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Disclaimer: A clinical guideline aims to apply to all patients with a specific condition. However, there will inevitably be situations where its recom-
mendations aren’t suitable for a particular patient. While healthcare professionals and others are encouraged to consider these guidelines in their
professional judgement, they don’t override the responsibility of healthcare professionals to make decisions tailored to each patient’s unique cir-
cumstances. Such decisions should be aligned with the latest official recommendations, guidelines from relevant public health authorities, and
applicable rules and regulations. It is important that these decisions are made in collaboration with, and agreed upon by, the patient and/or their
guardian or carer.
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PREAMBLE

Clinical practice guidelines summarize and assess all
relevant evidence on a specific topic at the time of their
creation, with the goal of assisting physicians in selecting
the best management strategies for individual patients
with a given condition. These guidelines 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 text-
books, they complement them and cover topics pertinent
to contemporary clinical practice. They serve as a vital
tool to aid physicians in making decisions in their daily
practice. However, in essence, although these recom-
mendations serve as a valuable resource to guide clinical
practice, their application should always be tailored to the
needs of the individual patient. Each patient’s case is
unique, presenting its own set of variables and circum-
stances. 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 professionals remain firmly grounded in
applicable laws and regulations, and the guidelines do
not alter these obligations.

For related article, see page 1

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 re-
ported 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 guidelines 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 re-
visions. After this thorough review and updating pro-
cess, 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, represent the official viewpoint on this topic. They
show a commitment to ongoing improvement, as regular
updates will be made to keep the guidelines relevant and
useful in the constantly evolving field of clinical practice.

INTRODUCTION

“The obvious is imperceptible until it is perceived.”

For centuries, the field of medicine has centered its
attention on the function of end organs. The shift in
perception that recognizes the “aorta as an organ” in its
own right is a recent development. This transformative
perspective was first captured in a pioneering document
about the “vessel aorta” by Raimund Erbel for the Euro-
pean Society of Cardiology in 2001.1 This groundbreaking
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 up-
date of our current knowledge 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 spe-
cialists in aortic diseases (ADs) and to clinicians involved
in diagnosis; endovascular, open surgical or hybrid treat-
ment; 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 As-
sociation for Cardio-Thoracic Surgery (EACTS) and The
Society of Thoracic Surgeons (STS). This selection and
development adhered to processes outlined in the EACTS
Methodology manual for clinical practice documents.2

The societies involved endeavoured to ensure diversity in
the composition of the writing group and adequate
transparency 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 members who had no
relevant conflicts of interest. Chapter leaders, with
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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 publi-
cations were also included, irrespective of their publica-
tion 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 lan-
guages. The methodological quality of these studies was
TABLE 2 Classes of Recommendations
evaluated with a particular emphasis on study type and
the risk of underlying biases. The review process favored
the randomized controlled trial (RCT), prospective studies
and their meta-analyses over retrospective observational
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 collaboration among the task force mem-
bers. Following this evaluation, a provisional set of
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recommendations was developed during a face-to-face
meeting. Cost analyses were not considered or delivered
due to the high variability in economic parameters
and a lack of cost-effectiveness data in this setting.

The level of evidence (LoE) and the class of recom-
mendation were weighed and graded according to pre-
defined 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
votingplatform.Although the consensus thresholdwas set
at 75%, the average consensus for all recommendations
was 96%. The draft document underwent internal valida-
tionandapprovalbyallwritingcommitteemembersbefore
proceeding to external validationby anonymous reviewers
chosen by the governing bodies and journal editors.

PATHOPHYSIOLOGY AND NATURAL DISEASE
COURSE—WHEN AND WHERE TO INTERVENE

THE AORTIC ORGAN.
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 surveillance should be
approached with this
perspective.

I C -

aClass of recommendation; bLevel of evidence; cReferences.
There is no better description of the aortic organ than
the universal definition of an organ being “part of an
organism which is typically 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
perspective 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 proximal to distal (second-
ary 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 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 mo-
dalities 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 Figure 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 population in aortic tissue and interact with the
extracellular matrix (ECM) in maintaining aortic ho-
meostasis. 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
different origins such as mesenchymal cells or myofi-
broblasts. Decreased expression of smooth muscle cell
proteins and increased expression of inflammatory pro-
teins 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 interplay 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
extracellular collagens as well as a loss of elastin content.7

Variants in genes associated with the transforming
growth factor-b (TGFb) signalling pathway have been
implicated in aneurysm formation in the context of heri-
table connective tissue disorders, with Marfan syndrome
andLoeys–Dietz syndromebeing themostprominentones.
TGFb is aubiquitouscytokine inmostmammaliancells that
controls proliferation and cellular differentiation.8

The administration of TGFb antibodies prevented
aneurysm formation in a mouse model of Marfan syn-
drome and therefore established a cause–effect rela-
tionship 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



FIGURE 1 The or ig in and micros t ructure of the aor ta .

12 CZERNY ET AL

AORTIC DISEASE CLINICAL PRACTICE GUIDELINE

Ann Thorac Surg

2024;118:5-115
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 angiog-
raphy] 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 >45mm for the aortic root and
ascending aorta.10,11 Aortic dilation in the aortic root and
ascending aorta is defined as diameters ranging 40-
45mm. In a population 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 (>36mm)
was found among 12% of participants in Iran, whereas the
prevalence of an aneurysm (>45mm) 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 dissection 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 hema-
toma (IMH) and penetrating aortic ulcer (PAU) were
4.4, 1.2 and 2.1 per 100 000 person-years, respec-
tively.28 However, these rates plausibly underestimate
the actual incidence 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
performed 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
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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 reportedaprevalence around4-5% inmen,31more
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 program proposed to
men >65years of age, the prevalence of AAA was 1.5%.33

Over 25years of a screening program 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
program.35 A reduction in smoking rates and improved
management 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
RECOMMENDATION TABLE 2 Nomenclature and Risk

Stratification

Recommendations Classa Levelb Refc

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

I C -

Theuse 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,
malperfusion38; eGErman Registry for Acute Aortic Dissection Type A.39

GERAADA, GErman Registry for Acute Aortic Dissection Type A; TEM, type,
HOW TO SPEAK A COMMON LANGUAGE. The need to use a
common language in aortic medicine is growing, the
main reasons being: (i) aortic medicine is now a sub-
speciality 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 several aortic interventions
over time, and a common language facilitates 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 specialties including cardio-
vascular surgery, cardiology, radiology, anesthesiology,
rheumatology, genetics and endocrinology.

