development of AKI. After HCA, a period of hypo-
thermic perfusion (same temperature as before arrest) before
initiation of rewarming is usually utilized to attenuate reperfu-
sion injury by decreasing tissular oxygen consumption.
Avoidance of rapid rewarming and hyperthermic perfusion are
recommended. To attenuate the rewarming insult, it is recom-
mended to avoid temperature differences between the arterial
and venous lines above 3�C, with a rewarming rate no faster
than 1�C every 5 min. The incidence of AKI increases with every
10 min of rewarming with an arterial inflow temperature >37�C
[546, 550, 551].

Lower body uninterrupted perfusion is a technique used to
provide blood perfusion to distal organs and the spinal cord dur-
ing open arch and proximal descending surgery. Yet, the net
effect of lower body uninterrupted perfusion on postoperative
renal function remains unclear. Reduction of CPB time can be
achieved by avoiding deep hypothermia and shortening cooling
and rewarming phases. Some reports point at the potential bene-
fit of this approach to prevent spinal cord ischaemia, renal failure
and visceral ischaemia [438, 552].

Minimizing or avoiding circulatory arrest can shorten opera-
tive times and avoid the systemic effects associated with organ
ischaemia and hypothermia. When it is technically feasible,
adopting such an approach seems logical to minimize prolonged
loss of pulsatile perfusion, inflammation secondary to the interac-
tion of blood with the CPB equipment, fragmentation of blood
cells leading to haemolysis and pigment nephropathy, with
known effects on renal function.

In open TAAA surgery, cold crystalloid renal perfusion has
shown superiority over isothermic or cold blood renal perfusion
[442, 443]. In a recent randomized trial, use of the histidine-
tryptophan-ketoglutarate solution (Custodiol) during open TAAA
repair resulted in significantly lower rates of postoperative AKI
compared with Ringer’s solution [444, 445]. Leg ischaemia leading
to rhabdomyolysis in TAAA surgery is associated with AKI and
should be avoided, when possible, through lower limb perfusion
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in which arterial return cannulation through a side prosthetic
graft in the femoral artery may play a significant role [553, 554].

Extremities

Lower limb ischaemia can be an intraoperative complication in
aortic surgery, because long distal aortic clamping times are fre-
quently required in open surgery or large-bore introducer
sheaths are placed in the femoral arteries for endovascular pro-
cedures, ECC or LV assist devices [555, 556]. In addition to ischae-
mia due to decreased perfusion, atheroembolic events might also
lead to lower limb ischaemia.

Monitoring lower limb function. Preoperative imaging with
duplex ultrasound and CTA is necessary to obtain baseline lower
extremity arterial function. Physical examination for the presence
of peripheral pulses is a quick way to monitor lower extremity
perfusion, in addition to visual inspection for pallor, touching for
temperature changes and evaluating capillary refill time.
Posterior leg muscle rigidity is also indicative of ischaemic injury,
especially in ischaemia/reperfusion situations.

General anaesthesia requires more invasive and regular moni-
toring for end-organ function. The MEPs and SSEPs are usually
used for monitoring posterior column sensory proprioceptive
and anterior motor pathways, but they can also be used for
detecting lower limb ischaemia, especially if it is unilateral.
Intraoperative signals can be compared to preoperative baseline
evaluations. Intraoperative duplex ultrasound can be used for
real-time blood flow monitoring.

Ischaemic markers such as lactate level and lactate/pyruvate
ratio should be monitored intraoperatively. Even though it is not
specific for lower limb ischaemia, an increase in these markers
can prompt the physician to take measures for increasing limb
perfusion. In the postoperative period, increased creatinine phos-
phokinase levels can indicate lower limb ischaemia.

Avoiding end-organ injury. Lower limb ischaemic complica-
tions occur more frequently in patients who have peripheral artery
disease, longer procedure times that necessitate femoral occu-
pancy and smaller ilio-femoral axes [555, 556]. In these cases, pre-
emptive protective measures should be considered in order to
reduce the risk for end-organ complications. Anaesthesiologic con-
siderations include keeping mean blood pressure around 90–
100 mmHg and euvolaemia helps maintain adequate end-organ
perfusion. Permissive mild hypothermia (33–34�C) might also be
used in complicated open repair. In addition, the target activated
clotting time should be achieved and monitored throughout the
procedure. Early introducer sheath removal or downsizing with
suture-mediated closure devices or purse-string sutures should be
done, when possible, to increase peripheral blood flow [557].
When it is not possible to use low profile devices or to downsize,
termino-lateral ilio-femoral conduits can be sutured on the native
artery to accommodate sheath introduction. Temporary perfusion
of the extremities can also be achieved by placing antegrade
reperfusion sheaths in the superficial femoral artery [557, 558].

In open aortic surgery, left heart bypass has proved extremely
helpful for distal organ perfusion. Usually, an outflow cannula is
placed in the common femoral artery to provide retrograde flow
and at the same time to allow distal flow to the homolateral limb
during assisted circulation.

THERAPEUTIC OPTIONS

Aortic root

Treatment of aortic root dilatation follows the surgical principle
of resecting the diseased aortic tissue to prevent acute complica-
tions, namely, dissection and rupture. Because the aortic root
and valve form a functional unit, the surgeon also tries to main-
tain or restore normal valve function. In ATAAD, the general
principle of surgical treatment is to resect the segment containing
the entry tear: The root must be replaced when it is either the
site of the intimal tears or significantly involved by dilatation.

For aortic dilatations and aneurysms involving the aortic root
(‘root phenotype dilatation’), options include composite replace-
ment of the aortic valve and sinuses with direct reimplantation of
the coronary ostia (modified Bentall–De Bono operation) and dif-
ferent variants of valve-sparing root replacement. Notably, this
pattern of dilatation, already known to be typically associated
with HTAD, is being increasingly recognized as clinically more
malignant, also in the general population [336, 338].

In the elective setting, the Bentall–De Bono operation yields
low in-hospital mortality (most recently 1–2%) [559, 560, 565]
and good long-term survival (78–93% at 10 years) [559, 565], with
hazards of late adverse events depending on valve prosthesis
type (mechanical/biological) [560]. Early mortality is higher in the
setting of ATAAD [561]; therefore, particularly when a lengthy
operation is foreseen and there is no entry tear in the root, sim-
ple Teflon felt reinforcement or reconstruction, with valve resus-
pension or replacement, may be preferred: Diameter growth of
the reconstructed root can be very slow [566]; however, freedom
from late reoperation can be lower than after the Bentall–De
Bono operation [567]. There is a lack of evidence as to which
exact criteria (e.g. root dimensions) should prompt concomitant
root replacement in ATAAD without a tear in the sinuses.

In the past, valve-sparing root replacement procedures were
suggested for patients with a normally functioning tricuspid
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Recommendation Table 22: Therapeutic options: aortic root

Recommendations Classa Levelb Refc

For aortic dilatations and aneurysms
involving the aortic root with a struc-
turally diseased aortic valve, replace-
ment of the aortic valve and sinuses
with coronary ostia direct reimplanta-
tion (modified Bentall operation) is
recommended.

I B [559–561]

Valve-sparing root replacement
should be considered for patients
with a non-diseased tricuspid aortic
valve and dilated root, especially
young patients, if performed by expe-
rienced surgeons.

IIa B [562, 563]

Valve-sparing root replacement may
be considered for patients with a non-
diseased bicuspid aortic valve and
dilated root if performed by surgeons
with specific expertise in aortic valve
repair.

IIb B [564]

aClass of recommendation.
bLevel of evidence.
cReferences.
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aortic valve and a dilated root [282]. Today, the requisite is a
valve without gross degeneration and calcification [141]. Indeed,
evidence has been accumulated that, at least when performed by
surgeons with specific expertise, root reimplantation (David
operation) or root remodelling (Yacoub operation) with associ-
ated annuloplasty can have in-hospital mortality rates between
0.3 and 1.5% in the elective setting, allowing lower valve-related
complications than the Bentall–De Bono operation, optimal
durability in terms of valve function and the need for reopera-
tion, both for BAV and TAV aortopathies [560, 562–564]. At least
in patients with HTAD, the remodelling technique without annu-
loplasty should not be preferred because of concerns about late
postoperative annular enlargement and recurrence/occurrence
of aortic insufficiency [568, 569].

In patients undergoing surgery for an aneurysm of the mid-
ascending aorta, a non-dilated or just mildly dilated (<_45 mm)
root (‘ascending phenotype dilatation’) should not be replaced,
unless there are concerns about the patient’s young age, family
history of ATAAD or known HTAD. Unlike distal extension into
the arch, proximal extension to the root/valve does not signifi-
cantly increase mortality and adverse events [570]. However,
unreplaced roots in elective ascending aorta surgery have been
demonstrated to grow slowly (0.4–0.8 mm/year, generally slower
with BAV than with TAV) [571, 572] and rarely require reopera-
tion [573, 574]. In some ascending phenotype dilatations, one
sinus is concomitantly dilated (e.g. the non-coronary in right–left
fused BAVs) and can be selectively replaced, adequately tailoring
the ascending graft [572].

Ascending aorta with or without proximal arch

The purpose of surgical treatment of a chronic aneurysm of the
ascending aorta is to prevent aortic rupture or dissection by
excising and replacing dilated areas and restoring normal aortic

diameters. If the aneurysm is confined to the tubular portion of
the ascending aorta and the root and arch are not involved by
the pathology, a supracoronary ascending aorta replacement
with interpositional graft can be the simplest effective technique
of choice.

Many patients present an ascending aortic aneurysm with par-
tial involvement of the arch. These cases are effectively treated
with hemiarch replacement, when aortic cross-clamping is not
possible. In this case, adding a hemiarch to a proximal aortic
aneurysm repair in the absence of an arch aneurysm may be
associated with higher short-term mortality compared to a non-
hemiarch [575]. Moreover, ascending grafts should be chosen,
anticipating further distal endovascular treatment: first, straight
implantation of the prosthesis and second, a prosthesis length of
>_7 cm.

After circulatory arrest is established, provided there is no evi-
dence of a pre-existing arch aneurysm, the aorta is completely
transected in a bevelled fashion: The transection begins at the
greater curvature immediately proximal to the origin of the inno-
minate artery and extends towards the lesser curvature to the
level of the LSA, preserving most of the greater curvature of the
arch. The native aorta is then sutured to the pre-shaped ‘flute
beak’ polyester graft using a continuous monofilament suture.

In case of partial involvement of the aortic arch requiring par-
tial arch replacement, an alternative to hemiarch replacement is
represented by the replacement of parts of the arch with a single
reimplantation of 1 or more epiaortic trunks. The epiaortic trunks
can be reimplanted separately using a quadrifurcated graft: In
this case the distal anastomosis can be performed in Ishimaru
zone 1 or 2 depending on the extension of the aneurysm, thus
reimplanting only 1 or 2 of the 3 epiaortic vessels (the brachioce-
phalic trunk or also the left common carotid artery).

Aortic arch
Recommendation Table 23: Ascending aorta with or without
proximal arch

Recommendations Classa Levelb Refc

In ascending aortic surgery, supracom-
missural isolated ascending aorta
replacement is recommended in
patients without adjunct aortic root
and aortic arch dilatation.

I B [571,
572, 574]

It is recommended that in any open
proximal thoracic aortic operation,
ascending/hemiarch replacement has
to be extensive, and short ascending
grafts should be avoided to prevent
disease progression and to anticipate a
future endovascular modular distal
extension.

I C -

In ascending aortic surgery with a
diameter larger than 45 mm of the
proximal aortic arch, hemiarch or more
extensive aortic arch replacement may
be considered.

IIb B [575]

aClass of recommendation.
bLevel of evidence.
cReferences.

Recommendation Table 24: Therapeutic options: aortic arch

Recommendations Classa Levelb Refc

In patients with an intended one-
stage aortic arch treatment, the FET
technique should be considered.

IIa B [576–581]

Aortic arch replacement, including
the creation of a sufficient landing
zone, is recommended in the treat-
ment of multisegmental aneurysms of
the thoracic aorta in order to facilitate
the further downstream repair.

I C -

When performing the frozen and con-
ventional elephant trunk techniques,
a distal anastomosis in arch zone 2
should be considered.

IIa C -

In the case of an elephant trunk
implant, the polyester trunk compo-
nent should be considered to be
accessible in zone 4.

IIa C -

Hybrid procedures may be consid-
ered for aortic arch repair.

IIb C -

Continued
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Aortic arch with and without affection of proximal and
distal aortic segments. Isolated diseases of the aortic arch of
any kind in the adult are infrequent [585–591], as is isolated sur-
gical replacement, although some reports have focused on this
[592]. The ascending and the proximal descending aorta are usu-
ally involved in aortic arch lesions. Therefore, surgical decisions
involve the proximal and distal aorta, the neck vessels and brain
protection strategies.

There is a need for additional data collection and RCTs to
favour endovascular or open arch treatment. With these consid-
erations in mind, arch replacement can be performed through
an open or endovascular approach.

Open surgical arch replacement. The surgical conduct of the
operation differs little between acute and chronic conditions and
between aneurysms and dissections, and TAR has to be consid-
ered one of the most aggressive and invasive operations in sur-
gery, not just cardiovascular surgery [593].

Even in surgical reports claiming isolated TAR [592], this opera-
tion needs an adjunct such as the elephant trunk [594] or the FET
[576, 577]. Current trends confirm the progressive adoption of
the FET as the technique of choice for complex arch aneurysms
with distal extension [358, 469, 578, 579] with ongoing discus-
sions with regards to its applicability or benefit in aortic dissec-
tions [53, 580, 593]. In certain age groups, there is also
controversy regarding TAR as a reasonable procedure with or
without FET due to increased morbidity and mortality and lower
expected follow-up survival in older patients [581]. Knowledge
regarding the FET operation has increased in the past decade,
and societal positions have been defined [53, 595]. Despite the

increasing importance of the FET technique in ATAADs, there is
no standard role for a conventional elephant trunk in these
patients.

A hybrid approach performed simultaneously or on a sequen-
tial basis to treat the aortic arch is designed to decrease the surgi-
cal trauma by eliminating aortic cross-clamping, CPB and HCA
with its intrinsic deleterious effects. This approach is of particular
importance in those patients considered to be high surgical risk.
The ultimate goal is creating an adequate landing zone to deploy
an endovascular device in proximal Ishimaru zones (0–2). Due to
the variable branching pattern and according to different patho-
logical conditions, the options for vascular transposition (Fig. 24)
of the supra-aortic vessels are multiple. Patient selection is of
utmost importance. The risks of stroke and of death are to be
considered due to the instrumentation of the aorta during ana-
tomical debranching and endovascular grafting because hybrid
procedures are associated with increased risks of death and
stroke [582].

The LSA plays a fundamental role in planning for patients with
distal aortic arch pathology. Prophylactic LSA revascularization is
meant to avoid neurologic complications when LSA coverage
during TEVAR is to be performed [583]. Furthermore, the LSA
anatomy has implications for endovascular aortic arch repair
[584].
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In any TEVAR involving zone 2, left
subclavian artery revascularization is
recommended to reduce the risk of
neurologic complications such as
stroke and spinal cord ischaemia.

I B [582–584]

aClass of recommendation.
bLevel of evidence.
cReferences.
FET: frozen elephant trunk; TEVAR: thoracic endovascular aortic repair.

Figure 24: Subclavian artery transposition, carotid-to-subclavian bypass and double transposition.

Figure 25: Branched endovascular total aortic arch repair.
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Endovascular arch repair. The aortic arch is an extremely
complex anatomical and functional region of the aorta. Steady
development in technology has allowed the improvement of
aortic arch endografts and delivery systems with different
branching patterns targeting specific subsets of patients who are
considered at too high risk for open surgical repair with TAR
[319, 596]. Branched endovascular technology (Fig. 25) is finding
its way, and there is proof of concept that, despite the lack of suf-
ficient experience, cumulative data and follow-up, it may repre-
sent an alternative to TAR in high-risk or inoperable patients in
the future [597]. Further research supplemented with anecdotal
clinical cases focuses also on overcoming the limitations of an
insufficient proximal landing zone with the introduction of the
endovascular Bentall concept [598, 599].

Proximal aortic surgery techniques for root, hemiarch and TAR
using the FET technique are illustrated in Fig. 26.

Descending aorta

Figure 26: Frozen elephant trunk, hemiarch replacement and valve-sparing aortic root replacement.

Recommendation Table 25: Therapeutic options: descending
aorta

Recommendations Classa Levelb Refc

In patients undergoing endovascular
aortic repair with suitable femoral
artery anatomy, ultrasound-guided
percutaneous access is
recommended.

I B [600]

TEVAR is recommended as the first-
choice therapy for acute complicated
descending aortic syndromes.

I B [601, 602]

Continued

If LSA-to-LCCA bypass/transposition
or double transposition cannot create
a sufficient proximal landing zone, the
FET technique should be considered.

IIa C -

If concomitant valvular or coronary
disease requiring treatment is present
together with acute and chronic
thoracic aortic pathology involving
the aortic arch, the FET technique
should be considered.

IIa B [247, 254]

Stent-graft oversizing in degenerative/
atherosclerotic aneurysms or PAUs
should be considered <15–20% of the
proximal and distal landing zone
diameters.

I C -

Stent-graft oversizing in acute aortic
dissection/IMH should be considered
<10% of the proximal landing zone
diameter.

I C -

It should be considered that the land-
ing zone diameter should not exceed
38 mm in diameter.

IIa B [603]

It should be considered that the prox-
imal landing zone length be at least
25 mm.

IIa C -

It should be considered that the distal
landing zone length be at least
25 mm.

IIa C -

In TEVAR for type B aortic dissection,
distal tapering for the prevention of
dSINE should be considered accord-
ing to the TL diameter.

IIa C -

Continued
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Thoracic endovascular aneurysm repair is the first-line interven-
tion for most pathologies at the level of the descending thoracic
aorta due to its favourable outcomes and lower invasiveness
[602, 607, 608]. The latter is based on inserting the transfemoral
implant through a femoral artery cut-down or percutaneous
access, which has been stimulated by the recent developments of
low-profile TEVAR deployment systems and dedicated large-bore
closure devices [600, 609, 610].

The goal of TEVAR is the exclusion of descending aortic path-
ology (descending TAA), PAU, the false lumen of the aortic dis-
sections and traumatic rupture from the circulation by means of
endovascular coverage with the induction of thrombus formation
within the diseased aortic segment. For example, in type B dis-
sections, TEVAR covers the proximal entry tear and eliminates
the antegrade blood flow to the false lumen, which leads to
false-lumen depressurization and thrombosis, accompanied by
expansion of the true lumen [251, 611]. Those desirable morpho-
logic effects observed in the treated aortic portion are referred to
as (positive) aortic remodelling, which was shown to reduce
aortic-related mortality associated with the type B dissections in
the INSTEAD XL RCT [249, 250].

The exclusion of the pathology is ensured by sealing the
endograft in the proximal and distal sealing zones (PSZ; DSZ),
which presumes the completeness of the apposition of the over-
sized endograft to the aortic wall, whereas the proximal landing
zone describes the targeted proximal endograft deployment level
in relation to the supra-aortic trunks [612].

The choice of the sealing zones has important implications for
the early and late outcomes after TEVAR. The healthy PSZ in the
descending aorta or the distal aortic arch should exceed 25 mm,
whereas the DSZ should be 25 mm and 50 mm if the distal
deployment is in the native aorta or a previously implanted pros-
thesis, respectively [128]. The PSZ length is measured in the inner
curvature and presumes the complete proximal apposition of the
endograft to the inner aortic wall [136]. In the presence of type III
aortic arches with small radii, the incomplete apposition of the
endograft in the PSZ (bird-beak) needs to be anticipated and
considered regarding the procedure choice and planning [612–
614]. This may necessitate the proximalization of the proximal
landing zone through the debranching of supra-aortic vessels or
the creation of a sustainable PSZ with the FET procedure [136,
615] for further endovascular interventions.

Beyond the sealing zone length of >_25 mm, the quality of the
aortic wall plays a crucial role in the outcome after the endovas-
cular repair. The aortic wall quality criteria of the TEVAR sealing
zones can be summarized as follows:

• Absence of connective tissue disease
• Aortic diameter of the PLZ <_38 mm
• Absence of thrombus and calcification
• Absence of intramural haematoma or dissection

The outcome of patients with connective tissue diseases
treated with TEVAR in native landing zones is associated with a
considerable rate of complications and of reinterventions,
although favourable endovascular repair outcomes were
reported in smaller series [616–619]. Furthermore, patients with
sealing zone diameters >38 mm may experience further neck
degeneration based on the oversizing-mediated seal in an
already dilated neck [603]. The occurrence of endoleak type I
may be associated with further neck dilatation and the presence
of thrombus or calcification in the sealing zones [603, 620]. The
evaluation of the PSZs in type B dissections treated with TEVAR
showed a high rate of IMH presence in Ishimaru zones 1–3,
which may increase the risk of retrograde type A aortic dissection
(RTAD) following TEVAR [621]. Beyond the sealing zone length
and quality, the oversizing of TEVAR is relevant for the durable
seal. The level of the proximal endograft oversizing is determined
by the chronicity of the aortic pathology. The treatment of
chronic conditions (PAU, descending TAA and chronic type B dis-
sections) is recommended with an oversizing of 15–20% in the
proximal and distal landing zones. In patients with acute and
subacute type B dissections or type B IMHs, the interaction of
the vulnerable aortic wall with the oversized endograft may lead
to a higher risk of new entry tears with an increased risk for
RTAD [621, 622]. Thus, for the acute and the subacute dissections,
a moderate proximal oversizing of <10% and the use of endog-
rafts with low radial force and without proximal bare struts are
recommended in order to reduce the irritations of the aortic wall
in the PSZ [622, 623].

In aortic dissections, considerable tapering of the diameter of
the true lumen is frequently observed, which is due to the com-
pression of the true lumen by the pressurized false lumen and
the elastic properties of the intima layer [409]. Therefore, accu-
rate distal endograft sizing still constitutes a challenge when plan-
ning the procedure and should consider the dissection
chronicity, ultrasound-based membrane elasticity, the
circumference-derived true lumen diameter and the growth of
the aortic diameter immediately after the onset of the dissection
[409, 624]. The use of tapered endografts in aortic dissections
reduces the extensive distal endograft oversizing, which was
identified as the main risk factor for [625, 626]. The distal stent
graft-induced new entry (dSINE) describes the membrane rup-
ture at the distal endograft orifice, which causes false lumen
reperfusion and growth of the aortic diameter and requires re-
interventions in the majority of cases to prevent aortic rupture
[625, 627, 628].

The use of restricted bare stent extensions in the thoracic aorta
or of a provisional extension to induce complete attachment
[PETTICOAT (Provisional Extension To Induce Complete
Attachment) technique] has been applied to prevent dSINE by
reducing the true lumen taper ratio and maximizing the true
lumen expansion, respectively [604, 605]. However, using differ-
ent aortic bare stent types and techniques in smaller cohorts

51M. Czerny et al. / European Journal of Cardio-Thoracic Surgery

The PETTICOAT technique should be
considered in acute aortic dissections
as a distal adjunct to TEVAR in case
adequate true lumen decompression
cannot be established by TEVAR
alone.

IIa B [604–606]

The STABILISE technique may be con-
sidered in particular scenarios but
preferably under controlled study
conditions.

IIb C -

aClass of recommendation.
bLevel of evidence.
cReferences.
dSINE: distal stent graft-induced new entry; FET: frozen elephant trunk; LCCA:
left common carotid artery; LSA: left subclavian artery; IMH: intramular hae-
matoma; PAU: penetrating atherosclerotic ulcer; PETTICOAT: Provisional
Extension To Induce Complete Attachment; STABILISE: Stent-Assisted
Balloon-Induced Intimal Disruption and Relamination in Aortic Dissection
Repair; TL: true lumen; TEVAR: thoracic endovascular aortic repair.
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hampered the long-term evaluation of these procedures in a
meta-analysis, whereas a recent MC trial showed improved
remodelling with the PETTICOAT technique [606]. A recent retro-
spective single-centre study showed no favourable long-term
remodelling after the PETTICOAT technique with a high rate of
re-interventions and open conversions [605]. STABILISE is a novel
technique recently proposed for the treatment of acute and sub-
acute type B dissection with a bare stent extension following
TEVAR. Different from the mentioned techniques, the goal of the
STABILISE technique is to carry out the balloon-assisted disrup-
tion of the dissection membrane at the site of the bare stent to
eliminate the bi-luminal flow [629]. Only smaller studies are cur-
rently available and describe favourable aortic remodelling and
outcomes, which need to be confirmed by further evidence
[629].

Compared to the endovascular therapy of the descending
aorta, the importance of open repair lies mainly in the creation
of the PSZ. If the PSZ is unfavourable for TEVAR, the FET is the
first-line option to create a durable PSZ for further endovascular
or open interventions in the descending or thoraco-abdominal
aorta even in the absence of an aortic arch pathology [136]. The
isolated open repair of the descending aorta carries a higher
periprocedural risk in terms of increased mortality and spinal
cord ischaemia rates in comparison to TEVAR [608]. Nevertheless,
isolated open repair of the descending aorta still plays an impor-
tant role in patients with failed TEVAR, unsuitable anatomy, and
unsuitable connective tissue disease and includes infectious aorti-
tis (IA), aorto-bronchial or aorto-oesophageal fistula and graft/
endograft infections [630].

Thoraco-abdominal aorta

The success of classical open TAR depends on providing organ
protection and monitoring organ function. This section is meant
as a technical guide for open surgery, independent of the under-
lying pathology.

Cannulation and extracorporeal circulation. Two options
are available: (i) partial CPB or (ii) left heart bypass [451, 633–
636]. In cases with an aorta that could not be clamped or based
on the availability of specific institutional expertise, DHCA can be
considered an alternative.

Specifics in patients with parietal thrombi. Clamping of the
most proximal site at the start of ECC is a helpful tool to prevent
retrograde embolization and detached parietal thrombi, which
helps in preventing strokes.

Conceptual considerations. In case of feasibility, a ‘distal-shift-
ing’ strategy should have preceded any classical open TAR either
by previous FET and/or TEVAR in order to achieve a proximal
‘full-fix’ [637] (Fig. 27) and in particular to reduce the need for
manipulation of the left lung to a minimum. A ‘non-touch’ tech-
nique for the pulmonary parenchyma helps to reduce collateral
injury and can make the difference not only after the initial phase
during and after weaning from the ECC but also substantially
impacts the postoperative course. Reversing the right anterior
semi-supine position to a more anterior-posterior positioning
may help to improve right ventricular and left lung function
[638].

Clamping strategies. A sequential clamping strategy is recom-
mended [634, 635]. Using HCA to accomplish the proximal anas-
tomosis should be avoided because the combination of HCA, left
lung manipulation and major surgery entails risk (Fig. 28). If the
proximal anastomosis is an elephant trunk or an FET, one needs
to ‘fish’ for the proximal landing zone. The elephant trunk or the
FET component should be accessible in zone 4 [637, 639, 640].
The technical component is recommended as follows: clamping
at the zone 4/5 transition, an anti-Trendelenburg position, rapid
pacing to reduce cardiac output, opening the aorta (in case of
opening the dissection membrane), fishing for and clamping the
elephant trunk/FET and stopping the rapid pacing, then

Recommendation Table 26: Therapeutic options: thoraco-
abdominal aorta

Recommendations Classa Levelb Refc

For patients with low-to-moderate
perioperative risk, open repair as well
as endovascular treatment of parare-
nal and TAAA should be considered.

IIa C -

For patients unfit for open repair, a B/
FEVAR procedure should be consid-
ered the first-line treatment.

IIa B [631, 632]

A hybrid approach may be consid-
ered for patients unfit for open repair
and anatomically unsuitable for a B/
FEVAR procedure.

IIb C -

A ‘distal-shifting’ strategy may be con-
sidered in any TAAA to reduce left
lung manipulation to a minimum.

IIb C -

For patients at high risk for SCI under-
going endovascular treatment of type
I, II, III or V thoraco-abdominal aortic
aneurysms, a staged TEVAR–B/FEVAR
approach should be considered.

IIa C -

In open TAAA repair, proximal clamp-
ing before the full establishment of
CPB to avoid retrograde embolization
of parietal thrombi should be
considered.

IIa C -

Continued

In patients undergoing open descend-
ing or thoraco-abdominal aorta
repair, cryoablation of multiple inter-
costal spaces (temporary nerve block-
age) may be considered for pain
control as an adjuvant strategy.

IIb C -

Left heart bypass or partial femoral–
femoral bypass for open thoraco-
abdominal aorta repair should be
considered based on surgical and
institutional experience.

IIa C -

aClass of recommendation.
bLevel of evidence.
cReferences.
B/FEVAR: branched and/or fenestrated endovascular aortic repair; CPB: cardi-
opulmonary bypass; SCI: spinal cord injury; TAAA: thoraco-abdominal aortic
aneurysm; TEVAR: thoracic endovascular aortic repair.
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continuing in a regular fashion. This strategy includes all the
advantages of the elephant trunk/FET strategy, avoids distal aortic
arch/proximal descending aortic dissection and reduces the risk
of left laryngeal nerve injury. This strategy has to be used with
extreme caution in patients with Moya-Moya disease, because
even very short periods of hypotension can lead to coronary
artery spasm, which causes irreversible myocardial injury.

Control of back bleeding of thoracic segmental arteries is the
next decisive step because steal caused by uncontrolled back
bleeding via the thoracic segmental arteries is highly likely to be
one of the major determinants of symptomatic SCI [505]. Small
Fogarty catheters may help to reduce back bleeding in a short
period of time. If preoperative imaging was not decisive for iden-
tification of target vessels for reimplantation, MEPs and SSEPs
can help at that level for selection.

The next clamping site usually is at the infrarenal level in case
the iliac axis shows either regular diameter, has already been

addressed by previous surgery or by a decision to postpone iliac
repair to a later time. This strategy is also helpful to maintain
bilateral hypogastric perfusion, which is a major source of spinal
cord arterial collateral supply. Afterwards, selective visceral and
renal perfusion is established [641]. Also, thoracic segmental
arteries can be perfused selectively (Fig. 29).

The infrarenal anastomosis is performed; then, the upper
and lower body circulations are reconnected. At this point, the
percentage of the remaining ECC is reduced to the amount
needed for selective visceral and renal perfusion. The reim-
plantation sequence usually is the right renal artery, the supe-
rior mesenteric artery, CT and finally the left renal artery
(Fig. 30).

Specifics in thoraco-abdominal aortic aneurysm repair
without extracorporeal circulation. This approach, which
usually affects TAAAs, is currently named type IV. The least com-
mon denominator is the possibility of performing an oblique
anastomosis to the CT, superior mesenteric artery and the right
renal artery, usually without selective organ perfusion. The left
renal artery is then reinserted either directly into the main pros-
thesis or reconnected via a separate graft to avoid kinking.
Selective kidney protection with cold saline or Bretschneider’s
solution can be considered [444].

Fenestrated endovascular aneurysm repair.
The principle of branched or fenestrated endovascular aneurysm
repair. Branched or fenestrated endovascular aneurysm repair
(B/FEVAR) constitutes the contemporary first-line intervention
for most thoraco-abdominal aortic pathologies and enables
complete endovascular treatment of the descending thoracic
and abdominal aorta (Fig. 31). The principle behind B/FEVAR is
the exclusion of thoraco-abdominal or pararenal aortic pathol-
ogy from the circulation by sealing in the proximal and distal
aortic sealing zones at the level of the reno-visceral target ves-
sels. Therefore, bridging stent grafts (BSGs) are implanted from
the orifice of the main prosthesis to the target vessel. The BSGs
ensure the sealing at the site of the aortic endograft and at the
visceral or renal artery, and at the same time maintain the
blood supply to the end organ. Thereby, sealing in the target
vessel is effected by oversizing the BSG.

Design and anatomical preferences for branched and fenestrated
endovascular repair. Both branched endovascular repair (BEVAR)
and fenestrated endovascular repair (FEVAR) platforms com-
prise the orifice for the target vessel in the main graft. Whereas
branches create a true overlap with the oversized BSG, the seal-
ing in the reinforced fenestration is provided by the flaring of
the balloon-expandable BSG within the main graft.

BEVAR is predominantly used for long bridging distances to
the target vessels and offers increased stability of the BSG in the
branched device, whereas the transfer distance >_5 mm in fenes-
trated devices was associated with BSG instability including
endoleaks, fracture and poor patency [642]. In terms of covered
aortic length, FEVAR allows for a more distal landing in the
thoraco-abdominal aorta in comparison to BEVAR, with the pres-
ervation of more intercostal arteries, which may be associated
with a lower risk of paraplegia in comparison to branched
endografts and which is particularly relevant for the treatment of
pararenal pathologies with a suitable proximal landing zone right
above or below the coeliac trunk [643].
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Figure 27: Frozen elephant trunk implant followed by distal thoracic endovas-
cular aortic repair extension for distal shifting.
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Figure 28: Technical details of proximal clamping strategies and extracorporeal circulation.

Figure 29: Technical details of sequential clamping strategy and distal perfusion using crystalloids and blood. MEPs: motor evoked potentials; SSEPs: somatosensory
evoked potentials.
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Results of branched/fenestrated endovascular aortic repair.
Branched/fenestrated endovascular aortic repair comprises the
first-line treatment option for thoraco-abdominal and pararenal
aortic pathologies with reduced postoperative mortality and
morbidity including blood loss and pulmonary, myocardial and
neurologic complications, which result in a shorter hospital stay
and convalescence period in comparison to the complex supra-
renal and thoraco-abdominal open repair [631, 632]. However,
the reintervention rate after B/FEVAR is higher in the long
term, which is due mainly to the BSG failure leading to endo-
leaks or end-organ failure. The risk of BSG thrombosis was pro-
ven for the renal BSGs, long BSG trajectory and low-diameter
target vessels <4 mm [644–646]. The comparison of balloon-
expandable and self-expandable BSGs showed no significant
difference regarding long-term BSG stability [647, 648]. The BSG
deployment sequence through the transfemoral access was
associated with lower stroke and paraplegia rates in compari-
son to the upper extremity access in a considerable retrospec-
tive cohort [649]. Furthermore, the staged endovascular repair

of TAAAs was shown to reduce the risk of paraplegia.
Consequently, intentional aneurysm sac perfusion strategies
have been introduced in smaller series to improve neurologic
outcomes [650].
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Figure 31: Complete endovascular treatment of the descending thoracic and
abdominal aorta.

Figure 30: Anastomoses to the visceral and renal arteries.
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Infrarenal

Abdominal aortic aneurysm. Management of infrarenal
abdominal aortic aneurysm (infrarenal neck length > 10 mm).
Open surgery. Nowadays, next to the immediate short-term goal
of prevention of aneurysm rupture, the long-term outcomes of
each treatment strategy should be carefully taken into considera-
tion. A patient’s and a surgeon’s decision to proceed with elective
treatment should be preceded by careful preoperative assess-
ment of concomitant disease and general health status (e.g. car-
diopulmonary, renal) because this condition carries a
considerable postoperative mortality of around 5% [655–657].

A midline transperitoneal or retroperitoneal surgical AAA
access route should be based on the surgeon’s experience, pref-
erence and patient-specific aspects. Pooled data from 5 trials
found no apparent differences in mortality or major complica-
tions except for higher rates of reintubation with a retroperito-
neal access route [658]. Data from large registries concur with
these findings regarding mortality; however, they differ regarding

complication rates associated with one or the other approach
[659, 660].

The position of the cross-clamps and the choice of a tube or a
bifurcated Dacron or expanded polytetrafluoroethylene graft
(with or without antimicrobial coating) depend on the proximal
and distal extent of the aneurysm. Left renal vein ligation does
not seem to affect long-term renal function [661]. Involvement of
the common, external or internal iliac artery (IIA) in the aneurys-
mal degeneration necessitates a distal anastomosis at the external
iliac artery (EIA) with separate reimplantation of at least one IIA
to avoid ischaemic complications of the pelvic region, colon
and/or spinal cord [662]. Reimplantation of the inferior mesen-
teric artery remains a matter of debate because it was not associ-
ated with a lower incidence of ischaemic colitis in 1 study,
whereas it was beneficial for selected patients in other studies
(e.g. poor back bleeding, intraoperative colon ischaemia, large
inferior mesenteric artery, IIA disease) [663, 664].

Endovascular repair. Endovascular aortic repair precludes aneur-
ysm rupture by deploying a self-expandable stent graft in the
aortic lumen. Endovascular aortic aneurysm repair is associated
with a lower operative mortality (around 3%) compared to open
surgery [665]. Before intervention, meticulous preoperative
assessment of landing zones regarding length, diameter and mor-
phology (e.g. angulation, tortuosity) is required for optimal seal-
ing and fixation. Adherence to the instructions for use are
necessary to achieve optimal results, although violations of the
instructions for use have been reported in up to 40%. In such
cases, patients and surgeons should be aware of the associated
increased complication and overall mortality rates [666–668].

Traditional retrograde iliofemoral access can be safely
achieved percutaneously or with a standard femoral cut-down.
Both approaches have similar results, except for fewer seroma/
lymphorrhoea for percutaneous access routes [669]. An oversiz-
ing of 10–25% is generally required, using bi- or trimodular
aorto-bi-iliac devices. Coverage of accessory renal arteries does
not seem to impact long-term renal function, but large (>4 mm)
arteries may be managed with F/BEVAR [646, 670]. Coil emboli-
zation of the aneurysm sac or the inferior mesenteric artery may
be beneficial to prevent type II endoleak [671, 672]. In concord-
ance with open AAA repair, in case of iliac aneurysmal involve-
ment, iliac branch devices could safely preserve IIA patency [673].

Open surgery versus endovascular repair. In equally eligible
AAAs, the choice of treatment mainly relates back to the results
of 4 important trials: EVAR-1, DREAM, OVER and ACE. Meta-
analyses of these trials have shown that the early postoperative
mortality advantage of EVAR was lost after 3 years follow-up,
mainly due to aneurysm-related mortality [651]. EVAR-1 reported
lower long-term survival after EVAR, whereas DREAM and OVER
reported similar long-term survival rates for EVAR and open sur-
gery [652–654]. In general, there was an increased reintervention
rate in the EVAR group. These data support an open surgical
repair strategy in patients with a long life expectancy (e.g.
exceeding 10 years). Of note, long life expectancy is poorly
defined; further data are needed.

Frail patients unfit for elective open repair could be protected
against aneurysm-related mortality by EVAR, following the long-
term results of the EVAR-2 trial [674, 675]. However, life expect-
ancy did not differ between EVAR or optimal surveillance in these
patients.

Recommendation Table 27: Therapeutic options: infrarenal

Recommendations Classa Levelb Refc

In patients with complicated PAU, dis-
section or intramural haematoma and
in patients with mycotic aneurysm
and pseudoaneurysm in the abdomi-
nal aorta, repair is recommended.

I C -

In patients with complicated PAU, dis-
section intramural haematoma, or
pseudoaneurysm with suitable anat-
omy of the abdominal aorta, endo-
vascular repair should be considered
as the first option.

IIa C -

In patients with intact AAA with suit-
able anatomy for either open or
EVAR, a shared decision-making proc-
ess for each approach, including life
expectancy, is recommended.

I C -

In patients with long life expectancy,
open AAA repair should be consid-
ered the preferred treatment
modality.

IIa B [651–654]

In patients with suitable anatomy and
reasonable life expectancy, endovas-
cular AAA repair should be consid-
ered the preferred treatment
modality.

IIa B [651–654]

In patients with ruptured AAA under-
going endovascular treatment, a
bifurcated device should be consid-
ered as preferable over an aorta-uni-
iliac device if anatomically suitable.