entry, malperfusion.
Several groups of experts have tried to harmonize
language in aortic medicine, initially with best practice
guidelines for reporting 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
surgery.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 information
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 STS42 and
another on endovascular repair of an aortic aneurysm
involving the renal-mesenteric arteries.43

Categorization of tears in aortic dissection. The writing
committee suggests that the terms multiple entries and
reentries be removed from clinical use and be replaced
by the wording most 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 pathophysi-
ology 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 statements should be avoided. Due to the
rising number of patients receiving open and endovas-
cular 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 variations. Replacing the arch using the
frozen elephant trunk (FET) with an anastomosis prox-
imal to the left carotid artery and selective reimplanta-
tion using separate grafts is not adequately covered 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 surgical 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 circulation as is the case when using the FET tech-
nique (TAR with an antegrade stent graft implant in the
distal aortic arch and proximal descending aorta using a
single hybrid prothesis)—from the innominate artery to a



14 CZERNY ET AL

AORTIC DISEASE CLINICAL PRACTICE GUIDELINE

Ann Thorac Surg

2024;118:5-115
point beyond the left subclavian artery (LSA). Reim-
plantation 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 communication and to harmonize the stan-
dards 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 pro-
cedure performed 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
(eg, the separation process) determine both the pathoa-
natomical classification and essentially the treatment
strategy44 (Figure 2). A proximal or a type A aortic
FIGURE 2 Type c lass ificat ion of aor t ic d issect ions .
dissection involves the 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 dissections 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 overlap 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

mailto:Image of Figure 2|tif


Ann Thorac Surg

2024;118:5-115

CZERNY ET AL

AORTIC DISEASE CLINICAL PRACTICE GUIDELINE

15
ranging from open surgical 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 subclassified based on
symptom/dissection onset: (i) acute (up to 14days after
dissection onset); (ii) subacute (15-90days after dissec-
tion 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
(Figure 3) have enabled a more detailed classification
of aortic segments by dividing the aorta into 12 zones
FIGURE 3 Aor t ic segments based on Ish imaru zones .
(0-11).51 The use of Ishimaru zones is recommended
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 (Figure 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

mailto:Image of Figure 3|tif
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aortic arch generates 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 emergency that necessitates im-
mediate intervention in most cases. Despite significant
advancements in surgical techniques and perioperative
management, the repair of type A dissection remains
associated with substantial mortality and morbidity,
with reported mortality rates exceeding 20%, depend-
ing on the presenting characteristics and operator
experience.53-56 The survival of patients after type A
dissection repair relies heavily on their presenting
hemodynamic status and the presence of end-organ
ischemia.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 exceptionally
high, potentially favoring endovascular therapies to
address malperfusion before proceeding with open
aortic repair or even performing an endovascular pri-
mary 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 dissection: the GErman Registry for Acute Aortic
Dissection Type A (GERAADA) score and the Penn clas-
sification.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, intubation, catecholamine support at
referral, grade of aortic regurgitation, organ malperfu-
sion, hemiparesis, extension of aortic dissection and
location of primary tear (Figure 5). The GERAADA score
can effectively predict the 30-day mortality rate and
has been validated in various cohorts, although it may
overestimate overall risk in some populations.64,65

The Penn classification is a very parsimonious cate-
gorization of patients based on the total body burden of
ischemia, with classifications ranging from none (Penn
class A) to local or regional ischemia (Penn class B),
global ischemia or shock (Penn class C) or combined
local and global ischemia (Penn class BC).63 This system
has been validated and emphasizes total physiologic
ischemic burden and considers hemodynamic collapse
in the absence of localized ischemia. A recent
publication from the home institution of the Penn class
showed a baseline 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

https://www.dgthg.de/de/GERAADA_Score
https://www.dgthg.de/de/GERAADA_Score
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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 perioperative mortality at several
institutions.67,68
DOWE STILL NEED DE BAKEY OR SHOULDWE REMAINWITH

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 suggested
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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.

The Society for Vascular Surgery (SVS) together with
the STS recently proposed a new classification that in-
cludes the Stanford nomenclature.42 In this new SVS/
STS classification, aortic dissection is defined not by
the dissection extension but by the entry location. If a
patient has an entry in the aortic arch or the
descending 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 proposed38 (Figure 6). In the TEM
classification dissection, type (T) is defined by
dissection extension as proposed by the Stanford
classification 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
ntry , malperfus ion c lass ificat ion for acute aor t ic d issect ion . (TEM
“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 vessels are dissected; and “3” if the
visceral/renal and/or a lower extremity are affected (M0,
M1, M2 and M3). A plus (þ) 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 subgroups, which is important given
the new evidence on treatment outcomes in different
aortic dissection subtypes involving different malperfu-
sion status and different dissection anatomies. There-
fore, the TEM classification or the descriptive approach
defining the dissection anatomy according to Ishimaru
zones (for example, aortic dissection with entry in zone
0 extending down to zone 6) is recommended 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 hemodynamically 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 phenotypic
, t ype, ent ry , malper fus ion . )
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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
systems were suggested based on different criteria,
possibly causing general confusion.77-79 Most recently,
a large group of international 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 and
colleagues,77 who inferred that the different
phenotypes, each showing peculiar associations with
clinical features (Figure 7), might represent forms with
different degrees of severity in prognostic terms.81
FIGURE 7 Phenotypes of root and ascending aort ic morpholo

noncoronary . )
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 dissect85-87 and potentially aortopathy-related gene
variants.88 Patients with clinical characteristics of the
root phenotype (or the root extended) should undergo
stricter surveillance and an earlier operation.

Few studies have selectively addressed the ascending
phenotype: 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 stenotic right-
noncoronary leaflet fusion type BAV77,80,92 (“ascending
extended” into the arch); a root dilatation with regurgitant
BAV and effacement of the sinotubular junction77,82

(progression to “root extended” to the ascending aorta).
Classification of bicuspid aortic valve aortopathy: Two

main phenotypes are depicted, with the respective typical
associations with the patient’s characteristics. The 2
pathogenetic mechanisms of aortopathy development
gy in b icuspid aor t ic va lve aor topathy. (RL, r ight - lef t coronary ; RN, r ight -
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(genetic variants, hemodynamic derangements) probably
coexist in both phenotypes, but their respective contri-
butions 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 understanding
of the anatomy and physiology of TBAD and the growing
body of literature on endovascular intervention for
TBAD across different specialties that disparately re-
ported on etiology/risk factors, diagnoses, interventions
and outcomes, preventing comparisons of data and
study results.42 The document combines clinical and
technical end points and suggested a novel
classification 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 reentry 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 suggests the
following differentiation in the reporting of (i) CPB time,
(ii) selective antegrade cerebral perfusion time (right/
left/double/triple), (iii) aortic cross-clamp time, (iv)
lower body HCA time, (v) HCA, and (vi) myocardial
perfusion or arrest time. Moreover, the writing com-
mittee recommends that reporting the neuromonitoring
strategies such as near-infrared spectroscopy (NIRS) or
measurement of cerebral perfusion pressure if applied.