IIa C -

Tubular EVAR without an iliac bifurca-
tion stent graft implant is not
recommended.

III C -

aClass of recommendation.
bLevel of evidence.
cReferences.
AAA: abdominal aortic aneurysm; EVAR: endovascular aortic repair; PAU:
penetrating aortic ulcer.
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Management of short-neck (infrarenal neck length 5–10 mm) and
juxtarenal AAA (infrarenal neck length <5 mm).

Open surgery. In complex AAA with involvement of renovisceral
branches, a retroperitoneal access compared to a transperitoneal
access has been associated with lower perioperative morbidity
and mortality rates [675]. Perioperative mortality rates associated
with open repair of specific complex AAA are generally not strati-
fied for specific complex AAA subtype or treatment strategy and
are reported to be around 4% [676].

In short-neck AAA (infrarenal neck length 5–10 mm), open sur-
gery is comparable to open infrarenal AAA repair if an adequate
cross-clamping site is present [677]. In juxtarenal AAA (infrarenal
neck length <5 mm), perioperative mortality has been reported
to be between 2.9% and 3.4% [43, 678, 679]. In these patients,
cross-clamping is required above 1 or 2 of the renal arteries with
or without selective renal perfusion. In all patients with AAA, a
proximal anastomosis should be performed as close as possible
to the lowest renal artery.

Endovascular repair. The optimal treatment strategy in these
patients remains a matter of debate. Meta-analyses reported
reduced morbidity rates with reduced or equal perioperative
mortality rates after fenestrated EVAR compared to open surgery
and a higher rate of EVAR reinterventions in the mid-term [677,
680, 681]. In complex AAAs, alternatives are represented by par-
allel graft techniques or branched/fenestrated EVAR [677, 682].
Endoanchors are reported as another adjunct to standard EVAR
in short-neck AAAs because they may reduce type Ia endoleaks
[683]. In any type of triple AAA, including infrarenal AAA, short-
neck, and juxtarenal AAA, choice of treatment strategy may also
depend on the surgeon’s experience, access to certain imaging
techniques and the case-volume of the respective AC.

Management of ruptured abdominal aorta aneurysms. Four trials
were designed to elucidate the optimal treatment strategy in
patients presenting with a ruptured AAA. These trials showed no
differences in short-term outcomes between open surgery or
EVAR if the patients were anatomically eligible for both types of
treatments [684, 685]. More recent observational studies showed
that results following EVAR were better in terms of ICU transfer,
blood loss and reduced length of hospital stay and were poten-
tially beneficial for women [684, 686]. Other relevant aspects
were age >80 years, which may favour endovascular repair, and
hostile anatomy, which may necessitate open surgery [687, 688].
Long-term survival seems to be comparable between EVAR and
open surgery for patients discharged from the hospital [689].

Management of mycotic abdominal aorta aneurysms. Next to the
administration of adequate intravenous antibiotic regimens to treat
the aortic and aetiologic systemic infections, surgical intervention
should be performed irrespective of aneurysm size [690, 691].
Before 2010, open surgery was mostly performed most frequently,
whereas over the last decades there has been an increasing trend
towards EVAR, which was associated with reduced short-term
mortality rates compared to open surgical graft replacement [691].
In this setting, concerns regarding postoperative surveillance,
recurrent infections and reinterventions remain [692].

Management of saccular abdominal aorta aneurysms. Saccular
lesions of the abdominal aorta may also have an increased risk of

rupture compared to fusiform AAA, which justifies lowering the
threshold for intervention. Additional evidence is needed, but a
recent study proved that EVAR was technically feasible with low
mortality rates in the short and mid-term, no aorta-related mor-
tality during follow-up and low reintervention rates [693].

Management of abdominal aortic dissection. Isolated abdominal
aortic dissections are rare. Evidence remains limited to small ser-
ies, and evidence from recent decades is lacking. Management
can be conservative, open surgery or EVAR, and EVAR seems to
be associated with reduced mortality and major complications
[694].

First branch vessels

The preservation of iliac circulation to at least one IIA has been
increasingly advocated in recent years [700]. The maintenance of
antegrade blood flow to the IIA during iliac aneurysm repair was
shown to reduce the risk of buttock claudication, colonic ischae-
mia, pelvic necrosis and erectile dysfunction [695, 700].
Furthermore, the IIA supplies the spinal CN, which is particularly
important for the prevention of postoperative paraplegia, if
extended aortic repair is planned [176, 701].

Iliac artery aneurysms are electively treated at a maximum ves-
sel diameter of >_35 mm [696, 697, 702]. The open repair of iliac
aneurysms is performed through the retroperitoneal access or
median laparotomy and the aneurysm is replaced by a conduit
anastomosed proximally to the infrarenal aorta/common iliac
artery (CIA) and distally to the EIA with the reimplantation of the
IIA. Alternatively, a bifurcated graft can be used to revascularize
both iliac arteries. The sacrifice of 1 IIA may be considered if the
revascularization is technically challenging (e.g. calcified orifice)
and the contralateral IIA is patent. Technically, the open repair of
the iliac artery aneurysms may be hampered by the anatomical
localization deep in the pelvis with the risk of intraoperative
injury of the neighbouring anatomical structures including iliac
veins, plexus or ureter [698].

The endovascular repair of the iliac artery aneurysm has shown
reduced morbidity and mortality in comparison to open repair
of elective and ruptured iliac aneurysms [697, 699, 703–705]. The
iliac side branch (ISB) devices offer an approved treatment
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Recommendation Table 28: First branch vessels

Recommendations Classa Levelb Refc

In patients with involvement of the
iliac axis in the disease process, the
preservation of blood flow to at least
1 hypogastric artery is recommended.

I B [695]

In patients with isolated iliac artery
aneurysms, elective treatment should
be considered at a diameter threshold
of a minimum of 35 mm.

IIa B [696, 697]

In patients with isolated iliac artery
aneurysms, endovascular aneurysm
repair may be considered.

IIb B [697–699]

aClass of recommendation.
bLevel of evidence.
cReferences.
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option for iliac artery aneurysms with the preservation of the pel-
vic circulation and high technical success and patency rates [706].
In comparison to the traditional endovascular treatment techni-
que [IIA embolization and distal endograft landing in the EIA],
the ISB technique showed a lower rate of postoperative buttock
claudication [707]. A recently published Cochrane systematic
review reported the absence of RCTs comparing those treatment
modalities [708]. In the case of the embolization and coverage of
1 IIA, the contralateral vessel should be preserved. Proximal coil-
ing of the IIA trunk should be preferred rather than selective
embolization of the branches. The communication between the
IIA branches after embolization reduces the rate of postoperative
buttock claudication [695, 700].

Concomitant AAA and CIA aneurysms or ectasia is found in
approximately 40% of patients [709, 710]. If the CIA diameter
precludes the distal sealing for EVAR, the use of ISB may create
the distal EVAR landing zone in the EIA without sacrificing the
IIA. Dilatation of the internal carotid artery and subsequent
endoleak type Ib may occur after EVAR, particularly after the
bell-bottom technique [711, 712]. At this stage, ISB may be used
for the creation of the distal landing zone in the IIA and EIAs.
Conversely, if the proximal landing zone in the CIA is not suitable
for an isolated ISB treatment, EVAR may be used for the creation
of the PLZ in the infrarenal aorta.

The sandwich technique comprises an alternative endovascular
off-label method for the preservation of the IIA during the treat-
ment of iliac artery aneurysms. The technique is based on 2 par-
allel grafts placed to the IIA and EIA and thus bears the risk of
gutter endoleaks [713]. The evaluation of this treatment option
has been evaluated in smaller cohorts with acceptable results
[714]. Future studies are needed to compare this method to the
established techniques.

Endoleaks

The complete endograft sealing of the aortic pathologies in the
healthy PSZ and DSZ ensures total thrombosis and depressuriza-
tion, which are early markers of endovascular treatment success
[715, 716]. The presence of the contrast agent between the
endograft and the intimal layer of the excluded aortic pathology

is referred to as an endoleak and describes the incomplete exclu-
sion of the pathology. The temporal endoleak classification com-
prises the terms ‘primary’ and ‘secondary’ endoleaks and refers to
their existence already at the time of the procedure or their
occurrence during the follow-up period, respectively. Depending
on the origin of the detectable contrast agent, the traditional
endoleak classification distinguishes 5 types (Fig. 32). Type I
endoleak takes its origin in the proximal (Ia) or the distal (Ib)
endograft sealing zone and comprises the blood inflow into the
pathology between the endograft and the aortic wall. The cause
of the primary type I endoleak may be associated with the dis-
crepancy between the targeted and the ultimately achieved prox-
imal or distal sealing length, the presence of thrombus or
calcifications or insufficient oversizing of the endograft.
Secondary type I endoleaks may be caused by the degeneration
of the sealing zone, which can be observed after the sealing in
the already dilated PSZ and DSZ [711, 717]. Type I endoleaks
have a high risk of rupture and should be treated at the time of
diagnosis [718].

Type II endoleaks arise from the aortic branches, which are sit-
uated in the covered aortic segment and lead to the retrograde
perfusion of the pathology, although in the case of multiple
branches, flow communication in the aneurysm sac with in- and
outflow may exist. The sole existence of type II endoleaks does
not imply the need for reintervention. Open conversions and
ruptures associated with type II endoleaks are rare [719–721];
thus endovascular re-interventions (including particle and fluid
embolization) may be weighed if substantial aortic growth occurs
during the follow-up (>_10 mm) [722]. Current data do not sup-
port the recommendation of pre-emptive branch coiling before
EVAR [723]. Further studies are needed to prove the benefit of
these prophylactic techniques [724].

Type IV endoleak is associated with the porosity of the device
material and practically does not occur in the new generations of
endografts [725]. Type III endoleaks may still lead to the severe
perfusion of the aneurysm sac and rupture risk [718]. Type III
endoleaks result from the fracture or separation of the endograft
components and have an increasing incidence due to the spread
of F/BEVAR, which include numerous BSG components [726].
Therefore, an expanded nomenclature for the F/BEVAR type III
endoleak is necessary, as recently proposed [727]. According to
the suggested classification, type IIIa endoleaks are due to the
loss of the attachment of aortoiliac components and correspond
to the definition of the traditional type III endoleak. Type IIIb
indicates a component tear or fracture, and type IIIc endoleak
describes the loss of attachment of the BSG within the aortic
main graft [727]. Type Ic endoleaks can only be found after F/
BEVAR and describe the distal seal loss in the target artery due
either to the insufficient distal oversizing of the BSG or to the
dilatation of the target artery during the follow-up period, which
ultimately is the worst case that may result in the complete BSG
pull-out. Type IIIa endoleaks affecting aortoiliac endografts have
a sizeable complication rate and should therefore be repaired
promptly. The same recommendation applies to the secondary
BSG-related endoleaks, whereas an early type IIIc endoleak may
be observed [727].

A type V endoleak or endotension describes a substantial
aneurysm sac expansion (>_10 mm) without the presence of the
contrast agent in the aneurysm sac. The true cause of endoten-
sion is still unknown: It may be associated with the endoleaks
that are not visible with the current imaging modalities. The

Recommendation Table 29: Therapeutic options: endoleaks

Recommendations Classa Levelb Refc

Type I and type III endoleaks are regarded as
treatment failures, and reintervention is
recommended.

I C -

In the presence of a type II endoleak and
aneurysm growth >_10 mm, treatment should
be considered in both thoracic and abdomi-
nal pathologies.

IIa C -

In the presence of a type V endoleak (endo-
tension without depictable endoleak on
standard follow-up imaging), treatment
should be considered in both thoracic and
abdominal pathologies.

IIa C -

aClass of recommendation.
bLevel of evidence.
cReferences.
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conversion to open surgery is regarded as the treatment of
choice due to the unclear pathogenesis of the endotension [728].

Further clarification is necessary regarding the endoleak classi-
fication in aortic dissections due to the morphologic peculiarity
of the bi-luminal flow and the proposed definition of endoleak
as the presence of blood flow between the endograft and the
intimal layer of the aortic wall. Consequently, retrograde perfu-
sion of the false lumen from the aortic branches or from the
entry tears downstream from the distal endograft should not be
referred to as endoleaks [128]. Furthermore, the reperfusion of
the false lumen through the membrane rupture at the distal
endograft end should be described as the dSINE and not as an
endoleak [128].

RARE CONDITIONS

Graft infections

59M. Czerny et al. / European Journal of Cardio-Thoracic Surgery

Figure 32: Classification of endoleaks.

Recommendation Table 30: Rare conditions: graft infections

Recommendations Classa Levelb Refc

It should be considered that patients
with vascular graft infections be man-
aged by a multidisciplinary team,
including cardiovascular and vascular
surgeons, imaging specialist, infec-
tious diseases and microbiology spe-
cialist, in a facility with emergency
access to these services.

IIa C -

Continued

In patients with a prosthetic vascular
graft, with positive blood cultures
without a clear source, multimodality
imaging (CTA, 18F-FDG PET/CT) to
evaluate potential graft infection is
recommended.

I B [729–731]

In patients with vascular graft infec-
tion who are fit for surgery, open sur-
gical repair is recommended.

I C -

In patients with vascular graft infec-
tion and new-onset pseudoaneurysm
or ongoing bleeding, emergency
operative management is
recommended.

I C -

In patients with vascular graft infec-
tion and active bleeding into the air-
way or gastrointestinal tract,
endovascular treatment may be con-
sidered as a bridging strategy.

IIb C -

In patients with vascular graft infec-
tion who are haemodynamically sta-
ble without vascular discontinuity,
scheduled open surgery should be
considered.

IIa C -

Surgical management

Surgical management of vascular graft
infection, including excision of pros-
thetic material, local debridement and
preferably orthotopic vascular recon-
struction, is recommended.

I C -

Continued
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The true incidence of prosthetic aortic graft infection remains
unknown. Several reports estimate that its occurrence is between
1% and 6% of implants [732] and that it may develop at any time
after the index operation.

Aortic graft infection is a severe condition, leading to a poor
prognosis, prolonged hospital stay and resource consumption.
For patients undergoing surgery, even in high-volume ACs, the
reported mortality is frequently above 20% [733].

Contemporary management of such infections continues to
exhibit significant variability among the limited and usually
single-centre reports. Randomized clinical trials to support any
valid recommendation remain absent in this field.

Vascular graft infection is a complex clinical problem, but
timely diagnosis and appropriate treatment relying on a multidis-
ciplinary team may maximize the chances of curation [734].

Definitions and diagnostic criteria. The clinical presentation
varies significantly among patients, depending on the acuity of
the infection, the microbiological agent and systemic involve-
ment. Frequently, non-pathognomonic suspicious findings are
present that trigger further diagnostic examinations.

Computed tomography angiography is a primary tool, even
though sensitivity and specificity remain limited. Late-appearing
perigraft fluid, gas and anastomotic leaks are suspicious findings
that represent criteria for diagnosis of infection.

18F-fluorodeoxyglucose positron emission tomography (18F-
FDG PET) alone or combined with CTA is another important tool
for diagnosing vascular graft infections. Several uptake patterns,
along with quantification of the maximum standardized uptake
value and tissue-to-background ratio calculation, may help in
making the diagnosis, in association with clinical features and
laboratory tests. One of the major limitations of this technique is
the variability of postoperative (physiologic) changes that occur
throughout the months after the index operation and that could
be falsely interpreted as positive findings. Unfortunately, there
are still no clear-cut patterns and cut-off values that unequivo-
cally set the diagnosis of infection in this challenging context
[729].

The Management of Aortic Graft Infection Collaboration [730]
defined major and minor criteria to assist in case definitions with
an attempt to provide high sensitivity and specificity in cases
with definitive diagnoses. However, despite the usefulness of
these criteria, the risk of overdiagnosis remains [731].

Undisputable diagnostic confirmation of aortic graft infection
relies on the presence of viable microorganisms obtained from
surgically excised grafts, percutaneously aspirated perigraft fluid
or appropriately processed samples from post-mortem
examinations.

General treatment. Antibiotic treatment is the core therapeutic
regimen for patients with infected aortic grafts. However,
whether antibiotic treatment alone, for some prosthetic vascular
infections, can achieve infection eradication, as seen in prosthetic
valvular heart disease, is unknown and is usually reserved for
patients unfit for surgery. Existing retrospective outcome com-
parisons between treatment modalities may suffer from signifi-
cant biases that preclude extraction of meaningful data for
clinical use. The presence of large purulent collections, vascular
discontinuity, associated airway/digestive tract defects and infec-
tion with aggressive microorganisms (e.g. S. aureus) render this
conservative option unlikely to be curative. Consequently, in
addition to the medical therapy, concomitant aggressive surgical
management is frequently necessary in order to remove all
infected grafts [731].

In a proportion of patients with graft infection, the operation
can be scheduled electively, allowing an appropriate preopera-
tive workup. The timing of surgery for vascular graft infections in

In patients with suspected vascular
graft infection undergoing open surgi-
cal repair, multiple samples for
obtaining conventional culture, 16S
RNA genomic analysis and pathologi-
cal examination are recommended.

I C -

For surgical vascular graft infection
management, liberal use of adjunct
therapies such as delayed cavity clo-
sure, use of coverage flaps and contin-
uous irrigation may be considered
based on individual characteristics
and local expertise.

IIb C -

Postsurgical management

In patients who were operated on for
vascular graft infection, a postopera-
tive antimicrobial regimen for at least
6 weeks is recommended, if the tissue
samples from retrieved specimens are
culture positive.

I C -

In patients with intraoperative puru-
lence, MRSA, or infection caused by a
multidrug-resistant microorganism or
Candida spp, a 6-month regimen of
antimicrobial therapy is recom-
mended. In selected patients, life-long
antibiotic therapy is recommended.

I C -

After surgical treatment of vascular
graft infection caused by fastidious
intracellular microbiological agents
(e.g. Coxiella brunetti, Mycobacterium
spp, Mycoplasma spp, Bartonella spp)
extending the postoperative antimi-
crobial course beyond 6 weeks may
be considered.

IIb C -

18F-PET/CT should be considered to
decide on the duration of prolonged
antimicrobial course for vascular graft
infection, particularly in patients with
a retained vascular graft.

IIa C -

In patients with vascular graft infec-
tion due to a low-virulence causative
agent and favourable clinical/imaging
features, medical management alone
and close follow-up may be
considered.

IIb C -

aClass of recommendation.
bLevel of evidence.
cReferences.
18F-FDG: 18F-fluorodeoxyglucose; PET: positron emission tomography; CTA:
computed tomography angiography; MRSA: methicillin-resistant
Staphylococcus aureus; RNA: ribonucleic acid.
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the presence of new-onset vascular discontinuity or impending
rupture is a surgical emergency [735, 736].

Aortic surgical options. A variety of approaches have been
developed for the treatment of aortic graft infection, each one
with its own advantages and disadvantages. There is no uniform
treatment regimen to date.

Open surgery, when possible, consists of excision of the previ-
ously implanted graft, debridement and, if possible, anatomical
vascular reconstruction. In unstable, bleeding patients the percu-
taneous insertion of covered stent grafts (in the descending
thoracic or abdominal aorta) may allow bridge management to
more definitive open surgery.

Multiple surgical specimens should be retrieved and labelled
at the time of surgery for pathological examination and micro-
biological processing (including genomic sequencing to increase
diagnostic yield). Identification of microorganisms is key to
establishing a diagnosis and guiding optimal treatment.
Currently, microorganisms can be identified in up to 98% of
cases using a diversity of microbiological techniques [737, 738].
The therapeutic option should be individualized according to the
severity and extension of infection and the general condition of
the patient.

Anatomical repair: in situ reconstruction. Replacement of
the infected vascular graft in the same position, after thorough
debridement, preserves vascular continuity and minimizes phys-
iologic alteration of blood flow. Concerns about reinfection due
to implantation in a potentially contaminated field and perceived
risk of recurrences have led to advocacy for extra-anatomical
reconstructions. However, in the field of heart valve infective
endocarditis, where prosthetic substitutes are usually implanted
in culture-positive fields, accumulated experience has demon-
strated that relapses are extremely infrequent. Anatomical recon-
struction avoids extra incisions and manipulation of secondary
vascular segments, which may translate into several functional
benefits.

A variety of graft choices for replacement exist with no dem-
onstrated superiority of one over the others. Cryopreserved
allografts have been extensively used as a biological solution with
a perceived low risk of reinfection, particularly in highly virulent
microorganisms. Their pliability may also facilitate intraoperative
haemostasis. Some of the major limitations are their availability,
the risk of rupture related to quality of processing and calcific/
aneurysmal degeneration [739–742]. Conventional synthetic pol-
yester vascular grafts and rifampicin-bonded or silver-coated
synthetic grafts have been used due to their availability and less
technical demands. Reinfection rates remain above 10% in obser-
vational data [743]. Coated vascular grafts have no proven
capacity to prevent infection [744].

Self-made xenopericardial (bovine) tube grafts represent a
newer solution that has gained popularity over the past decades.
Immediate availability of such tissue is a major advantage.
Straight or bifurcated/branched grafts can be easily and rapidly
constructed intraoperatively. Intermediate-term results have
been reported as satisfactory for patency and reinfection [745–
747]. Nevertheless, calcification of these grafts during follow-up

cannot be ruled out, and further data addressing this issue are
needed.

Extra-anatomic reconstruction. This surgical strategy ensures
that the new vascular reconstruction is separated from the conta-
minated field. The risks associated with this approach include
aortic stump blowout and a significantly higher risk of lower limb
ischaemia in distal aorta segment repair [748–750]. Retrospective
multicentre data analysis of aortoenteric fistulization repair
points at survival equivalent to that of anatomical reconstruction
[751].

Management of patients with aortoenteric or aortobron-
chial fistula. Patients with thoracic graft infection may present
with secondary communication between the thoracic aorta and
surrounding structures (bronchus, oesophagus or other struc-
tures). This can occur after open surgical repair or endovascular
grafting. Infection causing progressive erosion to such structures
may lead to enteral bleeding or haemoptysis, which can range
from mild to cataclysmic lethal forms. Graft infection involving
such neighbour structures is uniformly fatal without open surgical
treatment. It is important to remark that case reports and small
case series (2–3 patients) constitute the available descriptive data
that account for significant heterogeneity in the management of
this highly morbid rarity [752].

Due to the location of the pathology, coverage with aortic
stent graft or organ stenting to temporarily seal the defect before
proceeding with definitive open repair has been adopted to pre-
vent exsanguination [753]. For such fistulas, temporary TEVAR
coverage should not be utilized as a sole therapeutic strategy
[754]. Along with excision of the infected graft, different modal-
ities of adjuvant surgery have been explored with variable out-
comes. Concomitant radical oesophagectomy with proximal
cervical oesophagostomy, pyloromyotomy and gastrostomy for
nutrition have been widely accepted and remain the most suc-
cessfully reported scheme [755, 756]. To re-establish peroral food
intake oesophagocoloplasty is usually carried out months after
the operation utilizing transversosplenic segment of the colon
and intrathoracic route (usually retrosternal) [757].

However, anecdotal reports also exist on options for tempo-
rary transoesophageal drainage and conservative oesophageal
management [758]. This as stated, should only be contemplated
as a bailout in exceptional situations.

In the event of bronchial or lung parenchymal involvement
radical pulmonary parenchymal resection in combination with
graft removal and aortic reconstruction seems the most durable
treatment strategy [630].

For all these fistulation scenarios, the adjuvant use of different
coverage flap modalities has also been suggested. In the absence
of further evidence surgeons within multidisciplinary teams
should apply their best treatment choice, considering their expe-
rience, patient’s age, and clinical condition.

Adjunct strategies. For large periaortic abscesses or collections,
the option of preoperative percutaneous drainage to decrease
the bacterial burden may be considered [759]. Retrieval of sam-
ples may aid in the diagnosis and facilitate antibiotic-directed
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regimes before an elective operation. This option applies in the
absence of recent haemorrhage or anastomotic
pseudoaneurysm.

Multiple potential autologous tissues, such as pedicled omen-
tum flaps and muscular tissue (e.g. intercostal, latissimus dorsi)
and pleuropericardial fat, among others, have been used to pro-
tect the repair or to cover aortic stumps. These procedures have
been proposed to improve vascularization, minimize reinfection
and offer structural support [759].

Some surgical teams have advocated for the application of
intense negative pressure (-100 mmHg) in the surgical field for
several days to facilitate infection control and assist in tissue
granulation. Mediastinal irrigation with continuous or intermit-
tent antibiotic infusion has also been advocated for treating
thoracic graft infection [760].

Delayed chest or abdominal closure allows examination of
periaortic tissues and organs and facilitates further debridement
and irrigation of any residual suspicious necrotic tissue. Irrigation
with antibiotics or antiseptic solutions may help to reduce micro-
biological presence around the newly implanted graft. In such
instances, omental filling can also be positioned [761].

The extent of some index operations may raise the question of
whether all prosthetic material needs to be resected (e.g. root,
ascending, arch replacement with FET). In certain situations,
when operative risk is judged to be too high, a more conservative
approach, resecting only the most involved part, has been uti-
lized [762]. Although appealing, local resection is usually reserved
for a specific group of patients with uncommon combinations of
anatomy and extent of infection [763]. A case-by-case determina-
tion of the appropriate extent of surgical resection, depending on
the patient’s presentation, comorbid factors and imaging find-
ings, has been suggested [764].

It is not uncommon for patients to present in a clinical condi-
tion that precludes any aggressive surgical intervention [765]. In
such circumstances, a graft-preserving option and prolonged
antibiotics may be a non-inferior option. These decisions need to
be made by an experienced multidisciplinary team in an AC of
reference. Percutaneous drainage can be helpful in such situa-
tions. Mediastinal perigraft debridement, if the clinical condition
allows, can also be considered [766].

Duration of antimicrobial therapy is a matter of debate with
different recommendations depending on the extent of surgical
debridement. In most studies, after complete excision of the
infected graft, at least a 6-week period is the most utilized regi-
men [737]. The decision to discontinue antibiotic treatment in
patients undergoing conservative treatment for vascular graft
infection is made based on clinical signs, inflammation parame-
ters and imaging. Repeated follow-up 18F-FDG PET/CT scans pro-
vide useful information for therapy monitoring of patients with
vascular graft infections [767, 768]. However, 18F-FDG PET/CT
may still show increased 18F-FDG uptake around the graft even
due to sterile inflammation leading to false-positive interpreta-
tion and therefore unnecessary extension of antibiotic treatment
[767].

Toxicity arising from a prolonged suppressive antibiotic is fre-
quent. In fact, some studies suggest that in case of conservative
treatment without graft removal, targeted antibiotic therapy is
not necessary for life [769]. Discontinuation of antibiotic treat-
ment should be closely monitored.

Kommerell diverticulum

Diagnosis and follow-up. An aberrant subclavian artery with
or without associated Kommerell’s diverticulum (KD) is the most
frequently encountered anomaly of the aortic arch. Kommerell’s
diverticulum is a remnant of the fourth primitive dorsal aortic
arch. The reported prevalence in the general population is 0.5–
1% [770, 771]. Nearly 20–60% of individuals with an aberrant
right or LSA are associated with KD [772]. The diverticulum can
occur in both the left and right aortic arch, from which an aber-
rant subclavian artery rises to the contralateral side. Most com-
monly, the aberrant subclavian artery passes posterior to the

Recommendation Table 31: Rare conditions: Kommerell
diverticulum

Recommendations Classa Levelb Refc

In symptomatic patients with a high suspi-
cion (dysphagia) of an aberrant subclavian
artery and/or KD, CTA or MRI is
recommended.

I C -

It is recommended to offer multiple meas-
urements of the KD and the adjacent aorta
to improve surveillance and facilitate opera-
tive decision-making.

I C -

In symptomatic patients with aberrant sub-
clavian artery and/or KD, treatment is
recommended.

I C -

In patients with aberrant subclavian artery
and/or KD, treatment may be considered
when the diverticulum orifice is >_30 mm
and/or when the combined diameter of the
diverticulum and the adjacent aorta (DAW)
is >_50 mm and/or when the diameter of the
aberrant artery is >_30 mm.

IIb C -

In patients with a symptomatic aberrant
subclavian artery, transsection of the vascu-
lar ring and transposition or bypass is rec-
ommended to release compression and to
re-establish arterial circulation.

I C -

In young patients without significant comor-
bidities, open surgical treatment (via a thora-
cotomy and carotid-to-subclavian artery
bypass) of KD is recommended.

I C -

In patients with an emergency presentation
or who might not tolerate open surgery,
hybrid (closed-chest) repair of the KD is
recommended.

I C -

In patients with KD and indication for treat-
ment, open surgical resection and endovas-
cular repair with subclavian debranching
may be considered depending on the
patient’s anatomical characteristics, age and
general status.

IIb C -

aClass of recommendation.
bLevel of evidence.
cReferences.
CTA: computed tomography angiography; DAW: distance to the opposite
aortic wall; KD: Kommerell’s diverticulum; MRI: magnetic resonance imaging.
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oesophagus (80%), between the oesophagus and the trachea
(15%), and rarely anterior to the trachea (5%) [771]. Dilatation of
the origin of either a right or left aberrant subclavian artery is
known as a KD. A KD occurs predominantly in females [773].

The most common presentation is dysphagia [771, 774]. Other
symptoms include cough, chest pain, aspiration or recurrent pul-
monary infection [771, 774, 775]. The overall incidence of symp-
toms is approximately 5%. Symptoms are the most common
indication for intervention, followed by aneurysmic dilatation
and vascular dissection [774, 776]. Rupture of a KD is rare [773].
Limited data on the natural history of the aberrant right subcla-
vian artery are available. The specific KD diameter at which the
benefits of repair outweigh the risks of complications (e.g. rup-
ture) in an asymptomatic patient remains unresolved [777].

Some controversy exists regarding the actual size measure-
ment with no clear consensus. The lack of consensus on the tech-
niques used for measurement of the diverticular size has
rendered the reported data relatively inconsistent and heteroge-
neous [777]. For consistency, multiple measurements are recom-
mended (Fig. 33A–C), including the subclavian artery diameter at
its orifice (size of the orifice) (Fig. 33A); the size of the combined
diameters of the diverticulum and the adjacent aorta (Fig. 33B)
[772]; and the measurement of the cross-sectional aberrant right
subclavian artery diameter 1 cm distal to the ostium of the vessel
(Fig. 33C) (DAW: distance to the opposite aortic wall), which
might aid in the surveillance of vessel diameter changes [777].

Indication for surgery. Surgery for the treatment of sympto-
matic KD is a well-established indication, regardless of size or
growth. Potential interventions, although complex, are associated
with low periprocedural mortality [775, 776]. However, indica-
tions for prophylactic intervention in asymptomatic patients

remain based on limited single-centre reports and multicentric
observational registries; hence the LoE remains low and variable
among the guidelines [772, 774, 775]. In general, observation of
asymptomatic KD and ASCA is appropriate [773].

In patients with a KD, preventive surgery is recommended
when the risk of surgery is lower than the risk of rupture and/or
dissection. However, there is an overall lack of data to specify a
specific limit for intervention. Previous EACTS/European Society
for Vascular Surgery consensus statements have recommended
surgery in patients with subclavian arteries larger than 30 mm
and a KD larger than 55 mm [136]. Current American College of
Cardiology/American Heart Association guidelines recommend
treatment when the orifice is larger than 3.0 and/or the diverticu-
lum is larger than 50 mm and thereby follow the 2020 SVS clini-
cal practice guidelines [141, 778]. Bath et al. [774] recently
published a large, multicentre registry study including 285
patients and reported worse overall outcomes in these patients
when symptomatic, an inherent risk of rupture in untreated
patients and a comparably low risk of intervention. The low
operative risk has also been shown in smaller single-centre stud-
ies or multicentre registries [776, 779]. Hence, a lower and rea-
sonable threshold for intervention is proposed.

Operative strategy. Numerous interventional options have
been reported to treat KD. Treatment can be open, endovascular
or hybrid [772, 774, 776, 779]. A recent large registry has shown
that open procedures are performed less frequently than endo-
vascular approaches (36% vs 64%) [774]. The most common open
approach in this registry was ligation/resection and subclavian
transposition/bypass to release compression and to re-
established arterial circulation through a thoracotomy [774].
Open aortic replacement of the aorta may be considered based
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Figure 33: Recommended measurements of Kommerell’s diverticulum.
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on anatomy in patients with a KD. In symptomatic patients (dys-
phagia, dyspnoea) operative management should guarantee full
decompression of the involved surrounding structures. To meet
that goal, if possible, open repair and resection of the vascular
abnormality have been proposed. Direct repair through a thora-
cotomy under CPB with or without the use of HCA with selective
carotid-to-subclavian artery bypass provides excellent exposure
and represents an optimal management for this anomaly [780].
TAR via the FET procedure may be considered in the presence of
concomitant aortic arch dilatation [779]. Endovascular approaches
may be considered in patients with suitable anatomy, particularly
in patients with increased operative risk. The most common endo-
vascular approach was TEVAR and carotid-subclavian bypass [774].
All treatment modalities can be performed safely with low rates of
mortality, stroke and a high likelihood of symptomatic relief [772,
774, 776, 779]. Reinterventions are more common in patients
receiving endovascular treatments compared to open surgery
[774]. In young patients, given the relatively low incidence of
comorbidities, open repair through a thoracotomy is preferred
due to its durability and efficacy in symptom relief [774, 776].

Coarctation of the aorta

Burden of disease. Coarctation of the aorta is a congenital
heart defect that occurs in approximately 1 out of 2900 live
births, with a 4/1 male-to-female ratio, even though its preva-
lence is underestimated [781–783]. It appears when blood flow in
the pulmonary trunk is higher than aortic flow in the early phases
of development. Coarctation of the aorta is the seventh most
common congenital heart defect [784] and is frequently associ-
ated with other cardiovascular malformations such as BAV, aortic
arch hypoplasia, mitral valve abnormalities, Shone complex, pat-
ent ductus arteriosus and atrial or ventricular septal defects [782].
Coarctation of the aorta is classified into 2 forms according to its
relationship with the ductus arteriosus: preductal, with early
onset presentation, and post-ductal, which is usually diagnosed
in older children or young adults. The most common presenta-
tion in young adults is upper extremity hypertension. In the lat-
ter, differential systemic blood pressure between upper and
lower extremities can often exceed 20 mmHg [785].

Diagnosis. Patients with CoA should undergo TTE for initial
assessment [786, 787] because this modality provides functional
and anatomical information regarding site, structure and extent
of CoA, LV function and the presence of hypertrophy and con-
comitant cardiac abnormalities. The best view to visualize the
aortic isthmus, and therefore the site of CoA, is a suprasternal
view [788].

Flow turbulence can often be appreciated on colour-flow
Doppler with increased peak systolic velocity with prolonged dia-
stolic extension. The 2018 American Heart Association/American
College of Cardiology Guidelines for the Management of Adults
with Congenital Heart Disease defined significant native or recur-
rent CoA when the upper extremity/lower extremity resting
peak-to-peak gradient is more than 20 mmHg or more than
10 mmHg plus either decreased LV systolic function, aortic regur-
gitation or collateral flow [786]. However, according to the 2020
European Society of Cardiology Guidelines for the management
of adult congenital heart disease, Doppler gradients are not use-
ful for disease extent quantification [787]. If extensive collateral
arteries develop with long-standing disease, gradients are not
reliable and are often underestimated [787]. In the case of subop-
timal acoustic windows, cardiac MRI [789, 790] is recommended.

Computed tomography angiography is the preferred imaging
modality for preoperative assessment because of its short acquis-
ition time and excellent spatial resolution [791], as well as a valid
follow-up method. Thin-section axial images with post process-
ing such as multiplanar views, maximum-intensity projections
and volume rendering allow for precise assessment of aortic and
access axes assessment. In particular, essential anatomical infor-
mation includes the site and degree of CoA, relationships with
great vessels and assessment of collateral circulation. In addition,
head CTA is recommended for exclusion of intracranial aneur-
ysms, which are often present in patients with CoA and account
for 5% of deaths [792].

Patients with CoA require life-long imaging surveillance,
whether operated on or not. Magnetic resonance imaging tech-
niques are a useful tool in reducing life-long radiation while pro-
viding adequate spatiotemporal resolution and can substitute
CTA. In addition, 4D flow MR can provide additional insights into
the COA abnormal haemodynamics involved [790].

Treatment. Before the introduction of surgical treatment, the
mean age of death was 34 years, with a quarter of patients dying

Recommendation Table 32: Rare conditions: coarctation of
the aorta

Recommendations Classa Levelb Refc

In patients with a diagnosis of CoA, primary
or recurrent and with clinical significance,
treatment is recommended.

I C -

Asymptomatic patients with a diagnosis of
CoA but in whom there is a systolic gradient
across the stenosis at rest (>20 mmHg) and/
or SBP difference above 10 mmHg com-
bined with coarctation-attributed HF and/or
proximal hypertension should be considered
for open or endovascular repair.

IIa C -

Regardless of the pressure gradient, patients
with documented HTA with >50% aortic
luminal narrowing in relation to the aortic
diameter at the level of the diaphragm
(based on MRI, CT or invasive angiography
measurements) should be considered for
treatment.

IIa C -

For adult patients with a diagnosis of CoA,
referral to a specialized aortic centre should
be considered.

IIa C -

In patients with a diagnosis of coarctation of
the native thoracic aorta as well as after pre-
vious repair and suitable anatomy, endovas-
cular repair should be considered as an
alternative to open surgical repair.

IIa C -

In patients requiring coarctation re-repair,
extra anatomical bypass from the ascending
to the descending aorta may be considered
at the time of concomitant cardiac repair.

IIb C -

aClass of recommendation.
bLevel of evidence.
cReferences.
CoA: coarctation of the aorta; CT: computed tomography; HF: heart failure;
HTA: hypertension arterialis; MRI: magnetic resonance imaging; SBP: systolic
blood pressure.
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during their second decade of life [793]. Gross [794] and Crafoord
[795] performed the first open repair for CoA independently in
1944, preceded by the in vivo animal experiments of Blalock and
Park [796]. Balloon angioplasty for CoA was first performed in
1982 [797], though open repair has been the gold standard of
treatment for many years. Over the last decade, catheter-based
treatment has gained momentum and is now an alternative treat-
ment in adolescents and adult patients, with excellent results
[798, 799]. More recent studies highlighted the effectiveness and
complications during follow-up of open surgical, hybrid and
endovascular repair for treating CoA [800]. However, stenting is
not usually an option for neonates, infants and children. The lat-
ter are treated with open surgical repair techniques, such as end-
to-end repair [794, 795], patch aortoplasty [801–803] or interpo-
sition grafting [804].

Endovascular intervention. Although self-expandable stents are still
considered a valid therapeutic option, most interventionalists
favour ballon-expandable stents because their radial force can
overcome elastic recoil in CoA [805]. Bare metal stent fracture
has been reported in up to 24% in the COAST II trial [806, 807].
Covered stents seem to better distribute radial force to the stent
struts, thereby reducing stent fracture. Moreover, they offer the
possibility to treat narrower lesions because they protect against
vascular injury. Bare metal stents can be used in selected patients
with a high risk of blocking vital aortic branches or in those with
milder narrowing [808]. Currently, bioresorbable and custom-
made stents are also under investigation but have not reached
the clinical arena [807, 809]. Procedural technical success is
assessed in 2 ways: anatomical, with a post-stenting remaining
stenosis of <30%, and haemodynamic, with a residual trans-
stenotic gradient of <10 mmHg. Additionally, anti-hypertensive
treatment is often necessary, even after endovascular treatment.