The 30-day mortality and in-hospital mortality out-
comes 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 modified 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 recommend reporting results of
endovascular repair according to both the SVS/STS
reporting standards and the VARC-3 documents. How-
ever, we recognize that the VARC-3 document does not
address SCIs and neither considers how to parse out
complications in procedures that include both open and
endovascular components, whether performed
concomitantly or in a staged fashion (eg, FET, hybrid
arch). Other efforts, for example, by the Arch Academic
Research Consortium, to address these unresolved is-
sues 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 pro-
gression, pseudoaneurysm, endoleak, stent-induced
new entry or antegrade/retrograde dissection, but the
native aorta, whether normal or residually diseased (eg,
dilated, aneurysmal, dissected) can also progress to a
state requiring intervention. The number and frequency
of future interventions captured in follow-up may pro-
vide insights into to the long-term superiority of open vs
endovascular approaches, the appropriate sequence of
interventions or important patient-specific risk factors to
consider. Pooling of resources among centers and soci-
etal 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 importance in supporting study
validity.94

QUALITY INDICATORS. Although the widely used and
validated EuroSCORE II (euroscore.org)61 does include
surgery on the thoracic aorta as a variable, its
applicability for comparative studies is limited by its
procedure-nonspecific broad inclusion of aortic
procedures, including arch, descending and
thoracoabdominal replacement, development of the
model with a small number of thoracic aortic procedures
(n¼ 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 common 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 years95 and more precise aortic-
specific variables did not exist until version 2.9 was
implemented in July 2017. A subsequent iteration
(version 4.20) was implemented in July 2020. With
enough data for risk modeling, current efforts by the

http://euroscore.org
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Implications

Recommendations Classa Levelb Refc

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

I C -

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

I C -

Transfer to an aortic center 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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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
mortality 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 and colleagues98 combined machine-learning algo-
rithms for statistical shape modeling with previous work
on finite element analysis of ascending aortic aneu-
rysms99 to develop a risk model that predicted 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 sur-
gery for ATAAD39 and is accessible via a Web-based tool.
The Penn classification system for malperfusion in
ATAAD is straightforward to apply and provides excel-
lent discrimination for 30-day mortality after surgical
repair, even in a cohort with more contemporary pa-
tients 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 prediction models for ATAAD100 and TBAD101 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 endovascular devices, the
number and conduct of procedures that can be per-
formed for aortic pathology have increased dramati-
cally. 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–outcome relationships
impacting both low-mortality elective proximal aortic
surgery102 and those for higher mortality ATAAD.103,104

Further study is required, but, eventually, regional
specialization 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
IMPACT OF AORTIC DISEASE ON HEALTH CARE. The inci-
dence and prevalence of AD is increasing and is driven
by demographic changes in the population at large,
increased awareness (especially in low- and lower-
middle income countries),119 and improved access to
aortic imaging with a significant proportion of aortic
aneurysms being diagnosed incidentally.120-122 Recent
studies of the global burden of aortic aneurysms and
dissections have found distinct patterns in the
epidemiology of AD: (i) The total number of AD-related
deaths is continuously increasing (projected at þ42%
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
pressure123 and smoking124 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, car-
diovascular surgery societies report increasing annual
numbers of aortic procedures 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
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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 burden of AD is mostly driven by post-
hospital discharge costs for rehabilitation, long-term
care and reinterventions.126,130,131 These facts
underscore the complexity of AD in terms of disease
extension and progression.132

AORTIC TEAMS, AORTIC CENTERS 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 con-
flicting outcomes.112-114 The ultimate aim of an aortic
team should be to provide a comprehensive care model
designed to streamline an earlier and more accurate
diagnosis and to implement appropriate timely therapy,
including optimal medical therapy, open surgical inter-
vention 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 multidis-
ciplinary 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 contro-
versy regarding the optimal level of services.135

Furthermore, the LoE supporting clinical decisions and
procedures 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 segment 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 comprehen-
sive service line whose knowledge and expertise are avail-
able 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 in-
terventions.As stated, these conceptshavebeenamatter of
both study and controversy in a number of departmental,
institutional and societal documents.136,141,142

Members of the aortic team. Members may vary
depending on the type of center 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 teamshould 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, anesthesiologists,
perfusionists, critical care specialists, geneticists,
genetic counsellors, neurologists, 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 re-
quires lifelong surveillance to oversee the natural his-
tory 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 individuals 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 center (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
anatomical information with other regional institutions
would ideally be achieved by digital solutions. Decisions
on interhospital transfer of patients for acute assessment
or outpatient extended evaluation can be then expe-
dited to avoid delays in diagnosis and treatment. How-
ever, 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 cen-
ters cannot always provide a dedicated aortic surgical
team 24/7.140 On call cardiovascular specialists will
ultimately need to decide upon appropriate triage of
emergency cases within the existing multidisciplinary
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 do-
mains, outcomes after aortic procedures depend signif-
icantly 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



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 modality, 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 morphology of the circle of
Willis should be considered prior to total aortic arch
replacement.

IIa C -

In patients with known or suspected aortic disease, it is
recommended that aortic diameters be measured at
reproducible anatomical landmarks (and its maximal
diameter) perpendicular to the axis of blood flow.

I C -

In asymmetric or oval contour cases, reporting the
longest diameter 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 -

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

IIa C -

Assessment of the risk of radiation exposure is
recommended, especially 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. CT, computed tomography; CTA, computed
tomography angiography; MRI, magnetic resonance imaging; TTE, transthoracic echocardiography.

Ann Thorac Surg

2024;118:5-115

CZERNY ET AL

AORTIC DISEASE CLINICAL PRACTICE GUIDELINE

23
aortic team, transfer of knowledge and adequate
exposure to theoretical and practical aspects of AD be
encompassed. These educational concepts also apply
to hands-on practice in low- and high-fidelity simula-
tors of different interchangeable capabilities,150-154 an
integral part of current and future core curricula across
all professional 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 improve-
ment 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 dis-
cussed 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 centers. The concept of “Centers of Excel-
lence” originated in the establishment of national cancer
centers in North America following the National Cancer
Act of 1971.108 Such centers 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 centers was recently introduced and
emphasized numerous essential components including
physician expertise and experience, adequate
institutional facilities and resources and adequate skills
for research, innovation, and education.141

Although there is somedebate as to the optimalmanner
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 distinguish an AC from its institutional counter-
part, which include providing 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 center to center. 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 anesthesiology expertise in the manage-
ment of acute AD.
4. Intensive care unit with experience in management
of AD.