Open surgery. Surgical treatment options include direct end-to-
end repair, frequently performed in infants and younger patients
[794, 795, 810, 811], patch aortoplasty [801–803], extra-
anatomical bypass from the LSA to the descending aorta or, typi-
cally in redo surgery, from the ascending aorta distal thoracic or
abdominal aorta [800, 804, 812–814]. Surgical repair techniques
are associated with high technical success and low mortality
rates. However, reinterventions are often necessary, thus making
imaging and clinical follow-up necessary [812, 814, 815].
Generally, in patients affected by CoA, long-term survival is
reduced compared to that of sex- and age-matched populations
[812].

Inflammatory disease of the aorta

Inflammatory diseases of the aorta are uncommon, and our level
of understanding is still limited. A number of conditions with
protean manifestations are usually grouped as a mixed catch-all
including Takayasu arteritis (TA), giant cell arteritis (GCA), Behcet
disease and immunoglobulin G4-related aortitis [816].

Due to a variety of clinical presentations, imaging patterns and
histologic descriptions, classifications and interpretations of find-
ings are frequently difficult [817]. Histologic examination of surgi-
cal specimens is the fundamental tool to appropriately establish
a diagnosis of aortitis with a yield of around 4% in the scanty sur-
gical series with some numbers [817]. The general term ‘aortitis’
includes non-infectious diseases as well primary aortic infections

of different kinds. It seems that primary aortic infections are
mostly bacterial and related to sites of calcification, old vascular
grafts, penetrating ulcers and areas of turbulent flows [817], in
line with what is hypothesized for the aortic valves [818, 819]. In
other words, and according to previous discussions, the border
between inflammation and infection is blurred. Furthermore,
research has been underway for more than a couple of decades
to depict eventual relationships between infection and aortic dis-
eases, including aneurysms and atherosclerosis [820–825].
Moreover, aortitis in general is a heterogeneous group of dis-
eases with protean manifestations and age presentations with a
number of shared features across the spectra of ages and pathol-
ogies [826].

The surgical interest in inflammatory disease of the aorta relies
on the potential complications that include aortic aneurysms and
dissections, penetrating aortic ulcers, IMHs and eventual rupture
[827, 828] like those for any other aortic disease discussed in
these guidelines. Giant cell arteritis and TA are the most common
inflammatory conditions of the large-calibre vessels, and there
are a number of less frequently diagnosed causes of aortitis. The
diagnostic criteria were well outlined a decade ago [829]. The
actual incidence and prevalence of inflammatory aortic diseases
is difficult to establish; however, the yield of surgical series ranges
around 3–5% [817, 830]. Age at onset seems to identify that sub-
set of patients with a more aggressive pattern of aortic and
peripheral vascular disease [831] in all major forms of inflamma-
tory aortic disease. Knowledge accumulated in the past decade
suggests that imaging currently plays a major role in the diagno-
sis and follow-up of inflammatory diseases of the aorta.
Computed tomography and 18F-FDG PET are useful for the diag-
nosis of suspected inflammatory disease of the aorta and for the
evaluation of therapy during the follow-up period, all this being
widely recommended [141]. Although the mainstay of therapy in
these infrequent conditions is surgical treatment, the role of
adjunctive therapies like systemic steroids is not fully elucidated
regarding postoperative outcomes; recent collective experience
does not confirm a negative impact of steroids on surgical out-
comes [832].

Takayasu arteritis

Takayasu arteritis is a non-specific inflammatory disease, a panar-
teritis of unknown aetiology and predominant female presenta-
tion that involves the aorta and its main branches [833, 834].
Takayasu arteritis is more prevalent in Japan and other Asian
countries, South America and Mexico [835–837]. It was first
described by the Japanese ophthalmologist Takayasu [838]. As
stated, its aetiology is still unknown, but research suggests that an
autoimmune process is responsible for the genesis of the disease,
which results in destruction of the elastic media layer [839]. Its
diagnostic criteria were proposed by Ishikawa in a landmark con-
tribution [840]. The Numano classification, which considers 6
types of angiographic pattern in TA, has greatly assisted in the
reporting of TA, outlining ethnic differences in arterial lesion top-
ography [841].

Most of the literature available so far refers to isolated case
reports or short surgical series covering all vascular territories
and those producing substantial information cover long periods
of time. Valve disease in the form of aortic regurgitation requiring
valve replacement is also uncommon [842, 843]. Active inflam-
mation, confirmed on histologic examination of surgical
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specimens, confers an increased risk for late valve detachment in
the case of aortic valve and root replacement. Other series
addressed major challenging issues like aortic arch involvement
in TA [844]. Involvement of the pulmonary arteries and its corre-
sponding surgical treatment with a variety of bypass techniques
has also been reported [845, 846]. Surgical therapy for supra-
aortic and multi-arterial level obstruction in TA has also been
performed through open and end-vascular techniques. Although
failure rates are high, the open surgical approach offers better
follow-up latency and a lesser rate of vascular complications
[847–850]. The indications for peripheral vascular reconstruction
in patients with TA must be carefully individualized [851]. As
reported in one of the largest series available, complex aortic
obstruction like the mid-aortic syndrome can also cause mor-
phologic changes in the left ventricle, which improve with appro-
priate surgical bypass treatment [852].

Medical treatment of TA has also evolved over time. Although
glucocorticoid therapy has been the mainstay of medical therapy
for decades, new drug regimens have been introduced in clinical
practice. The so-called synthetic disease-modifying antirheumatic
drugs, also known by the acronym DMARD (methotrexate, aza-
thioprine, mycophenolate and others) in combination with low-
dose steroids, seem to stabilize the disease by reducing the
inflammatory component. However, their complications have to
be taken into consideration [853].

Giant cell arteritis

Hutchinson first described GCA, a granulomatous inflammatory
disease of medium- and large- sized arteries in 1890 [854], and
Horton described it histologically in a case of inflamed temporal
artery in 1932 [855]. Further characterization was available in the
mid-1940s [856]. It is a chronic condition that mostly affects
adults over the age of 50 with a female predominance and fami-
lial clustering. Post-mortem studies confirmed a prevalence in
the general population of 1% [857]. In a small cohort of 46
patients, the prevalence is 1–3 cases per 10 000 adults over
50 years old. Aortic dissection is a major complication and is the
initial form of presentation of GCA in about 40% of the patients
[857]. Being a disease of adults, its incidence increases with age.
Due to previous descriptions, the temporal artery biopsy has
been considered the gold standard for its diagnosis [858, 859].
Aortic dissections, aneurysms and vascular rupture may develop.
Symptoms of aortitis defined by the presence of chest, dorsal,
lumbar or abdominal pain or unknown aortic insufficiency with
recent dyspnoea unexplained by any other cause than aortitis
(musculoskeletal degenerative disease, atherosclerotic or other
AD) may herald an AAE [860]. Giant cell arteritis, although infre-
quent, seems to be associated with escalating costs of care [861].

The surgical treatment of GCA entails radical resection of the
ascending aorta and aortic arch if indicated, which are the vascu-
lar segments most frequently involved by the disease, and
according to the topography of the lesion. As in the case of TA,
there are no large series of patients undergoing surgery. Most of
the literature is based on isolated cases. Reported findings at
operation confirm a typical gross external cobblestone appear-
ance of the aorta [862, 863]. Histological analyses confirm disrup-
tion of the medial elastic continuity. Recent data suggest that
aortic atheroma, aortitis of the descending thoracic aorta on
imaging and a history of aortic surgery, stroke or upper or lower
limb ischaemia at diagnosis are associated with the development

of symptomatic vascular complications [864]. Aortic dissection is
a major complication and is the initial form of presentation of
GCA in about 40% of the patients [865]. Considering the patterns
of presentation, imaging follow-up is recommended for all
patients with GCA and other inflammatory ADs [866]. Outcomes
of surgery are excellent, especially in patients undergoing elective
procedures [867].

Infectious aortitis

The term ‘infectious aortitis’ (IA) currently describes the infections
of the native aortic tissue. It is steadily replacing the previously
established and universally used ‘mycotic’ coined by William
Osler in 1885 [868], while addressing the embolic nature of endo-
carditis. Infectious aortitis results from septic embolization, hae-
matogenous spread from distant sources or contiguous spread
from adjacent organs. As generally agreed, treatment involves,
like in other infectious conditions, parenteral broad-spectrum
antibiotics and eventually open surgical repair if a source has
been identified. This treatment is currently recommended world-
wide [141]. This treatment notwithstanding, there is little agree-
ment about diagnosis and reporting, which has been recently
addressed by an expert panel [869].

Infectious aortitis is a serious and frequently life-threatening
condition that, if untreated, requires prompt diagnosis and
aggressive therapy. Initial empiric antibiotic therapy followed by
surgical resection of the involved arterial segment and in situ
reconstruction whenever possible or the patient’s condition
allows is the preferred approach. Although IA has classically been
regarded as an embolic complication of infective endocarditis, a
diversity of bacteria and fungi are associated with it [870].
Syphilitic aortitis used to be frequent in the beginning of the
20th century, but microbiology has dramatically changed during
the antibiotic era, and syphilitic aortitis is now extremely rare
[871, 872]. Some of the most commonly associated pathogens
are now Staphylococcus aureus, Streptococcus species and
Salmonella spp, which is the main reason why empirical antibi-
otic therapy has to address gram-positive cocci and gram-
negative rods before a microbiological diagnosis is made.
Infectious aortitis is an uncommon condition even in the subset
of patients with inflammatory diseases of the aorta, although its
actual prevalence and incidence may vary according to specific
populations [873]. Despite a growing variety of pathogens, cardi-
ovascular risk factors and immunosuppression seem to play a
role [874, 875]. This observation applies to the majority of
patients with IA, because it occurs with fungal, tubercular or
other mycobacterial infections [588, 875, 876]. Because IA is an
uncommon condition and the available literature is, as for most
inflammatory diseases of the aorta, based on case reports or
short institutional series, many different pathogens have been
reported [875].

Diagnosis of IA currently relies, like other forms of aortitis, on
advanced imaging techniques. Computed tomography and MRI
help define the thickening of the aortic wall, size an aneurysm if
present and detect complications like contained rupture [875].
Furthermore, the combination of imaging techniques such as
TOE in the case of the thoracic aorta facilitates surgical planning.
The multimodal approach is widely accepted to improve diag-
nostic accuracy [729, 877]. The diagnostic accuracy of 18F-FDG
PET/CT is high and higher than that of contrast-enhanced CT.
Although PET/CT demonstrates an excellent sensitivity, its
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specificity may be hampered because of false positive findings
[878]. Moreover, PET/CT has a significant impact on patient man-
agement that is more pronounced with baseline than with
follow-up examinations and has value in the follow-up of
patients with infectious native aortic aneurysms at different levels
[879, 880].

The surgical principles in IA are the same as those in other
infectious/inflammatory processes such as infective endocarditis.
Then, surgery aims to debride and remove as much inflamma-
tory/infected tissue on gross intraoperative examination and to
restore vascular anatomy, preferably through the anatomical
route [141]. Surgery addresses major complications like rupture
and helps control sepsis if present; however, one should keep in
mind that in-hospital mortality is significant [881]. Late outcomes
are favourable regardless of the topography of the disease [690,
882]. Open surgery continues to be the standard of treatment in
IA [141]. However, for specific subsets of patients, non-
resectional treatment has been proposed [883], including antibi-
otic therapy alone and antibiotic therapy with endovascular
repair. A hybrid or bridging approach with endovascular therapy
in mandatory combination with antibiotic therapy is also used
with controversial results. Therefore, these strategies are limited
to patients unfit for open surgery. A nationwide survey in
Sweden estimated acceptable outcomes in the short and long
term with endovascular repair of thoracic infected aneurysms
[884]; however, they expressed concerns about reinfections and
reoperations. A systematic review suggested that endovascular
repair of infected abdominal aortic aneurysms appears to be
associated with superior short-term survival compared with open
surgical repair; therefore, it may become an alternative therapy,
considering the associated infection-related complications [691].
However, another recent meta-analysis concluded that, although
operative and 1-year survival were similar between open surgical
and endovascular repair, recurrent infection was more frequent
after endovascular repair, which is a major limitation that also
supports the critical role of lifelong surveillance [692].

AORTIC DISEASE IN WOMEN: PREGNANCY AND
POST PARTUM

Aortic disease in women

Overall, ADs are reported to occur less frequently in women. In a
recent report [885] of the DANCANVAS I & II trials, which offered
cardiovascular screening with CT scans to 14 989 Danish men
and women aged 60–74 years, the prevalence of aneurysms at
the levels of the ascending, arch, descending and abdominal
aorta was 0.1%, <0.1%, 0.1% and 3.7% in men and 0.1%, 0.0%,
0.1% and 0.4% in women, respectively. A large study in Canada
(2005–2015) that investigated events involving the thoracic aorta
showed that 29% of TAA repairs and 39% of dissections were
observed in women, with 45% of aorta-related deaths [886]. In
the German Registry for Acute Aortic Dissection type A, which
includes 3380 patients throughout the country (2006–2015),
women were half less affected by AD. Compared to men, they
were older at the age of presentation, with lower rates of exten-
sion to the abdominal aorta and malperfusion and with similar
outcomes at 30 days [887]. One specific presentation of aortic
dissection in women is during pregnancy, a period when the risk
for such complications is substantially increased: The incidence
of AD is reported to be 1.45/100 000 during pregnancy com-
pared to 0.12/100 000 when not gravid [888]. The maternal mor-
tality due to AD is high, up to 30%, whereas the foetal mortality
can reach 50% [889]. Another particular clinical presentation in
women is related to the increased risk of AD in case of Turner
syndrome [890].

The lower rates of aneurysms, especially at the level of the
abdominal aorta, should be tempered by the fact that a similar
aortic diameter threshold (of 30 mm) in both genders may
underestimate the actual prevalence of aneurysms in women.
The gender disparity in AAA prevalence is much less when a defi-
nition of >1.5 times the suprarenal aortic diameter is used, rather
than a unique threshold of 30 mm [891, 892]. Indeed, the diame-
ter of the abdominal aorta in women is on average 2–3 mm
smaller than that in men [891, 892]. At a given diameter, the risk
of AAA rupture is 3- to 4-fold higher compared to that in men
[423, 893]. The average diameter of a ruptured aorta is around
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Recommendation Table 33: Aortic disease in women: preg-
nancy and post partum

Recommendations Classa Levelb Refc

Delivery in pregnant patients with aortopathy

In pregnant patients with a history of aortic
dissection, C-section is recommended.

I C -

In pregnant patients with an aortic diameter
of <40 mm, vaginal delivery is
recommended.

I C -

C-section should be considered in pregnant
patients with a diameter >_45 mm of the
aortic root or ascending aorta.

IIa C -

Surgery before pregnancy in women with aortic disease

Aortic repair before pregnancy is recom-
mended in patients with Marfan’s syndrome
and aortic root diameter >_45 mm.

I C -

Continued

With an aortic root diameter of 40–45 mm,
aortic repair before pregnancy may be con-
sidered in the presence of risk factors for
aortic dissection (family history or rapid
growth > 3 mm/year).

IIb C -

Pregnancy in patients with aortopathy: dissection and surgery in
pregnancy

Urgent aortic repair is recommended with
foetal monitoring in patients with acute type
A aortic dissection during the first 2
trimesters.

I C -

In patients with acute type A aortic dissec-
tion during the third trimester, urgent cae-
sarean delivery immediately followed by
aortic surgery is recommended.

I C -

OMT is recommended in patients with acute
type B aortic dissection during pregnancy
unless complications develop.

I C -

aClass of recommendation.
bLevel of evidence.
cReferences.
OMT: optimal medical therapy.
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50 mm, which is 10 mm less than the same diameter in men
[423]. This difference has opened the debate on whether a similar
diameter threshold should be used to decide intervention in
women and in men [894].

In the Global Registry for Endovascular Aortic Treatment,
which includes 3758 patients, women were treated at an older
age and had a more hostile AAA anatomy, with higher rates of
redo interventions [895]. The reported results regarding gender
differences in outcome after elective intervention for AAA are
contradictory: In a large US database, the 10-year mortality was
14% lower in women than that in men after EVAR, whereas the
survival was similar after open surgery [896]. In contrast, data
issued from a contemporary Dutch national registry show an
increased mortality after AAA repair in women, but this is related
to excess mortality after surgery, with comparable death rates
between the 2 genders after EVAR [897].

Pregnancy

The condition of pregnancy is associated with haemodynamic
and hormonal changes and is considered to constitute some risk
for pregnancy-associated arterial and aortic dissection in a
woman with a known aortopathy [898]. Such arterial dissection
may be seen throughout pregnancy or in the post-partum period
of up to 1 year, with a peak around the third trimester and up to
3 months post partum. Women with known aortopathy including
hereditary connective tissue disorders (Marfan syndrome [899,
900], Loeys–Dietz syndrome [390, 901], vascular Ehlers-Danlos
syndrome [389], HTAD and Turner syndrome) are at risk of
pregnancy-related vascular dissection. Type A aortic dissection
usually exhibits this pre-existing aortic root dilation whereas
TBAD may occur without known aneurysmatic changes [899,
901].

It is recommended that women with a risk for aortopathy hav-
ing a planned pregnancy undergo imaging including echocar-
diography, MRI or CT, to elucidate the entire vascular condition.
Surveillance imaging throughout pregnancy and several weeks
post partum using ultrasound is recommended to monitor for
congenital changes in aortic size. In women with normal aortas
and low risk, vaginal delivery is potentially an option with efforts
to lessen haemodynamic stress during the second stage of
labour. Women at increased risk of aortic complications or
known significant aortopathies are typically recommended to
undergo a caesarean delivery [900, 902].

In women with one of the previously mentioned hereditary
conditions, or a known aortopathy, pre-pregnancy genetic coun-
selling, baseline aortic imaging and understanding of the poten-
tial risk of dissection with the aim of shared decision-making
with the patient are recommended.

Assisted delivery in pregnant patients with a risk of
aortic dissection

Based on recent observational evidence, the risk of type A dissec-
tion in the context of a pregnancy in Marfan patients is related to
the pre-pregnancy diameter of the aortic root with a relatively
low risk of 1% for dissection and a root dimension of 40 mm or
less, and an increasing risk with an aortic dimension surpassing
>45 mm [903, 904]. Any evidence of progressive dilation of the
aortic root and uncontrolled hypertension also determine an
increased risk of vascular complications with pregnancy [905,

906]. In the grey zone between 40 mm and 45 mm of root
dimension, shared decision-making with a patient is required
[907, 908], because recommendations are not clear: The World
Health Organization classification for cardiovascular risk for
women with Marfan syndrome and moderate aortic dilation is
risk class III, whereas those with an aortic root diameter of
>45 mm are considering to be in risk class IV [909]. Because of
the increased risk of aortic dissection, pregnancy should be
avoided when the aortic root is >45 mm and pre-emptive repair
should be considered.

Type B dissection in the context of pregnancy is often associ-
ated with connective tissue disorders: For instance, 20–40% of
cases are seen in the context of Marfan syndrome and may hap-
pen without pre-existing aortic dilatation [902, 905, 908].
Vascular and aortic dissection may also occur after delivery in
the post-partum period, most likely within 3 months, but in rare
cases up to 1 year [910]. Patients at risk in their families should
realize a slightly enhanced risk of contracting aortic dissection,
even in the post-partum period.

Surgery before pregnancy in women with aortic
conditions or hereditary connective tissue
disorders

Pre-emptive surgery prior to a planned pregnancy and the deci-
sion to proceed to a surgical intervention for the aortic root or
ascending aorta, or both, are complex issues that require a thor-
ough discussion with the patient, the patient’s family and the
care team, taking into consideration the specific disorder, the
underlying genetic variant, previous observation of the growing
dimension of the aortic root, the specific family history and cer-
tainly the individual phenotype of the given female patient.
Ideally, the specialist team involved in this decision-making proc-
ess may comprise specialists in aortopathy, cardiologists, clinical
geneticists, foetal medicine specialists and aortic surgeons, ideally
at an experienced AC. In the planning phase of any pre-emptive
aortic surgery, the risk and the potential benefit should be dis-
cussed in detail, with operations ranging from a valve-sparing
root replacement operation such as a David 5 and the Yacoub
procedure, to a rapid procedure involving the aorta according to
the Paediatric Emergency Assessment, Recognition, and
Stabilization (PEARS) concept. Moreover, despite the option for
preventive surgery to the ascending aorta, a certain risk remains
of pregnancy-related distal dissection, with the risk being highest
in women with Loeys–Dietz syndrome and underlying patho-
genic variants in the TGFBR1 and TGFBR2 genes [911].