5. Organization of outpatient management of pre-
and postoperative 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 associatedwith improved outcomes in
terms of both emergency112,137 and elective settings.158 In
addition, implementation of strategicworkflowprocesses
and systems can result in significant increases in aortic
volume for both elective and emergency cases as well as
sustainable improvements in transfer center and
emergency medical service efficiency.108,135,136
DIAGNOSTIC WORK-UP AND IMAGING
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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 (eg, Marfan syndrome), pain
characteristics (eg, 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-dissection-detection-risk-score-add-rs).
However, beyond this clinical 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 (eg, 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 technique for confirmation, except
when the patient is highly unstable 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
inconclusive. Otherwise, TOE can be performed in the
operating room for type-A aortic dissection because it is
useful to complete the information provided by TTEþCT.

CLINICAL RISK ASSESSMENT. Risk stratification of pa-
tients 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 Anesthesiology and
Intensive Care) on the cardiovascular assessment and
management of patients who undergo noncardiac sur-
gery.170 Others have documented the importance of
tailored anesthesia and hemodynamic monitoring 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 important limitation of the available scores is their
inability to determine 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 surgery 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 captured in the overall functional status
assessment. Age, body mass index, preoperative anemia
and hypoalbuminemia have also been recognized as in-
dicators 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 preopera-
tive 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 significantly
to neurologic morbidity.175

A preoperative workup that includes pulmonary func-
tion 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 determinants 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
recommended in patients with known coronary artery
disease, whereas noninvasive 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 sur-
gical 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 pa-
thology but also on the anatomy of the supra-aortic
vessels including the cerebral supply of the circle of
Willis and on its structure or variations. In addition, the
assessment of the spinal cord perfusion is of enormous
importance. Evaluation of both is essential before
beginning any treatment in order to minimize the risk of
neurologic complications using CT angiography as the
method of choice.162

https://www.mdcalc.com/calc/4060/aortic-dissection-detection-risk-score-add-rs
https://www.mdcalc.com/calc/4060/aortic-dissection-detection-risk-score-add-rs
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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 optimal treatment
planning and, in case of open surgery, also perfusion
planning and minimizes the burden on the patient from
repetitive examinations.

In patients with aortic pathologies, anatomical vari-
ants, especially 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
posterior 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 hy-
pothermia.178 Of note, this study also includes hemiarch
procedures and only 40% were total arch procedures.
Nevertheless, high-moderate hypothermia with selec-
tive antegrade cerebral perfusion seems to be the safest
concept for cerebral protection for total arch replace-
ment. Accordingly, variants of the aortic arch can
significantly influence the perfusion strategy and tech-
nical implementation in open and endovascular treat-
ments, which makes meticulous planning based on the
anatomical conditions necessary.

Inaddition to thedetailedcerebralperfusionconditions,
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 de-
scribes the large extraspinal inflows, comprising the left
subclavian, intercostal, lumbarand internal iliac arteries176;
(ii) the intraspinal/paraspinal arterial collateral network
(CN).179,180 In addition to other factors, the maximum
possible preservation of both structures is crucial to
prevent 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 radiculomedullary 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 during open replacement.

Thus, the preservation of the left subclavian and in-
ternal iliac arteries in open and endovascular proced-
ures, but also of the larger segmental arteries supplying
the intraspinal/paraspinal network in open thor-
acoabdominal aortic replacement, is of particular
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 noninvasively; the most
commonly used modalities are CT, MRI, TTE, TOE and
abdominal aortic ultrasound. But invasive imaging such
as invasive coronary angiography may also provide an
important assessment of the coronary arteries and can
be performed safely in patients with chronic ADs.167

The choice of imagingmodality is based on patient- and
institution-specific factors including hemodynamic stabil-
ity, availability, local expertise, allergy to contrast media,
renal functionandpatient tolerance.However,CThasbeen
established as the predominant modality due to its high-
resolution, 3-dimensional (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 radia-
tion 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 im-
aging technique be used for repeated imaging, if possible,
given otherwise the increased risk for inter-scanner and
evenmore for inter-modality variability.183

Computed tomography. Most recent CT technology,
such as a dual-source, photon-counting CT scanner, al-
lows image acquisition with a spatial resolution of
isotropic 0.2mm, a temporal resolution of 66ms and a
coverage of 2m in <3 s.184 As a minimum standard for
imaging of the aorta, an isotropic resolution of 1mm
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 recom-
mended to minimize pulsation artefacts and increase
measurement accuracy and diagnostic reliability.
Furthermore, it is advantageous if the aorta is visualized
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as a whole, which can be challenging depending on the
available CT technology and acquisition technique.

The use of an intravenous, iodine-based contrast agent
is suggested for most aortic imaging because it allows
delineation of the aortic lumen and improves the assess-
ment of aortic wall changes. If not otherwise possible or
desired, noncontrast CT imaging can yield accurate
assessmentof aortic aneurysmdiameter for eg, follow-up.

In addition, procedure-related risk factors include the
high volume 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 neces-
sary contrast agent volume due to improved contrast-to-
noise using low-keV virtual monoenergetic re-
constructions.185 Nevertheless, these techniques should
only be used if they do not negatively impact the
minimal requirements (eg, spatial/temporal resolution,
ECG-gating) of CT imaging of the aorta.

Computed tomography has a very high sensitivity and
specificity for AAS (including acute aortic dissection, IMH,
PAU) and traumatic aortic lesions as well as aneurysms
and silent dissections.186 In addition, CT can detect
concomitant coronary artery and/or branch vessel
involvement as well as pericardial involvement and help
identify entry tears. In patients suspected of having AAS,
a CT scan is also useful to identify alternate diagnoses if
the former is not visualized.187 Furthermore, cardiac CT
serves as a noninvasive alternative to invasive
angiography 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 pro-
cedure requires selective cerebral perfusion. Further-
more, there is an association of an aortic and an
intracranial aneurysm189,190; although the radiologist
should be aware of this association while reading the
CT scan, the scientific 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 noncontrast 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 malperfusion of the abdom-
inal organ. Also, a native CT series should be performed
prior to the arterial-phase series at the first postoperative
scan to reliably distinguish foreign material from
contrast agent. Additionally, a venous-phase series us-
ing computed tomography angiography (CTA) can pro-
vide important information 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 diagnosis 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 res-
olution and anatomical coverage of the aorta to deter-
mine vessel enlargement and vessel wall changes. Due
to its better soft-tissue contrast, MRI is the preferred
modality to characterize aortic wall changes associated
with inflammation. Further, MRI provides physiological
assessment 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 mal-
formations and is recommended for serial imaging in
young patients or in patients in whom a radiation dose
should be avoided (eg, 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 mo-
dality is rarely used with patients suspected of AAS,
especially when the patient is unstable.

Gadolinium-based intravenous contrast agents can be
used to enhance MRI and are often used for MR angi-
ography. Gadolinium-based intravenous contrast agents
carry some risk for nephrogenic systemic fibrosis in pa-
tients 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 nonbalanced dual-echo Dixon are available
to examine the aorta in the MR scanner without contrast
agent (Figure 8).

Transthoracic echocardiography. Transthoracic
echocardiography is the most commonly used imaging
modality for the initial examination of the thoracic aorta.
It is particularly useful for visualizing 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
parasternal 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
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descending aorta and aid in the diagnosis of coarctation
of the aorta (CoA) and ductus arteriosus. Transthoracic
echocardiography is portable and can be performed 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 tamponade. It is useful in the longitudinal
monitoring of the aortic root and ascending aortic dila-
tation, provided these aortic segments are well visual-
ized. Moreover, TTE is crucial for providing important
information on ventricular as well as valve abnormalities
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 under-
standing of aortic valve anatomy and function. Trans-
oesophageal echocardiography is particularly useful 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 imme-
diately 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 hazard-
ous because of hemodynamic instability.

Intravascular ultrasound. Intravascular ultrasound is
useful in guiding the endovascular treatment of complex
lesions of the thoracoabdominal aorta because, in addi-
tion to assessing the landing zone, it can visualize aortic
size, tortuosity, plaque burden, calcification, vascular
branching and endovascular filling defects (eg, throm-
bosis, 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.

mailto:Image of Figure 8|tif
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Ultrasound of the abdominal aorta. Ultrasound is
recommended for screening and monitoring of an
abdominal aortic aneurysm,192 which is defined as
>30mm 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
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 forma-
tion, mural thrombosis, rupture or aortic fistula, findings
that require further imaging using CT or MRI. Abdominal
ultrasound can also be used to monitor patients under-
going abdominal endovascular aortic aneurysm repair
(EVAR), where contrast media may improve its perfor-
mance, especially to detect endoleaks.

Conventions for imaging-based assessment and

measurements. Accurate measurements of the aorta are
essential for characterizing AD and making treatment
decisions. In addition to accuracy, reproducibility of
measurements is critical for longitudinal assessment.
Measurements should be performed perpendicular to the
long axis of the aorta at specific segments, usually 8
measurements in the thoracic aorta (Figure 9). In
addition, measurements 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
modalities delivering 3D data sets such as CT or MRI,
this procedure is more difficult and subject to diameter
overestimation and variability when using TTE.

Due to technical differences among the available imag-
ing modalities, the standard for measuring aortic di-
mensions 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 mea-
sure the aortic diameter from inner-edge to inner-edge as
longasnowall changeswerepresent.Becausewall changes
are common (eg, discrete thickening from atherosclerosis,
IMH, aortitis or other processes), maximum diameter
should be measured including the aorta wall using the
outer-to-outer edgemethod.However, visualization of the
aortic wall may be difficult by the applied imaging modal-
ity,particularly intheascendingaorta. Incasenoaorticwall
is visible, theouter-to-outer edgemethod is identical to the
inter-to-inner-edge method.

Another major aspect is the definition of aortic root
measurements. 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
longitudinal evaluation. Not surprisingly, the aortic di-
mensions vary also across the heart cycle, which should
be considered in the report and in the longitudinal an-
alyses. Detailed illustrations of aortic measurements are
summarized in Figure 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 diam-
eter or by height or by body surface area indexing
measurements.

EMERGING FIELDS IN IMAGING. Automated measure-

ments 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 variability. Thus, these software tools
should be inserted into the clinical 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.
Performingmeasurements along the centreline can derive
length parameters of different vascular segments, which
can be helpful eg, for interventional planning.

The length of the ascending aorta illustrates the nat-
ural history of the ascending aortic aneurysm, and its
measurement should be used to improve the risk strat-
ification (“see above”). It is defined as the distance from
the aortic annulus to the origin of the innominate
artery196; however, it is not used consistently.
Nevertheless, the length of the ascending aorta should
be part of the imaging reports (Figure 9) and in
perspective included in the assessment.

4-Dimensional magnetic resonance imaging. Four-
dimensional magnetic resonance (4D flow MR) imaging
has been around for some time but has become increas-
ingly clinically available in recent years due to faster MR
acquisition sequences and commercial post-processing/
analysis software. This method is an extremely power-
ful, noninvasive tool that allows visualization 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 hemodynamics
related to aneurysm formation, such as that in patients
with a BAV. Bissell and colleagues198 found that, by
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comparing 95 patients with BAVs to 47 healthy controls,
increased right-handed helical flow is the most common
flow alteration in the ascending aorta, possibly leading to
increased rotational WSS and subsequent complications.

Further, 4D flowMR imaging is desired to improve risk
prediction in patientswith chronic aortic dissection.Most
recent key publications found that the false lumen ejec-
tion 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 growth199,200 and that high-volume
turbulent flow in the false lumen can signify a high risk
of late complications.201 All major studies advocate
quantification of flow volume and velocity and/or
visualization of flow alteration in the false lumen as
potential markers of risk stratification 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 vol-
unteers. These flow patterns were related to the surgi-
cally altered aortic geometry with noncompliant
artificial grafts or graft kinking leading to pressure gra-
dients and nonuniform stress distributions.202

mailto:Image of Figure 9|tif
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4D flow MR imaging is a promising diagnostic tool for
ADs allowing (patho)physiological measurements.
However, standardization 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 information from these data and make them
understandable for the benefit 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-registrationmethod,which can trace the
real environment and projects virtual objects in the correct
position and orientation. Image overlay technologies are
increasingly used in vascular surgery, with their value
being reported in the endovascular treatment of AD.203