Because phenotypic features are usually absent in patients
with non-syndromic HTAD with pathogenic variants in multiple
genes (e.g. ACTA2, NYH11, MYLK, PRKG1), the first manifestation
of a vascular disease may be acute aortic dissection with up to
20% occurring in relationship to pregnancy.

Aortic dissection and aortic surgery in pregnancy

Usually during pregnancy, if marked aortic dilation is present or
rapid aortic diameter progression >3 mm is noted, a certain risk
of maternal aortic dissection should be discussed. If it is early in
the pregnancy, high maternal risk of morbidity or death may
warrant a pregnancy termination in selected cases [904, 912].
Prophylactic aortic surgery during pregnancy requires a complex
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decision-making process and should be individualized based on
maternal and foetal risk assessment. A dedicated care team usu-
ally located at an AC should be involved. Cardiac surgery in the
first trimester has the risk of foetal developmental defects,
whereas surgery in the third trimester is associated with risk to
foetal and maternal circulation. Semi-elective surgery during
pregnancy may have its lowest collective risk to foetal develop-
ment and maternal safety during the second trimester [903, 912].
If a type A aortic dissection occurs during pregnancy, urgent
obstetric and cardiac surgical consultation is needed because
management depends on the viability of the foetus and the con-
dition of the mother. If type A aortic dissection occurs in the first
26 weeks of pregnancy, emergency cardiac surgery should be
performed, recognizing the risk of foetal loss [388, 903]. In a later
stage of pregnancy with a higher likelihood of independent foetal
survival after 28 weeks, caesarean delivery followed by aortic
repair provides the best chances of foetal and maternal survival.

In the aggregate, prophylactic aortic surgery during pregnancy
requires a complex decision-making process, and management
should be individualized based on maternal and foetal risk and
benefits. Emergency aortic surgery for type A dissection during
pregnancy has a high risk of foetal loss in the first trimester and
the best chances of survival of foetus and mother in the third tri-
mester, if managed in an experienced AC.

RADIATION PROTECTION

X-ray radiation is ionizing radiation that damages tissue at the
molecular level. The health effects of exposure to ionizing radia-
tion are divided into deterministic and stochastic effects.
Deterministic effects are based on tissue damage and may occur
by exposure of 0.1 Gy or more. They include, for example, eryth-
aema of the skin and lens opacities. Stochastic effects of ionizing
radiation are chance events whose probability increases with
dose, but the severity is independent of the dose. Both cancer
risk and hereditary disorders are stochastic effects. An exposure

of 100 mSv is estimated to add 1% lifetime risk of a cancer-
related death in a 40-year-old patient [913]. Coronary CTA per-
formed with 64-detector CT results in radiation doses ranging
from 9 to 21 mSv [914]. A complex endovascular aortic repair
with fenestrated technology may result in an effective dose of up
to 180 mSv [914, 915].

Because x-ray radiation is used for diagnosis of AD during
aortic interventions and following up the treatments results, it is
important to minimize the risk of radiation-by-radiation dose
reduction whenever possible.

Computed tomography angiography plays a major role in
assessing AD. However, the major limitation of CTA is a high
effective radiation dose. It is essential to carefully check the indi-
cation and perform CTA only if other imaging modalities will not
provide sufficient information. In most case, following an aneur-
ysm with a small diameter is possible with magnetic resonance
imaging and ultrasonography without any exposure to ionizing
radiation.

‘As low as reasonably achievable’ principles to protect patient
and team members should be applied by physicians performing
aortic interventions [916]. It is not only necessary for health-care
personnel to wear full protective shielding [917] but also to use
radiation shielding glasses in the operating room and to maintain
as much distance as possible from the patient whenever digital
subtraction angiography is performed. Image fusion of CTA
images with fluoroscopy has been demonstrated to reduce the
radiation dose during complex endovascular procedures [918,
919]. Furthermore, the real-time dosimetry from personal dosim-
eters worn by each individual working in the operating room
where radiation is applied, increases the awareness of radiation
exposure [920].

INTENSIVE CARE UNIT POSTOPERATIVE
MANAGEMENT OF PATIENTS UNDERGOING
AORTIC SURGERY
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Recommendation Table 34: Radiation protection

Recommendations Classa Levelb Refc

During endovascular aortic repair, the fol-
lowing radiation dose reduction strategies to
protect the patient are recommended:

• Positioning the image intensifier as close
to the patient as possible

• Using digital subtraction acquisitions
and lateral angulations

• Minimizing the time of exposure to
radiation

I C -

During endovascular aortic repair, the fol-
lowing radiation dose reduction strategies to
protect the physician are recommended:

• Keep the personnel the greatest possible
distance from the source of the radiation

• Wear personal lead shields (apron, thy-
roid, shins and goggles)

• Use mobile lead shields

I C -

aClass of recommendation.
bLevel of evidence.
cReferences.

Recommendation Table 35: Intensive care unit postopera-
tive management of patients undergoing aortic surgery

Recommendations Classa Levelb Refc

The enhanced recovery after surgery
concept is recommended in stable
patients undergoing aortic repair.

I C -

Normothermia is recommended in
the early postoperative phase.

I C -

The femoral artery should be consid-
ered as preferred for arterial pressure
monitoring postoperatively.

IIa C -

Close monitoring of lactate levels as a
surrogate for postoperative malperfu-
sion is recommended.

I C -

Point-of-care monitoring, in addition
to regular laboratory coagulation
parameters, should be considered in
the early postoperative phase after
open aortic repair.

IIa B [921, 922]

Continued
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Basic postoperative monitoring

Once the patient is admitted to the ICU, arterial pressure moni-
toring is usually simplified to single- or maximum double-site
arterial monitoring. The literature reveals a central or femoral-
to-radial pressure gradient in 45% and 34% of patients under-
going cardiac surgery, especially in patients with smaller body
surface or body height, prolonged aortic cross-clamping or the
use of vasopressin [923, 924]. An underestimation of central
blood pressure via radial arterial monitoring carries the risk of
misguided vasoactive therapy with potential sequelae for the
patient, because femoral lines reflect distal body perfusion and
help to detect post-repair pressure gradients across the aortic
arch or the thoraco-abdominal aorta. Therefore, femoral arte-
rial pressure monitoring should be preferred in the early post-
operative phase.

Monitoring heart function and cardiac output during com-
plex open surgical repair is one major domain of the anaes-
thesiologist on site. Transoesophageal echocardiography is
reliable for monitoring heart function but also for evaluating
operative results after valve replacement or repair and is there-
fore recommended during open surgical repair. Respecting the
results of patients’ preoperative examinations and taking the
intraoperative course into account might result in considering
the use of invasive tools for cardiac output monitoring. In the
case of postoperative signs of hypoperfusion syndrome, inva-
sive cardiac output measurement might help to better discrimi-
nate between primarily cardiac hypoperfusion syndrome
causing malperfusion of end organs and isolated end-organ
malperfusion. Pulmonary artery catheter or continuous cardiac
output monitoring using arterial waveform analysis should be
considered as first-line monitoring measures.

Due to the interaction of temperature and the coagulation sys-
tem, respectively, and the higher rate of blood loss, postoperative
inadvertent hypothermia should be avoided, and patients should
be kept normothermic in the postoperative phase [925].

Clinical assessment on arrival and reassessment
protocol

Basic clinical assessment on admission to the ICU is necessary for
definition of treatment goals. Different scores (e.g. the Sequential
Organ Failure Assessment score) have been implemented and are
part of the admission process for the basic assessment of patients
admitted to the ICU. In general, clinical assessment should
address respiratory, cardiovascular, hepatic, coagulation, renal
and neurologic systems. Rescoring is normally performed on a
24-hour basis. For abnormalities that need closer monitoring, i.e.
urine production, lactate levels and coagulation, a reassessment
is normally performed 3 and 6 hours after admission to the ICU.
Neurologic evaluation should be facilitated as soon as possible
after aortic repair by weaning the patient from sedatives and
enabling spontaneous ventilation.

Detection of clinical and subclinical malperfusion

Postoperative malperfusion is an important predictor of hospital
mortality after aortic surgery. Especially in patients with acute
aortic dissection, preoperative malperfusion syndrome has an
impact on early survival and influences the treatment approach
[229, 926, 927]. Detection of malperfusion can be challenging in
an ICU setting. Based on the complexity of aortic repair, lactate
levels as well as myocardial, kidney and liver enzymes might be
slightly elevated on admission to the ICU. Data on lactate levels
and clearance on the perioperative outcome underline the
importance of serial lactate level measurements in the early post-
operative period until postoperative day 4 [928]. Adherence to
an enhanced recovery protocol after surgery should be pursued,
including early weaning from sedatives and transferring the
patient to an intermittent mandatory ventilation mode. This
practice further leads to the benefit of a more reliable clinical
evaluation of the patient in terms of neurologic, visceral or lower
limb malperfusion [929, 930]. Routine control of cardiac, liver,
kidney and muscle enzymes is part of every standard ICU
protocol.

Coagulation management, thromboelastography
and transfusion

Unfractionated heparin is administered intraoperatively in open
as well as endovascular aortic repair and is routinely reversed by
giving protamine. Hypothermia, haemodilution and loss of coag-
ulation factors as well as platelets challenge coagulation manage-
ment intraoperatively. Once the patient is admitted to the ICU,
laboratory as well as point-of-care (POC) coagulation monitoring
(thromboelastography) is required in order to maintain haemo-
stasis and detect haemostatic abnormalities early. In accordance
with the 2017 EACTS/EACTA Guidelines for Patient Blood
Management, transfusion strategies should be implemented [922,
931]. The role of hypofibrinogenaemia has been studied in the
setting of cardiac surgery, underlining its importance in the
bleeding rate. Liberal substitution of fibrinogen should be recom-
mended in patients with low fibrinogen levels and evidence of
postoperative microvascular bleeding. In terms of transfusion
triggers for platelet concentrates in bleeding patients, a cut-off

Rescue protocols for postoperative
SCI after aortic arch surgery proce-
dures that include CSF drainage and
blood pressure elevation are
recommended.

I C -

Immediate CSF drainage in patients
with new onset of paraplegia after
TEVAR or open TAAA replacement is
recommended.

I C -

For patients with ILT after FET proce-
dures, therapeutic anticoagulation is
recommended.

I C -

Early TEVAR extension may be consid-
ered in patients with ILT after a FET
implant.

IIb C -

aClass of recommendation.
bLevel of evidence.
cReferences.
CSF: cerebrospinal fluid; FET: frozen elephant trunk; ILT: intraluminal thrombi;
SCI: spinal cord injury; TAAA: thoraco-abdominal aortic aneurysm; TEVAR:
thoracic endovascular aortic repair.
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below 50 (109/l) for patients on antiplatelet therapy has been
proposed [931, 932].

Special consideration for certain aortic procedures

Aortic arch replacement. Overall, perioperative mortality and
morbidity are significantly higher following aortic arch opera-
tions compared to other cardiac procedures [125, 127]. This
result is due to the complexity of the underlying pathology
(which variably extends into the descending aorta) and the inher-
ent risks of surgical procedures involving the aortic arch, resulting
from the manipulation of supra-aortic arteries and the need for
HCA in a majority of cases. These disease and procedure-related
features result in a significant risk of embolic events and ischae-
mic organ damage. Postoperative ICU management of aortic
arch surgery procedures follows the principles and recommenda-
tions that apply to regular cardiac surgery procedures [933].
However, ICU management of aortic arch procedures has to
account for typical major adverse events.

A significant number of aortic arch operations are performed
in patients with an acute aortic dissection. Malperfusion syn-
drome is a major driver of adverse outcomes in this subset of
patients [38, 227, 928, 934]. In addition, postoperative distal mal-
perfusion may occur after an elective FET implant for chronic
aortic dissection as a result of reduced organ perfusion via the
excluded false lumen [935]. Hence, regular postoperative moni-
toring of serum lactate values is essential after aortic arch
surgery.

Although clinical experience suggests that meticulous blood
pressure monitoring is especially important in aortic arch surgery
to balance the risks of malperfusion and bleeding, there is no sci-
entific evidence suggesting an optimal blood pressure range dur-
ing the early postoperative course after aortic arch surgery [933].
Invasive blood pressure monitoring is a crucial part of postopera-
tive ICU monitoring of patients following aortic arch operations.
Because many centres use multiple invasive arterial lines intrao-
peratively, it seems reasonable to prolong pressure monitoring
via an upper body and lower body arterial line throughout the
first 12–48 hours after surgery to monitor for postoperative blood
pressure differences and acute changes in regional perfusion.

Managing haemostasis in aortic arch surgery is challenging:
Long CPB times and hypothermia result in coagulopathy [936].
Patients with aortic dissection suffer from hyperfibrinolysis [937].
The 24/7 availability of POC testing is limited in most centres. In
patients with major postoperative bleeding, POC protocols might
hamper expeditious haemostasis, especially following aortic sur-
gery. Consequently, transfusion management usually follows local
protocols. In general, complex aortic arch surgery results in the
transfusion of a significant amount of blood products and coagu-
lation factors [938]. The value of specific transfusion regimens
with supplementary application of coagulation factors remains
unclear [939, 940].

The risk of procedural stroke after complex aortic arch repairs
has been shown to be 5–15%. Together with preoperative strokes
due to acute pathologies, up to 20% of aortic arch surgery
patients suffer from a stroke [358]. Of these, 14% have been clas-
sified as intracranial bleedings in a recent study [162]. Expeditious
diagnosis is critical to evaluate early therapeutic consequences.
Regular clinical assessments are recommended [933]. They may
be combined with NIRS in the ICU to detect life-threating condi-
tions in a timely fashion, such as acute cerebral malperfusion or

pericardial tamponade [941]. Although NIRS is non-specific and
may fail to detect certain pathologies [942], large NIRS differences
compared to baseline or fast changes may trigger a further diag-
nostic workup. Although the value of NIRS to guide decision-
making on the ICU remains unclear, it is used intraoperatively
during aortic arch procedures on a regular basis and may there-
fore remain in place for the initial phase in the ICU.

An SCI is a rare but serious complication after an FET implant.
An SCI after an FET implant occurs due to the occlusion of a
varying number of intercostal arteries that feed the arterial collat-
eral spinal network [357, 358, 943]. The length of the FET stent
graft, the HCA temperature, the HCA time [944, 945] and the
postoperative low blood pressure [946] have been identified as
predictors of SCIs. Consequently, most centres have adopted a
policy of implanting short FET grafts, potentially in zone 2, to
limit the coverage of the intercostal arteries [357, 358, 943]. This
strategy might necessitate a multistage treatment of the aortic
pathology but may reduce overall morbidity, especially SCIs [371,
947, 948]. Prophylactic placement of a CSF drain in all FET cases
had been proposed by some centres to reduce the risk of SCI
[357]. A CSF drain can be weaned from postoperative day 2 or 3
by increasing CSF pressure stepwise or temporarily stopping CSF
drainage, if the patient does not exhibit postoperative signs of
SCI. In cases of SCI, patients should at least be treated with CSF
drainage for 5 days to allow for reorganization of the arterial col-
lateral spinal network [949]. Patients treated with CSF drainage
should be kept in a lying position to avoid intracranial pressure
drop, possibly resulting in a subdural haematoma. The benefits
of CSF drainage have to be weighed against the risk of potential
complications [950]. With the evolution of the FET implantation
strategy and decreasing rates of SCI, most centres now limit the
use of prophylactic CSF drainage to high-risk cases and use it as
a measure to acutely rescue postoperative SCI [357, 946, 951].
Rescue protocols to treat postoperative SCI comprise CSF drain-
age and blood pressure elevation [951, 952].

Recently, a specific and so far unknown complication after FET
procedures has been described: intraluminal thrombi (ILT) can
form within the stent graft during the early postoperative phase
after FET implantation [938, 953, 954]. ILT develop more fre-
quently in female patients, patients with degenerative aneurysms,
patients with anticipated type Ib endoleaks, and patients with a
large stent graft diameter in relation to body height. Conservative
management of major bleeding increases the risk of ILT.
Therapeutic anticoagulation is protective against ILT. So far, the
evidence suggests that conditions in line with the concept of
Virchow’s triad [e.g. decreased blood flow velocity within the
stent graft (small body size/low cardiac output/large stent grafts),
large graft pockets with turbulent flow, increased blood coagula-
bility] favour ILT formation. The risk of ILT might increase expo-
nentially with the existence of multiple risk factors [938]. ILT
within FETs has distinct morphologic features with a high risk of
embolization [938, 953]. ILT was a predictor of early mortality in
1 study and should be treated with therapeutic anticoagulation.
Early TEVAR extension might be considered. The role of tempo-
rary, prophylactic therapeutic anticoagulation after an FET
implant remains unclear [938].

Endovascular and open repair of the descending aorta.
Endovascular treatment of the descending thoracic aorta repre-
sents a less invasive procedure and is associated with fewer early
deaths and complications in comparison to open surgery,
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including postoperative pain, bleeding and wound infection
[601]. In elective TEVAR of a descending thoracic aortic aneurysm
or dissection, the postoperative management focuses on the
treatment of blood pressure, the neurologic monitoring and the
early mobilization of the patient [955]. Optimal medical treat-
ment of blood pressure is recommended in all types of AD and
should always be part of the postoperative management. The use
of ß-blockers should be considered as a first-line treatment along
with the implementation of calcium channel antagonists and/or
renin-angiotensin inhibitors, if required [324]. However, directly
after TEVAR and/or within the first postoperative days, a low
blood pressure may be associated with increased risk of SCI,
especially in patients after extensive endo-coverage of the
descending aorta, in patients with previous abdominal aortic
interventions and in patients after coverage of the LSA without
additional artery revascularization [176, 956, 957]. After open
descending repair, most intercostal arteries are sacrifices, and
most of the time only a limited number of intercostal arteries are
re-implanted. In both patient cohorts, slightly higher systolic
blood pressure (mean arterial pressure 80–90 mmHg) and hae-
moglobin levels of 10 mg/dl may be considered up to the exclu-
sion of a neurologic deficit and according to the individual
patient’s risk for paraplegia [958]. In case of paraplegia, higher
blood pressure levels should be continued, and placement of a
CSF drain should follow immediately after correction of the
coagulopathy.

Iliofemoral artery complications may occur in up to 12% after
TEVAR either after surgical or percutaneous artery access [959,
960]. Abdominal or flank pain and acute blood loss and femoral
neuropathy may indicate the presence of a retroperitoneal hae-
matoma requiring prompt intervention and coagulopathy treat-
ment [955].

In acute thoracic aortic syndrome, the postoperative man-
agement is more complex; it includes strict evaluation of vis-
ceral and peripheral malperfusion sequelae, prolonged
respiratory recovery and treatment of pleural effusion [961,
962]. Especially in acute complicated TBAD, the ICU team
should be aware of the characteristics of the true lumen and
perfusion of the peripheral arteries before and after the inter-
vention in order to estimate the individual patient’s risk for
organ ischaemia and to initiate specific examinations and treat-
ment. Blood pressure differences between the upper and low
extremities may indicate residual true lumen collapse and
imminent malperfusion in visceral and more distal aortic seg-
ments. Pulse deficit and peripheral perfusion should be eval-
uated in both legs to estimate the level of true lumen collapse
or thrombosis at the iliac artery axis and more distally. The early
diagnosis and treatment of abdominal or peripheral compart-
ment syndrome are crucial for the recovery and survival of the
patient. Thorough repeated examinations of the clinical status
and the inflammatory parameters can provide information
about the progress of organ ischaemia. Computed contrast
enhanced tomography or invasive angiography in hybrid oper-
ating room settings should be considered in order to verify the
diagnosis and to initiate immediate treatment.