There is evidence that they can improve technical success
while reducing contrast volume, radiation dose and
overall procedural times. However, concerns remain
regarding the accuracy of image registration, especially
with more complex anatomies.203 A common problem is
distortion of vascular structures due to breathing, surgical
manipulation 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 algorithms or real-time
intraoperative 3D intraoperative scanners to enhance AR-
guided surgery.204 In particular, 3D and intravascular
ultrasound provide nonradiometric and noncontrast
modes to produce real-time images for intraoperative
use,whileelectromagnetic trackingprovides simultaneous
spatial information 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 barriers
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 tech-
nology with the potential to overcome major limitations
of the current CT scanners, 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 measuring photon en-
ergy.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, eg,
from metal implants and optimize the use of contrast
agents. It could also make simultaneous images with
multiple contrast agents. Initial clinical results are prom-
ising and show particular strengths in cardiovascular
imaging.184

mailto:Image of Figure 10|tif
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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 evaluation 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 localized, isolated disruption in IMH to widespread,
propagating medial disruption in classical aortic
dissection. Irrespective of the sub-variety, all AASs require
prompt diagnosis and immediate institution of optimal
medical therapy in order to prevent acute complications
(organ ischemia or aortic rupture) and death. Medical
therapy includes strict blood pressure management to
reduce aortic wall stress, coupled with pain control. A
targeted systolic pressure of 100-120mmHg and a heart
rate of 60-80 bpm are recommended.208,209

Administration of intravenous beta-blockers prior to
intravenous vasodilators (eg, 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.

Type A aortic dissection.
RECOMMENDATION TABLE 5 Acute Aortic Diseases:

Type A Aortic Dissection

Recommendations Classa Levelb Refc

Initiation of emergency surgery is
recommended in patients
presenting with acute type A aortic
dissection.

I B 211, 212

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

I B 213, 214

Inspection and coverage of
communications between lumina in
the proximal descending aorta may
be considered in specialized
centers for prognostic reasons.

IIb C -

Despite preoperative neurologic
dysfunction or nonhemorrhagic
stroke, open repair should be
considered.

IIa B 215-217

In case of clinical and imaging
evidence of visceral malperfusion,
revascularization may be
considered prior to aortic repair.

IIb C -

Antegrade systemic perfusion via
axillary 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.
Acute aortic dissection occurs when an intimal tear is
propagating 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 communicating reentries.

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 malper-
fusion 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 defini-
tively rule in, a dissection.) A meta-analysis revealed
that a D-dimer >500 ng/ml increases the potential to
identify patients suspected to have acute aortic dissec-
tion.222 If treated conservatively (without surgery),
ATAAD is associated 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
significant contraindications or comorbidities,
conservative treatment may, on occasion, be best. In
unsuitable surgical candidates, endovascular repair has
been performed, mainly in a compassionate 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 delicate 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 hematoma 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
malperfusion. 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
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increasing with the number of organs being malper-
fused.226 Besides CT findings, clinical evaluation (eg,
pulse deficit, neurologic dysfunction, abdominal pain,
lactate elevation, oliguria) is essential to define further
treatment. The presence of femoral pulses assures that
blood is flowing down the entire length of the aorta.
Clinical assessment must not be forgotten 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 enable exact diagnosis of malper-
fused organs and enhance selection of an optimal
treatment algorithm.227

Mesenteric malperfusion is a devastating complica-
tion associated with an almost 5-fold increased risk of
perioperative death.228 Given the dismal outcome after
traditional repair, alternative approaches incorporating
visceral revascularization prior to open aortic repair
have emerged. A revascularization-first approach using
endovascular fenestration or stenting is associated 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 dissection. Many
individual surgeons are strongly in favor of immediate
replacement of the ascending aorta (which usually, but
not always, corrects the intestinal malperfusion). A
growing minority favor 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
hemodynamically stable patients.

Coronary malperfusion represents another dreaded
complication 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 detachment or complete avulsion of
the coronary artery, coronary artery bypass grafting
appears to be the most suitable treatment to restore
adequate blood flow and improve coronary
ischemia.233,234

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

Despite organ malperfusion ATAAD might be associ-
ated with acute aortic regurgitation or cardiac tampo-
nade. Especially malperfusion 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 centers without an on site
cardiac surgery department is justified if it does not
delay transport and the patient hemodynamic
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
tear239,240; 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 mor-
tality 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 replace-
ment 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 dissection, 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 individualized
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 circulatory arrest in combination with
antegrade cerebral perfusion and an open distal anas-
tomosis obtains favorable outcomes.217,220,221 In
addition, a tear-oriented approach, consisting of resec-
tion or exclusion of the primary entry tear, is recom-
mended.213,214,221 Inspection of the proximal descending
aorta during hypothermic circulatory arrest should be
considered. In case of entry tears in the distal arch or
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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 optimi-
zation of true lumen perfusion.136

The combination of these 3 concepts (axillary perfu-
sion, circulatory arrest with cerebral perfusion and
evaluation/treatment of the descending aorta) enhances
true lumen perfusion, encourages thrombosis of the
false lumen and reduces the risk of late aortic compli-
cations or reoperations. The suggested extent of treat-
ment for type A aortic dissection is illustrated in
Figure 11.
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.
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 classifica-
tion in the past. The new SVS/STS classification de-
scribes TBAD as any aortic dissection with an entry tear
FIGURE 11 Extent of t reatment for acute type A aort ic d issec

ent ry ; FET, f rozen e lephant t runk; LSA, lef t subc lav ian ar te ry ;
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 dissection by
various authors. Conservative treatment was associated
with high mortality due to malperfusion and aortic
rupture in early series, paving the way towards surgical
and endovascular therapy within 14days 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
favor 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 subsequent expansion under
the systolic pressure head. Conversely, medically
managed patients tend to reveal progressive enlarge-
ment, rupture or the need for late extensive replacement
surgery.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% mortality 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 20years
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
t ion . (E0 , no ent ry v is ib le ; E1 , ascending ent ry ; E2, arch ent ry ; E3 , descending

TEM, type, ent ry , malper fus ion . )
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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
unsuitable 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 monitoring 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.
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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/paraplegia) 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 scal-
loped (fenestrations to preserve flow to the supra-aortic
vessels) stent graft inserted antegrade via a median
sternotomy supposedly avoids debranching or an ET in
28 patients, with no intraoperative deaths and low mid-
term morbidity and mortality.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 trau-
matic hybrid surgical/endovascular approaches are
emerging and may have an edge over complex and
complete arch replacement strategies. Treatment rec-
ommendations for non-A non-B aortic dissection are
illustrated in Figure 12.

Depending on the anatomical features and location of
the primary entry tear, an FET or stent graft implant,
ent st ra tegy for non-A non-B aor t ic d issect ion . (E0 , no entry v is

A, lef t subc lav ian artery ; OMT, opt imal med ica l therapy; TEM, typ
including complex branched grafts, is justified.72,245,246

During the mid-term follow-up, the FET appears supe-
rior to endovascular treatment in terms of survival and
reintervention rates.247,248
ib le ; E2 , arch entry ; E3 , descending ent ry ; FET, f rozen

e, entry , malperfus ion ; TEVAR, thorac ic endovascu lar aor t ic
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TABLE 3 High-Risk Features in Acute Type B Aortic

Dissection

Morphologic Criteria

Primary entry >10 mm261,264

Primary entry at the inner curvature264

Primary entry located <20 mm in relation to the left subclavian
artery261

False lumen diameter >22 mm264,265

Descending thoracic aortic diameter >40 mm261,264

High systolic antegrade flow volume in the false lumen with
significant diastolic retrograde flow assessed by MRI263

Clinical Criteria

Persistent pain266,267

Uncontrollable HTA266,267

HTA, hypertension arterialis; MRI, magnetic resonance imaging.
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Type B aortic dissections. Acute type B aortic
dissection accounts for 30-38% of all aortic dissec-
tions.29,211,258 Overall, in-hospital mortality of acute
TBAD has not changed over the last 2 decades. The In-
ternational 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 dissection, clinical
presentation and radiological features directly affect
the treatment algorithm. The identification of high-risk
features is mandatory for the optimal choice between
medical, interventional or surgical repair.

Several risk factors are known to have the potential to
destabilize the course of dissection with subacute and
late complications, such as the anatomical location of
the primary entry tear at the inner curvature or prox-
imity to the LSA, both facilitating the development of
malperfusion or retrograde dissection.259-262 Further-
more, a proximal entry tear with a defect dimension of
10 or more mm and a high systolic antegrade flow vol-
ume in the false lumen with significant diastolic retro-
grade flow assessed by MRI is a predictor for rapid aortic
growth or even rupture.261,263 Finally, an initial
descending aorta diameter of >40mm and a false
lumen diameter >22mm are risk factors for aortic
diameter increase and aneurysm formation.264,265

Therefore, patients with high-risk features may benefit
from best medical therapy (BMT) together with endo-
vascular 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,
immediate malperfusion or high-risk features are candi-
dates for immediate endovascular treatment. In the
absence of the previously mentioned signs, careful moni-
toring and initial medical management 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 necessary due to the progres-
sion of the disease. Patients undergoing TEVAR had better
outcomes in terms of aortic remodeling.251 Recent data on
a larger cohort of patients with TBAD in the subacute
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 progres-
sion.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
malperfusion, 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
remodeling.273,274 In patients with malperfusion with
mainly static obstruction of a branch vessel, additional
branch stenting might become necessary.275,276 Due to
its favorable 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 periprocedural neurologic events and distal stent
graft-induced new entries.277,278

The Global Registry for Endovascular Aortic Treat-
ment (GREAT) showed a low 30-day mortality and
low risk of perioperative complications in early TEVAR
in a real-world acute TBAD with or without risk
features.279

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 a frozen elephant trunk. This strategy 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 endovas-
cular intervention and for patients with connective tis-
sue disorders.247,254,255,280

In patients with unsuitable anatomy for endovascular
repair, open surgery using the FET technique or open
descending replacement remains an option in highly
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RECOMMENDATION TABLE 8 Acute Aortic Diseases:

Type A Intramural Hematoma

Recommendations Classa Levelb Refc

In patients with acute type A IMH
with complications or high-risk
features, 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 centers.

IIb C -

aClass of recommendation; bLevel of evidence; cReferences. IMH, intramural
hematoma; OMT, optimal medical therapies; TEVAR, thoracic endovascular
aortic repair.
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experienced centers.247,281 Treatment recommendations
for TBAD are illustrated in Figure 13.

Intramural hematoma. Intramural hematoma is char-
acterized by a localized hemorrhage within the aortic
wall of >5mm 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 technologies 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 progres-
sively.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 intimal disruption of IMH.285,286 The ulcer-like
projection can be detected as a focal contrast enhance-
ment 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 hematoma.
Acute type A IMH can present as a life-threatening
condition. Due to the propagation of the hematoma
within the aortic wall, aortic events within the first
7 days are frequent. Type A IMH evolves into type A
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TABLE 4 High-Risk Features in Intramural Hematomas

Age >70 years293,294

Initial aortic diameter >45mm293,295

Mean aortic diameter growth rate ‡5mm/year296

Wall thickness of involved segment ‡10mm297

Pleural effusion based on Hounsfield units298,299

Presence of aortic ulcer or ulcer-like projection294,300

RECOMMENDATION TABLE 9 Continued

Recommendations Classa Levelb Refc

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
hematoma; OMT, optimal medical therapies; TEVAR, thoracic endovascular
aortic repair.
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aortic dissection in 33-40% or even to rupture in up to
18% at hospital admission.283,288,289 In the presence of
complications, such as malperfusion and rupture,
urgent surgery is recommended, equal to that for type
A aortic dissection.

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, emer-
gency 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 medi-
cal 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 conserva-
tive treatment approach on an individual basis. The
literature reveals a high rate of 30-40% for progression
to surgical repair or interventions after initial conserva-
tive therapy.289,302 Progression to aortic dissection or to
increasing aortic diameter as well as growing
hematoma thickness needs to be addressed with swift
surgical repair.

In patientswith acute typeA IMH fromadefined 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 <50mm
and IMH thickness <10mm, 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 hematoma.
RECOMMENDATION TABLE 9 Acute Aortic Diseases:

Type B Intramural Hematoma

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 -

(Continued)
In 2015, an interdisciplinary expert consensus on IMH
type B was launched, pointing out the natural course of
the disease and different 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 endovascular approach relies on
important anatomical factors like favorable 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 performed.305

In the absence of complications, medical manage-
ment is recommended in the initial phase. Similar to
type A IMH, evaluation of high-risk features for a ma-
lignant 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
1month 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 associated with a lower rate of aortic dissection or
rupture during the follow-up period. Despite these dif-
ferences in presentation, TEVAR was not associated with
a lower rate of aortic death or a higher rate of hematoma
regression during 37months of follow-up.308 In a smaller
series on the timing of TEVAR, delayed TEVAR (median
5.5days) 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 vasorum rupture because pain relief in this
setting is debatable after TEVAR.
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Penetrating atherosclerotic ulcer.
FIGURE 14 Penetra t ing atherosclerot ic u lcer .

MENDATION TABLE 10 Acute Aortic Diseases: Penetrating

sclerotic Ulcer

Recommendations Classa Levelb Refc

s with PAUs in the ascending aorta and
nce of IMH or rupture, urgent aortic repair
ended.

I B 289

s with high-risk PAUs located in the distal
scending aorta, TEVAR should be
d if anatomically suitable.

IIa B 310

s with high-risk PAUs located in the distal
scending aorta unsuitable for TEVAR,
ical repair should be considered after
aluation of operative risk.