The risk of acute RTAD after TEVAR is reported to be 1.4–
3.17% [365, 626]. In the ICU setting, echocardiography is recom-
mended to exclude or detect the presence of a dissection flap in
the proximal aorta and pericardial effusion in case of chest pain,
haemodynamic depression and stroke followed by CT
angiography.

LIVING WITH AORTIC DISEASE

Recommendation Table 36: Living with aortic disease

Recommendations Classa Levelb Refc

Exercise and sports

Thorough education regarding the individ-
ual risks and benefits of exercise is
recommended.

I C -

For patients with adequately controlled BP,
30–60 min of mild-to-moderate dynamic
exercise at least 3–4 days per week is
recommended.

I C -

Intense static exercise (e.g. heavy weightlift-
ing or activities requiring the Valsalva
manoeuvre) and collision sports are not
recommended.

III C -

Cardiac rehabilitation

In patients after invasive treatment of aortic
pathologies, an individual cardiac rehabilita-
tion programme under medical supervision
is recommended.

I C -

Surveillance

In any patients receiving treatment of aortic
pathologies, a disease- and treatment-based
individual surveillance programme in a spe-
cialized aortic centre with a dedicated out-
patient clinic is recommended.

I C -

Imaging-based quality control after every
open or endovascular aortic procedure is
recommended, irrespective of the treated
segment before discharge.

I C -

TTE is the recommended imaging modality
after any kind of root surgery.

I C -

In patients after treatment for acute aortic dis-
section or IMH irrespective of treatment modal-
ity, CTA surveillance is recommended after
6 months and 12 months and, in case of stable
conditions, annually thereafter for 5 years.

I C -

In patients after endovascular treatment irre-
spective of the underlying aortic disease, CTA
surveillance is recommended after 6 months
and 12 months and, in case of stable condi-
tions, annually thereafter for 5 years.

I C -

In patients after open surgical treatment for
non-aortic dissection or IMH pathologies,
imaging surveillance is recommended after
12 months and 24 months and, in case of
stable conditions, should be extended
thereafter.

I C -

In patients with stable aortic conditions,
extended surveillance intervals should be
considered after 5 years based on an individ-
ual protocol.

IIa C -

In case of non-operability, no option or
informed consent of refraining from treatment,
stopping surveillance is recommended.

I C -

aClass of recommendation.
bLevel of evidence.
cReferences.
BP: blood pressure; CTA: computed tomography angiography; IMH: intramu-
ral haematoma; TTE: transthoracic echocardiography.
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Exercise and sports

Engaging in exercise and strenuous sports is an especially impor-
tant topic for young patients suffering from AD, especially those
with an aortic aneurysm or inherited AD. There are 2 main forms
of exercise in principle: dynamic (isotonic) and static (isometric)
exercise. Dynamic exercise increases systolic blood pressure and
lowers diastolic blood pressure and peripheral vascular resist-
ance, which leads to a mild total drop in mean blood pressure
[963]. Accordingly, systolic values above 210 mmHg rarely occur
despite maximum effort, but when they do, the increase lasts
longer than during static exercise, because systolic values can
exceed 500 mmHg due to increased vascular resistance [964].
These considerations have led to the theory that static exercise is
more likely to trigger sudden catastrophic events like aortic dis-
section or rupture, whereas periodic dynamic exercise may cause
aortic growth. Although there are a few case reports of adverse
events in athletes, there are no substantial data on the incidence
of survival, risk for AAEs or even thereafter in any subpopulation.
Accordingly, all hypotheses and recommendations in the litera-
ture are based on expert opinions [965, 966].

A patient with connective tissue disease involving the aorta or
one already diagnosed with an aortic pathology should be indi-
vidually advised by clinicians by expounding upon the positive
and negative effects of exercise on the given AD. Accordingly,
there is insufficient data and evidence to encourage or discour-
age any particular type of sport. A major effect of sports is obvi-
ously the positive effect on quality of life—a factor of utmost
importance, especially in patients diagnosed with inherent AD
who are still burdened by stigmatization and social difficulties
that should not be exacerbated by the unnecessary prohibition
of physical activity. This issue must be discussed openly to enable
shared decision-making with the patient, parents and coach(es).

Nevertheless, a patient with an aortic aneurysm or who has
had an aortic dissection should be encouraged to engage in
sports. Low-dynamic, low-static exercise is superior to high-
dynamic, high-static exercise. Weightlifting in particular has to be
performed cautiously due to the substantial increase in blood
pressure [967]. Because the maximum increase in blood pressure
occurs at the level when an additional repetition cannot be car-
ried out, irrespective of the amount of weight, patients with AD
should only use low weights and stop exercise well before muscle
fatigue occurs [968].

The effect of sexual activity on blood pressure increase is only
moderate when applying the same principles for sports and exer-
cise in general. Therefore, moderate sexual activity is safe and is
not restricted in patients with AD.

Continuing to participate in dynamic sports with or without
risking body collision inevitably requires stricter imaging surveil-
lance via echocardiography, MRI or CTA in certain patients. This
situation also applies to patients who have undergone elective
aortic surgery when remaining segments are dilated.

Exercise after surgery for acute aortic dissection is also encour-
aged to achieve an increase in oxygen uptake, maximum work-
load and quality of life by lowering resting blood pressure [969].
Nevertheless, close surveillance via a low-static and low-dynamic
individual programme overseen by an experienced team is rec-
ommended. Moreover, these patients are encouraged to take
part in all activities of daily life including cycling and gardening
[970].

Further investigation and studies are needed to specify both
low-risk and high-risk exercise and patients at risk for aortic rup-
ture or dissection.

Returning to work

After open heart surgery, most patients returned to work after an
average of 30 weeks, whereas 34% never did. The data on acute
aortic dissection are even more alarming: 12 months after dis-
charge, only a quarter of patients had returned to work after
undergoing repair for ATAAD [971]. Lin et al. [971] identified sev-
eral risk factors lowering the likelihood of returning to work,
including manual or semi-skilled professional employment.

Requirements for returning to work are adequate blood pres-
sure control and pain management achievable without opioids.
Accordingly, most patients can return to their jobs after 4–
12 weeks provided its physical demands are not excessive. There
are too little data to justify encouraging or discouraging any one
type of employment. Nevertheless, heavy lifting (high static
demand), intensive physical activity and positions associated with
a high stress level might be unsuitable for individuals who have
undergone acute aortic dissection repair or chronic aortic dissec-
tion repair. Patients should therefore discuss returning to work
with their physician or surgeon regarding time points and the
need for additional surveillance.

Rehabilitation

Cardiopulmonary exercise testing revealed impaired fitness of
patients after aortic aneurysm or dissection repair compared to
the predicted normal values [972, 973]. Because cardiopulmonary
capacity and fitness are strongly associated with cardiovascular
disease and death, improvement after treatment for AD is sub-
stantial. Studies have shown that cardiac rehabilitation (CR) pro-
grammes are safe and achieve an increase in maximum workload
and peak oxygen uptake [969, 973]. Therefore, an individualized
CR programme based on the patient’s underlying AD and indi-
vidual baseline physical fitness level is beneficial in order to
reduce the risk of morbidity, mortality and psycho-social effects
[972, 974]. The CR programme should be started as early as pos-
sible and carried out under professional medical supervision in
close cooperation with the primary treating AC [974].

Surveillance and follow-up

The goal of the initial treatment after diagnosis of ADs is either
symptom relief, prophylaxis of AAEs or immediate management
of the latter, irrespective of the treatment modality. Although
current treatment options are evolving and perioperative out-
comes have significantly improved over the last decades, there is
still no cure for ADs without the need for further surveillance. In
patients with non-dissection and medically managed dissection
without invasive treatment, disease progression may cause rup-
ture, dissection, malperfusion or local complications. Therefore,
the goal of surveillance is to identify these complications as soon
as possible, not only by early diagnosis but also by identifying
risk factors for these events during the follow-up period. In
patients who have undergone surgery or endovascular treatment,
often only a minor aortic segment is addressed, namely, the
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segment that is at the highest risk of AAEs or is the suspected ori-
gin of the latter. However, in the majority of patients, distal and
proximal aortic segments remain untreated, and both disease
progression and treatment-associated complications can occur at
any time. Whereas this is less likely in non-dissection patients
after open surgical treatment, it is more likely after endovascular
treatment and in patients with aortic dissection in whom closure
of the primary entry tear was achieved but the dissection extends
into several untreated segments. For example, in patients who
have had proximal repair for ATAAD with a residual dissection of
the aortic arch and downstream aorta, the aortic growth rate is
reported to be 1.5 mm/year [975] and 0.56 mm/year in non-
dissection patients after arch replacement [976]. This distinction
is particularly important because a substantial number of patients
after initial repair reach the threshold for further arch or
descending interventions in order to prevent subsequent aortic
events. However, it has been shown that arch replacement using
the FET technique can be performed safely even in this high-risk
population with residual aortic dissection after previous proximal
or distal repair [977]. Nevertheless, even after intended single-
stage treatment by TAR using a hybrid prosthesis, distal aortic
failure and subsequent reintervention rates are substantial [371,
948, 978, 979]. After endovascular aortic repair of the thoracic or
abdominal aorta, the risks for endoleaks, dSINE, malperfusion,
aortic dilation and dissection progression are substantial and
inevitably necessitate subsequent reinterventions and have an
impact on long-term survival [625, 980–982]. Identification of risk
factors for these subsequent events and an understanding of the
underlying mechanisms are evolving [625, 978, 980–982]. Hence,
the majority of these risk factors can be identified in the first CTA
scan after treatment; also, during follow-up, a surveillance pro-
gramme is indispensable. Because there are no data on the supe-
riority of any one surveillance programme, it has to be
individualized based on the patient’s AD and treatment, respec-
tively. Nevertheless, as a general rule, the more untreated seg-
ments there are remaining, the more frequently the patient
should be seen, whereas there is a gradient from high-risk
patients (dissection patients with endovascular or medical treat-
ment) to low-risk patients (aneurysm patients after open repair)
for subsequent aortic events that should be taken into account
for planning an individual surveillance programme in each
patient. Lifelong surveillance including CTA scans causes substan-
tial radiation exposure and therefore carries a relevant risk for
cancer especially in young patients. Extending follow-up intervals
or using MRI in patients with multiple serial unremarkable
follow-up scans helps substantially to address this issue.

Despite evaluation of the morphologic aspects of the aorta,
mental health is a major issue, especially in patients suffering
from acute aortic dissection. This acute event, which causes the
patient to face morbidity and death, leads to physical inactivity,
anxiety and even depression [983] with a major impact on the
person’s quality of life. Standardized screening for mental health-
related issues and adequate treatment if beneficial are of consid-
erable importance.

FUTURE DIRECTIONS AND GAPS IN KNOWLEDGE

The evidence supporting most of the recommendations in this
document is largely categorized as ‘Level C’ for several reasons.
Aortic diseases are less common compared to other cardiovascu-
lar diseases and are often life-threatening. This situation results in

studies with a limited number of participants, thereby impacting
the LoE, which relies heavily on small cohort studies and expert
opinions. Furthermore, the treatment of ADs often involves dif-
ferent specialties, including vascular and cardiac surgeons as well
as interventionalists, which leads to smaller patient groups and
influences the interpretation of treatment results.

The writing committee strongly encourages all involved soci-
eties and participants to focus on generating more data through
prospective RCTs. Several areas have been identified where more
research is needed, gaps that the global aortic community should
strive to address:

• Identifying diagnostic biomarkers for confirming aortic
dissection;

• Standardizing follow-up protocols specific to each disease
and treatment modality;

• Providing uniform reports of intraoperative times and tem-
peratures, detailing both degrees and location of
measurement;

• Determining the extent of repair required in ATAAD;
• Evaluating the use of endovascular treatment in patients with

HTAD;
• Addressing these unmet needs to further our understanding

and management of these complex diseases;
• Understanding the regenerating response;
• Creating automated measurements of aortic dimensions.

KEY MESSAGES

Our understanding of the aortic organ is continually evolving,
especially in regard to its pathophysiology, the timing for treat-
ment and the application of current and the development of
new therapeutic strategies. Aortic disease has emerged as a spe-
cialty with significant health economic relevance. Several compo-
nents of this guideline already establish the foundational
structure necessary to meet the needs of treating the aortic organ
within a specialized centre by a dedicated interdisciplinary aortic
team.

Given the advancements over the past 2 decades, our current
perspective and our optimistic view into the future of aortic
medicine, we believe that this guideline provides a valuable plat-
form. It serves as an advisor and companion to physicians treat-
ing patients with AD and lays the groundwork for future
collaborative efforts among specialties and societies to grow and
prosper together.
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et al. Swedish Aneurysm Screening Study Group (SASS). Outcome of the
Swedish Nationwide Abdominal Aortic Aneurysm Screening Program.
Circulation 2016;134:1141–8.

[34] Oliver-Williams C, Sweeting MJ, Turton G, Parkin D, Cooper D, Rodd C
et al. Gloucestershire and Swindon Abdominal Aortic Aneurysm
Screening Programme. Lessons learned about prevalence and growth
rates of abdominal aortic aneurysms from a 25-year ultrasound popula-
tion screening programme. Br J Surg 2018;105:68–74.

[35] Jacomelli J, Summers L, Stevenson A, Lees T, Earnshaw JJ. Impact of the
first 5 years of a national abdominal aortic aneurysm screening pro-
gramme. Br J Surg 2016;103:1125–31.

[36] Norman PE, Spilsbury K, Semmens JB. Falling rates of hospitalization
and mortality from abdominal aortic aneurysms in Australia. J Vasc Surg
2011;53:274–7.

[37] Sandiford P, Mosquera D, Bramley D. Trends in incidence and mortality
from abdominal aortic aneurysm in New Zealand. Br J Surg
2011;98:645–51.

[38] Sievers HH, Rylski B, Czerny M, Baier ALM, Kreibich M, Siepe M et al.
Aortic dissection reconsidered: type, entry site, malperfusion classifica-
tion adding clarity and enabling outcome prediction. Interact
CardioVasc Thorac Surg 2020;30:451–7.

[39] Czerny M, Siepe M, Beyersdorf F, Feisst M, Gabel M, Pilz M et al.
Prediction of mortality rate in acute type A dissection: the German
Registry for Acute Type A Aortic Dissection score. Eur J Cardiothorac
Surg 2020;58:700–6.

[40] Turina MI, Shennib H, Dunning J, Cheng D, Martin J, Muneretto C et al.
EACTS/ESCVS committee. EACTS/ESCVS best practice guidelines for
reporting treatment results in the thoracic aorta. Eur J Cardiothorac
Surg 2009;35:927–30.

[41] Rylski B, Pacini D, Beyersdorf F, Quintana E, Schachner T, Tsagakis K
et al. EACTS Vascular Domain, EJCTS and ICVTS Editorial Committees.
Standards of reporting in open and endovascular aortic surgery
(STORAGE guidelines). Eur J Cardiothorac Surg 2019;56:10–20.

[42] Lombardi JV, Hughes GC, Appoo JJ, Bavaria JE, Beck AW, Cambria RP
et al. Society for Vascular Surgery (SVS) and Society of Thoracic
Surgeons (STS) reporting standards for type B aortic dissections. Ann
Thorac Surg 2020;109:959–81.

[43] Oderich GS, Forbes TL, Chaer R, Davies MG, Lindsay TF, Mastracci T
et al. Writing Committee Group. Reporting standards for endovascular
aortic repair of aneurysms involving the renal-mesenteric arteries. J
Vasc Surg 2021;73:4s–52s.

[44] Nienaber CA, Clough RE. Management of acute aortic dissection. Lancet
2015;385:800–11.

[45] Daily PO, Trueblood HW, Stinson EB, Wuerflein RD, Shumway NE.
Management of acute aortic dissections. Ann Thorac Surg
1970;10:237–47.

[46] De Bakey ME, Henly WS, Cooley DA, Morris GC Jr, Crawford ES, Beall
AC Jr. Surgical management of dissecting aneurysms of the aorta. J
Thorac Cardiovasc Surg 1965;49:130–49.

[47] Nienaber CA, Clough RE, Sakalihasan N, Suzuki T, Gibbs R, Mussa F
et al. Aortic dissection. Nat Rev Dis Primers 2016;2:16071.

[48] Urbanski PP, Wagner M. Acute non-A-non-B aortic dissection:
surgical or conservative approach? Eur J Cardiothorac Surg
2016;49:1249–54.

[49] von Segesser LK, Killer I, Ziswiler M, Linka A, Ritter M, Jenni R et al.
Dissection of the descending thoracic aorta extending into the ascend-
ing aorta. A therapeutic challenge. J Thorac Cardiovasc Surg
1994;108:755–61.
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[737] Chakfé N, Diener H, Lejay A, Assadian O, Berard X, Caillon J et al. Editor’s
choice—European Society for Vascular Surgery (ESVS) 2020 clinical prac-
tice guidelines on the management of vascular graft and endograft infec-
tions. Eur J Vasc Endovasc Surg 2020;59:339–84.

[738] Ajdler-Schaeffler E, Scherrer AU, Keller PM, Anagnostopoulos A,
Hofmann M, Rancic Z et al. and the VASGRA Cohort. Increased patho-
gen identification in vascular graft infections by the combined use of tis-
sue cultures and 16S rRNA gene polymerase chain reaction. Front Med
(Lausanne) 2018;5:169.

[739] Couture T, Gaudric J, Davaine JM, Jayet J, Chiche L, Jarraya M et al.
Results of cryopreserved arterial allograft replacement for thoracic and
thoracoabdominal aortic infections. J Vasc Surg 2021;73:626–34.

[740] Vogt PR, Brunner-La Rocca HP, Carrel T, von Segesser LK, Ruef C,
Debatin J et al. Cryopreserved arterial allografts in the treatment of
major vascular infection: a comparison with conventional surgical tech-
niques. J Thorac Cardiovasc Surg 1998;116:965–72.

[741] Vogt PR, Brunner-LaRocca HP, Lachat M, Ruef C, Turina MI. Technical
details with the use of cryopreserved arterial allografts for aortic infec-
tion: influence on early and midterm mortality. J Vasc Surg
2002;35:80–6.

[742] Masabni K, Weaver MR, Kandagatla P, Shepard AD, Huang J, Al Adas Z
et al. Cryopreserved allograft in the management of native and pros-
thetic aortic infections. Ann Vasc Surg 2019;56:1–10.

[743] Bisdas T, Wilhelmi M, Haverich A, Teebken OE. Cryopreserved arterial
homografts vs silver-coated Dacron grafts for abdominal aortic infec-
tions with intraoperative evidence of microorganisms. J Vasc Surg
2011;53:1274–81.e4.

[744] Mufty H, Van den Bergh M, Meuris B, Metsemakers WJ, Fourneau I.
Clinical studies reporting on vascular graft coatings for the prevention
of aortic graft infection: a systematic review and meta-analysis. Eur J
Vasc Endovasc Surg 2022;63:112–8.

[745] Alonso W, Ozdemir B, Chassin-Trubert L, Ziza V, Alric P, Canaud L. Early
outcomes of native and graft-related abdominal aortic infection man-
aged with orthotopic xenopericardial grafts. J Vasc Surg
2021;73:222–31.

[746] Kreibich M, Siepe M, Berger T, Pingpoh C, Puiu P, Morlock J et al.
Treatment of infectious aortic disease with bovine pericardial tube
grafts. Eur J Cardiothorac Surg 2021;60:155–61.

[747] Weiss S, Tobler EL, von Tengg-Kobligk H, Makaloski V, Becker D, Carrel
TP et al. Self made xeno-pericardial aortic tubes to treat native and
aortic graft infections. Eur J Vasc Endovasc Surg 2017;54:646–52.

[748] Post I, Vos CG. Systematic review and meta-analysis on the manage-
ment of open abdominal aortic graft infections. Eur J Vasc Endovasc
Surg 2019;58:258–81.

[749] Sarac TP, Augustinos P, Lyden S, Ouriel K. Use of fascia-peritoneum
patch as a pledget for an infected aortic stump. J Vasc Surg
2003;38:1404–6.

[750] Kaza AK, Cope JT, Kern JA, Cassada DC, Long SM, Fiser SM et al. A tech-
nique for adequate coverage of the proximal suture line during abdomi-
nal aortic aneurysm repair. J Vasc Surg 2001;34:367–8.

[751] Janko MR, Woo K, Hacker RI, Baril D, Bath J, Smeds MR et al. In situ
bypass and extra-anatomic bypass procedures result in similar survival
in patients with secondary aortoenteric fistulas. J Vasc Surg
2021;73:210–21.e1.

[752] Anastasiadou C, Trellopoulos G, Kastora S, Kakisis I, Papapetrou A,
Galyfos G et al. A systematic review of therapies for aortobronchial fistu-
lae. J Vasc Surg 2022;75:753–61.e3.

[753] Jonker FH, Heijmen R, Trimarchi S, Verhagen HJ, Moll FL, Muhs BE. Acute
management of aortobronchial and aortoesophageal fistulas using thoracic
endovascular aortic repair. J Vasc Surg 2009;50:999–1004.

[754] Canaud L, Ozdemir BA, Bee WW, Bahia S, Holt P, Thompson M.
Thoracic endovascular aortic repair in management of aortoesophageal
fistulas. J Vasc Surg 2014;59:248–54.

[755] Czerny M, Eggebrecht H, Sodeck G, Weigang E, Livi U, Verzini F et al.
New insights regarding the incidence, presentation and treatment
options of aorto-oesophageal fistulation after thoracic endovascular
aortic repair: the European Registry of Endovascular Aortic Repair
Complications. Eur J Cardiothorac Surg 2014;45:452–7.

[756] Georvasili VK, Bali C, Peroulis M, Kouvelos G, Avgos S, Godevenos D
et al. Management of an aorto-esophageal fistula, complicating a
descending thoracic aortic aneurysm endovascularly repaired. Gen
Thorac Cardiovasc Surg 2016;64:216–9.

[757] Sladojevic M, Bjelovic M, Ilic N, Mutavdzic P, Koncar I, Dragas M et al.
Open surgical treatment of secondary aortoesophageal and

93M. Czerny et al. / European Journal of Cardio-Thoracic Surgery

G
U

ID
EL

IN
ES

D
ow

nloaded from
 https://academ

ic.oup.com
/ejcts/article/65/2/ezad426/7614462 by Fernando Proietti user on 28 February 2024



aortobronchial fistula after thoracic endovascular aortic repair and
esophagocoloplasty in a second procedure. Ann Vasc Surg
2017;44:417.e11–16.

[758] Donato F, Boskoski I, Vincenzoni C, Montanari F, Tinelli G, Donati T
et al. A new mini-invasive approach for a catastrophic disease: staged
endovascular and endoscopic treatment of aorto-esophageal fistulas. J
Pers Med 2022;12:1735.

[759] Oderich GS, Bower TC, Cherry KJ Jr, Panneton JM, Sullivan TM, Noel AA
et al. Evolution from axillofemoral to in situ prosthetic reconstruction
for the treatment of aortic graft infections at a single center. J Vasc Surg
2006;43:1166–74.

[760] Hosoyama K, Kawamoto S, Motoyoshi N, Saiki Y. Intraoperative
vacuum-assisted closure following in situ graft replacement for an
infected thoracic aortic graft. J Thorac Cardiovasc Surg 2015;150:e36–8.

[761] Nakajima N, Masuda M, Ichinose M, Ando M. A new method for the
treatment of graft infection in the thoracic aorta: in situ preservation.
Ann Thorac Surg 1999;67:1994–6.

[762] Mirzaie M, Schmitto JD, Tirilomis T, Fatehpur S, Liakopoulos OJ, Teucher
N et al. Surgical management of vascular graft infection in severely ill
patients by partial resection of the infected prosthesis. Eur J Vasc
Endovasc Surg 2007;33:610–3.

[763] Hannon RJ, Wolfe JH, Mansfield AO. Aortic prosthetic infection: 50
patients treated by radical or local surgery. Br J Surg 1996;83:654–8.

[764] Janko M, Hubbard G, Woo K, Kashyap VS, Mitchell M, Murugesan A
et al. Contemporary outcomes after partial resection of infected aortic
grafts. Ann Vasc Surg 2021;76:202–10.

[765] Kouijzer IJE, Baranelli CT, Maat I, van den Heuvel FMA, Aarntzen E,
Smith T et al. Thoracic aortic vascular graft infection: outcome after con-
servative treatment without graft removal. Eur J Cardiothorac Surg
2022;63:ezac551.

[766] Akowuah E, Narayan P, Angelini G, Bryan AJ. Management of
prosthetic graft infection after surgery of the thoracic aorta: removal of
the prosthetic graft is not necessary. J Thorac Cardiovasc Surg
2007;134:1051–2.

[767] Keidar Z, Pirmisashvili N, Leiderman M, Nitecki S, Israel O. 18F-FDG
uptake in noninfected prosthetic vascular grafts: incidence, patterns,
and changes over time. J Nucl Med 2014;55:392–5.

[768] Husmann L, Huellner MW, Ledergerber B, Anagnostopoulos A,
Stolzmann P, Sah BR et al. and the Vasgra Cohort. Comparing diagnostic
accuracy of (18)F-FDG-PET/CT, contrast enhanced CT and combined
imaging in patients with suspected vascular graft infections. Eur J Nucl
Med Mol Imaging 2019;46:1359–68.

[769] Erb S, Sidler JA, Elzi L, Gurke L, Battegay M, Widmer AF et al. Surgical
and antimicrobial treatment of prosthetic vascular graft infections at dif-
ferent surgical sites: a retrospective study of treatment outcomes. PLoS
One 2014;9:e112947.

[770] Cin�a CS, Althani H, Pasenau J, Abouzahr L. Kommerell’s diverticulum
and right-sided aortic arch: a cohort study and review of the literature. J
Vasc Surg 2004;39:131–9.

[771] Yang C, Shu C, Li M, Li Q, Kopp R. Aberrant subclavian artery patholo-
gies and Kommerell’s diverticulum: a review and analysis of published
endovascular/hybrid treatment options. J Endovasc Ther
2012;19:373–82.

[772] Tanaka A, Milner R, Ota T. Kommerell’s diverticulum in the current era:
a comprehensive review. Gen Thorac Cardiovasc Surg 2015;63:245–59.

[773] Erben Y, Brownstein AJ, Velasquez CA, Li Y, Rizzo JA, Mojibian H et al.
Natural history and management of Kommerell’s diverticulum in a sin-
gle tertiary referral center. J Vasc Surg 2020;71:2004–11.

[774] Bath J, D’Oria M, Rogers RT, Colglazier JJ, Braet DJ, Coleman DM et al.
Contemporary outcomes after treatment of aberrant subclavian artery
and Kommerell’s diverticulum. J Vasc Surg 2023;77:1339–48.e6.

[775] Loschi D, Santoro A, Rinaldi E, Bilman V, Chiesa R, Melissano G. A sys-
tematic review of open, hybrid, and endovascular repair of aberrant
subclavian artery and Kommerell’s diverticulum treatment. J Vasc Surg
2023;77:642–9.e4.

[776] Tallarita T, Rogers RT, Bower TC, Stone W, Farres H, Money SR et al.
Characterization and surgical management of aberrant subclavian
arteries. J Vasc Surg 2023;77:1006–15.

[777] Dong S, Alarhayem AQ, Meier G, Hardy DM, Lyden SP, Farivar BS.
Contemporary management and natural history of aberrant right sub-
clavian artery. J Vasc Surg 2022;75:1343–8.e2.

[778] Upchurch GR Jr, Escobar GA, Azizzadeh A, Beck AW, Conrad MF,
Matsumura JS et al. Society for Vascular Surgery clinical practice

guidelines of thoracic endovascular aortic repair for descending thora-
cic aortic aneurysms. J Vasc Surg 2021;73:55s–83s.

[779] Ben Ahmed S, Settembre N, Touma J, Brouat A, Favre JP, Jean Baptiste E
et al. Outcomes in the treatment of aberrant subclavian arteries using
the hybrid approach. Interact CardioVasc Thorac Surg 2022;35:ivac230.

[780] Kouchoukos NT, Masetti P. Aberrant subclavian artery and Kommerell
aneurysm: surgical treatment with a standard approach. J Thorac
Cardiovasc Surg 2007;133:888–92.

[781] van der Linde D, Konings EE, Slager MA, Witsenburg M, Helbing WA,
Takkenberg JJ et al. Birth prevalence of congenital heart disease world-
wide: a systematic review and meta-analysis. J Am Coll Cardiol
2011;58:2241–7.

[782] Wren C, Reinhardt Z, Khawaja K. Twenty-year trends in diagnosis of life-
threatening neonatal cardiovascular malformations. Arch Dis Child Fetal
Neonatal Ed 2008;93:F33–5.

[783] Sam�anek M, Slav�ık Z, Zborilov�a B, Hrobonov�a V, Vor�ıskov�a M,
Skovr�anek J. Prevalence, treatment, and outcome of heart disease in
live-born children: a prospective analysis of 91,823 live-born children.
Pediatr Cardiol 1989;10:205–11.

[784] Hoffman JI, Kaplan S. The incidence of congenital heart disease. J Am
Coll Cardiol 2002;39:1890–900.

[785] Allen HD. Moss and Adams’ Heart Disease in Infants, Children, and
Adolescents: Including the Fetus and Young Adult. Lippincott Williams
& Wilkins, 2008, ISBN: 978-1-97-511660-6.

[786] Stout KK, Daniels CJ, Aboulhosn JA, Bozkurt B, Broberg CS, Colman JM
et al. 2018 AHA/ACC guideline for the management of adults with con-
genital heart disease: executive summary: a report of the American
College of Cardiology/American Heart Association Task Force on
Clinical Practice Guidelines. Circulation 2019;139:e637–97.

[787] Baumgartner H, De Backer J. The ESC clinical practice guidelines for the
management of adult congenital heart disease 2020. Eur Heart J
2020;41:4153–4.

[788] Gach P, Dabadie A, Sorensen C, Quarello E, Bonello B, Pico H et al.
Multimodality imaging of aortic coarctation: from the fetus to the ado-
lescent. Diagn Interv Imaging 2016;97:581–90.

[789] Malahfji M, Chamsi-Pasha MA. Advanced cardiac imaging for complex
adult congenital heart diseases. Methodist Debakey Cardiovasc J
2019;15:99–104.

[790] Rizk J. 4D flow MRI applications in congenital heart disease. Eur Radiol
2021;31:1160–74.
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et al. German Registry for Acute Aortic Dissection Type A Working
Group of the German Society of Thoracic, Cardiac, and Vascular
Surgery. Gender-related differences in patients with acute aortic dissec-
tion type A. J Thorac Cardiovasc Surg 2021;162:528–35.e1.

[888] Nasiell J, Lindqvist PG. Aortic dissection in pregnancy: the incidence of a
life-threatening disease. Eur J Obstet Gynecol Reprod Biol
2010;149:120–1.

[889] Kamel H, Roman MJ, Pitcher A, Devereux RB. Pregnancy and the risk of
aortic dissection or rupture: a cohort-crossover analysis. Circulation
2016;135:e782.

[890] Carlson M, Silberbach M. Dissection of the aorta in Turner syndrome:
two cases and review of 85 cases in the literature. J Med Genet
2007;44:745–9.

96 M. Czerny et al. / European Journal of Cardio-Thoracic Surgery

D
ow

nloaded from
 https://academ

ic.oup.com
/ejcts/article/65/2/ezad426/7614462 by Fernando Proietti user on 28 February 2024



[891] Grootenboer N, Bosch JL, Hendriks JM, van Sambeek MR.
Epidemiology, aetiology, risk of rupture and treatment of abdominal
aortic aneurysms: does sex matter? Eur J Vasc Endovasc Surg
2009;38:278–84.

[892] Wanhainen A. How to define an abdominal aortic aneurysm—influence
on epidemiology and clinical practice. Scand J Surg 2008;97:105–9.

[893] Brown PM, Zelt DT, Sobolev B. The risk of rupture in untreated aneur-
ysms: the impact of size, gender, and expansion rate. J Vasc Surg
2003;37:280–4.

[894] Naylor AR, Forbes TL. Trans-Atlantic debate: whether evidence supports
reducing the threshold diameter to 5 cm for elective interventions in
women with abdominal aortic aneurysms. Eur J Vasc Endovasc Surg
2014;48:611.

[895] Mwipatayi BP, Anwari T, Wong J, Verhoeven E, Dubenec S, Heyligers JM
et al. Sex-related outcomes after endovascular aneurysm repair within
the global registry for endovascular aortic treatment. Ann Vasc Surg
2020;67:242–53.e4.

[896] Ramkumar N, Suckow BD, Arya S, Sedrakyan A, Mackenzie TA,
Goodney PP et al. Association of sex with repair type and long-term
mortality in adults with abdominal aortic aneurysm. JAMA Netw Open
2020;3:e1921240.

[897] Indrakusuma R, Jalalzadeh H, Vahl AC, Koelemay MJW, Balm R. Editor’s
choice—sex related differences in peri-operative mortality after elective
repair of an asymptomatic abdominal aortic aneurysm in the
Nethgerlands: a retrospective analysis of 2013 to 2018. Eur J Vasc
Endovasc Surg 2019;58:813–20.

[898] Chartier AL, Bouvier MJ, McPherson DR, Stepenosky JE, Taysom DA,
Marks RM. The safety of maternal and fetal MRI at 3 T. AJR Am J
Roentgenol 2019;213:1170–3.

[899] Cauldwell M, Steer PJ, Curtis SL, Mohan A, Dockree S, Mackillop L et al.
Maternal and fetal outcomes in pregnancies complicated by Marfan
syndrome. Heart 2019;105:1725–31.

[900] Campens L, Baris L, Scott NS, Broberg CS, Bondue A, Jondeau G et al.
ROPAC investigators group. Pregnancy outcome in thoracic aortic dis-
ease data from the Registry Of Pregnancy And Cardiac disease. Heart
2021;107:1704–9.

[901] Braverman AC, Mittauer E, Harris KM, Evangelista A, Pyeritz RE, Brinster
D et al. Clinical features and outcomes of pregnancy-related acute aortic
dissection. JAMA Cardiol 2021;6:58–66.

[902] Cauldwell M, Steer PJ, Curtis S, Mohan AR, Dockree S, Mackillop L et al.
Maternal and fetal outcomes in pregnancies complicated by the inher-
ited aortopathy Loeys-Dietz syndrome. BJOG 2019;126:1025–31.

[903] Murray ML, Pepin M, Peterson S, Byers PH. Pregnancy-related deaths
and complications in women with vascular Ehlers-Danlos syndrome.
Genet Med 2014;16:874–80.

[904] Roos-Hesselink JW, Budts W, Walker F, De Backer JFA, Swan L, Stones W
et al. Organisation of care for pregnancy in patients with congenital
heart disease. Heart 2017;103:1854–9.

[905] Roman MJ, Pugh NL, Hendershot TP, Devereux RB, Dietz H, Holmes K
et al. Aortic complications associated with pregnancy in marfan syn-
drome: the NHLBI National Registry of Genetically Triggered Thoracic
Aortic Aneurysms and Cardiovascular Conditions (GenTAC). J Am Heart
Assoc 2016;5:e004052.

[906] MacCarrick G, Black JH 3rd, Bowdin S, El-Hamamsy I, Frischmeyer-
Guerrerio PA, Guerrerio AL et al. Loeys-Dietz syndrome: a primer for
diagnosis and management. Genet Med 2014;16:576–87.

[907] Donnelly RT, Pinto NM, Kocolas I, Yetman AT. The immediate and long-
term impact of pregnancy on aortic growth rate and mortality in
women with Marfan syndrome. J Am Coll Cardiol 2012;60:224–9.

[908] Kuperstein R, Cahan T, Yoeli-Ullman R, Ben Zekry S, Shinfeld A,
Simchen MJ. Risk of aortic dissection in pregnant patients with the
Marfan syndrome. Am J Cardiol 2017;119:132–7.

[909] Regitz-Zagrosek V, Roos-Hesselink JW, Bauersachs J, Blomström-
Lundqvist C, C�ıfkov�a R, De Bonis M et al. ESC Scientific Document
Group. 2018 ESC Guidelines for the management of cardiovascular dis-
eases during pregnancy. Eur Heart J 2018;39:3165–241.

[910] Silberbach M, Roos-Hesselink JW, Andersen NH, Braverman AC, Brown
N, Collins RT et al. Cardiovascular health in turner syndrome: a scientific
statement from the American Heart Association. Circ Genom Precis
Med 2018;11:e000048.

[911] Seely EW, Ecker J. Chronic hypertension in pregnancy. Circulation
2014;129:1254–61.

[912] Loeys BL, Dietz HC, Braverman AC, Callewaert BL, De Backer J,
Devereux RB et al. The revised Ghent nosology for the Marfan syn-
drome. J Med Genet 2010;47:476–85.

[913] Suzuki K, Yamashita S. Low-dose radiation exposure and carcinogenesis.
Jpn J Clin Oncol 2012;42:563–8.

[914] Mollet NR, Cademartiri F, van Mieghem CA, Runza G, McFadden EP,
Baks T et al. High-resolution spiral computed tomography coronary
angiography in patients referred for diagnostic conventional coronary
angiography. Circulation 2005;112:2318–23.

[915] Harbron RW, Abdelhalim M, Ainsbury EA, Eakins JS, Alam A, Lee C et al.
Patient radiation dose from x-ray guided endovascular aneurysm repair:
a Monte Carlo approach using voxel phantoms and detailed exposure
information. J Radiol Prot 2020;40:704–26.

[916] Tuthill E, O’Hora L, O’Donohoe M, Panci S, Gilligan P, Campion D et al.
Investigation of reference levels and radiation dose associated with
abdominal EVAR (endovascular aneurysm repair) procedures across
several European Centres. Eur Radiol 2017;27:4846–56.

[917] El-Sayed T, Patel AS, Cho JS, Kelly JA, Ludwinski FE, Saha P et al. Guy’s
and St Thomas’ Cardiovascular Research Collaborative. Radiation-
induced DNA damage in operators performing endovascular aortic
repair. Circulation 2017;136:2406–16.

[918] McNally MM, Scali ST, Feezor RJ, Neal D, Huber TS, Beck AW. Three-
dimensional fusion computed tomography decreases radiation expo-
sure, procedure time, and contrast use during fenestrated endovascular
aortic repair. J Vasc Surg 2015;61:309–16.

[919] Tacher V, Lin M, Desgranges P, Deux JF, Grünhagen T, Becquemin JP et al.
Image guidance for endovascular repair of complex aortic aneurysms:
comparison of two-dimensional and three-dimensional angiography and
image fusion. J Vasc Interv Radiol 2013;24:1698–706.

[920] Mohapatra A, Greenberg RK, Mastracci TM, Eagleton MJ, Thornsberry B.
Radiation exposure to operating room personnel and patients during
endovascular procedures. J Vasc Surg 2013;58:702–9.

[921] Karkouti K, Callum J, Wijeysundera DN, Rao V, Crowther M, Grocott HP
et al. TACS Investigators. Point-of-care hemostatic testing in cardiac sur-
gery: a stepped-wedge clustered randomized controlled trial.
Circulation 2016;134:1152–62.

[922] Deppe AC, Weber C, Zimmermann J, Kuhn EW, Slottosch I, Liakopoulos
OJ et al. Point-of-care thromboelastography/thromboelastometry-
based coagulation management in cardiac surgery: a meta-analysis of
8332 patients. J Surg Res 2016;203:424–33.

[923] Fuda G, Denault A, Deschamps A, Bouchard D, Fortier A, Lambert J et al.
Risk factors involved in central-to-radial arterial pressure gradient dur-
ing cardiac surgery. Anesth Analg 2016;122:624–32.
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