IIa B 311

commendation; bLevel of evidence; cReferences. IMH, intramural hematoma; PAU,
aortic ulceration; TEVAR, thoracic endovascular aortic repair.

Atherosclerotic Ulcer

Morphologic Criteria

Pleural effusion based on Hounsfield units313,314

Prescence of IMH313,314

Large initial PAU depth (>10mm) and diameter (>20mm) or high
growth rate size313

Clinical Criteria

Persistent pain despite medical treatment313,315-317

IMH, intramural hematoma; PAU, penetrating aortic ulcer.
Penetrating atherosclerotic ulcerations are defined as
atherosclerotic lesions within the aortic wall originating
from the intima and progressing into the media
(Figure 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 background, procedural risk of endovascular or
open surgery should be weighed against frailty, comor-
bidities 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 inci-
dental 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, IMHor 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 performed. 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

mailto:Image of Figure 14|tif
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might also emerge as an alternative. In a small clinical
series of patients presenting with PAUs with high-risk
features, scalloped TEVARs proved a safe alternative
as a new tool to address more proximal arch pathol-
ogies.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 complications and the
need for reinterventions.

Blunt traumatic aortic injury.
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 management and close
follow-up imaging may be considered.

IIb C -

In patients with BTAI grades III-IV and
suitable 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 Class ificat ion of b lunt t raumat ic aor t ic in ju ry .
Aortic injuries may be caused acutely following blunt
or penetrating 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 mortality 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 hematoma;
grade III: pseudoaneurysm; grade IV: free rupture
(Figure 15).322,323 Symptoms vary from completely
asymptomatic or nonspecific pain to hemorrhagic shock,
depending on the severity of the lesion. Therefore,
physicians 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
consist of active bleeding, pulsating or expanding
hematoma, puff or thrill over a wound, absence of distal
pulses or ischemia of the extremities (pain, pallor,
paralysis, hypothermia). A diagnosis, however, 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

mailto:Image of Figure 15|tif
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high-volume specialized trauma center 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 (eg, maintaining systolic blood
pressure <100mmHg and heart rate <100 bpm) with
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 ‡55mm.

I B 333, 334

Surgery for BAV-related aortopathy with “root phenotype” is recommended when the maximum aortic
diameter is ‡50mm.

I B
82, 84-87,

335

Surgery for TAV-associated aneurysms with “root phenotype” should be considered when the maximum
aortic diameter is ‡50mm 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 >52mm.

IIa C -

In patients with low surgical risk and “ascending phenotype” BAV-related aortopathy, surgery should be
considered at a maximum diameter ‡50mm if any of the following is present:
• age <50 years
• short stature (<1.69m)f

• ascending aortic length >11cmg

• aortic diameter growth rate >3mm/year
• family history of the acute aortic syndrome
• aortic coarctation
• refractory hypertension
• shared decision with the patienth

• concomitant nonaortic valve cardiac surgery

IIa C -

In patients with nonsyndromic TAV with “ascending phenotype,” in a low-surgical-risk setting,d surgery may
be considered at a maximum diameter ‡50mm if any of the following is present:
• age <50 years
• short stature (<1.69m)f

• ascending aortic length >11cmg

• aortic diameter growth rate >3mm/year
• refractory hypertension
• shared decision with the patienth

IIb C -

Surgery for aortic dilatation in TAV patients undergoing nonaortic valve cardiac surgery should be considered
at a root or ascending diameter ‡50mm.

IIa C -

Surgery for aortic dilatation in patients undergoing aortic valve surgery should be considered at a root or
ascending diameter ‡45mm.

IIa C -

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

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 45mm 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 center’s experience with the
required surgery141,339; 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 events341; for 1.69m height, 13 cm2/m corresponds to 53mm; gMeasured with the centreline method from the aortic
annular plane to the brachiocephalic trunk using CTA-scan196,336; 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.
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 hema-
toma >10mm, lesion-to-normal aortic diameter ratio
>1.4, mediastinal hematoma causing mass effect, pseu-
docoarctation of the aorta; left hemothorax; ascending
aorta, aortic arch, or great vessel involvement; or aortic
arch hematoma.141,327-330 For grade II BTAI lesions with
high-risk imaging features, TEVAR is reasonable in
the presence of anatomy, whereas nonoperative
management may be preferred in those without.331,332

Grade III-IV lesions should be managed operatively
with TEVAR.
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
w60%.342 Their natural history can vary based on the
underlying defect (inherited, sporadic, BAV-related); how-
ever,avariably longphaseofsilentgrowthiscommon[mean
diameter expansion rates: 0.1-0.3mm/year in tricuspid
aortic valve (TAV)-related nonsyndromic forms]333,334,343;
0.2-0.6mm/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
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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 diam-
eter and risk of AAEs has been revised (Figure 16): (i) The
curve indicating this relation actually shows 2 “hinge
points,” with the first at 52.5mm340; (ii) thresholds
have been traditionally extrapolated from the analysis
of diameters in dissected aortas; however,
predissection aortic tubular tract diameters are 18-32%
smaller196,337,345; (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 recognized 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 50mm for the root
diameter and at 52-53mm for the tubular 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 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
preceding evidence supports lowering the threshold for
indication in patients with low surgical risk (both
relative to patient’s profile and to the center’s
experience), at >52mm for ascending and �50mm for
root phenotype. An earlier operation on the root can
also increase the chances for a successful valve-sparing
approach in centers with consolidated experience in
BAV repair.346 Thresholds for intervention in aortic root
and ascending aortic aneurysm are illustrated in
Figure 17.

Of note, reported mortality rates after isolated prox-
imal 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 (eg, BAV plus other
risk factors), surgery can be considered at �50mm even
for the ascending phenotype: Factors to consider
include growth rate, family history, hypertension,
younger age, short stature and patient’s willingness to
be operated on earlier141,339 (“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
emerging349: 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 suggested that the most important

mailto:Image of Figure 16|tif
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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.
holds for in tervent ion in aort ic root and ascending aor t ic aneurys

N TABLE 13 Chronic Aortic Diseases: Maximum Diameter

gth

mendations Classa Levelb Refc

sidered for a symptomatic
ding aorta, almost
(once nonaortic causes have

IIa C -

ll body size, height
considered in the decision
urgery at various aortic

IIa B 340

ngth exceeding 110mm
as a risk factor for aortic
elective surgery for aortic

IIa B 196

recision criteria, the benefits
tervention vs nonoperative
e considered on a case-by-

IIa C -

eria that also bear on the risk
e considered in the decision- IIb C -

; bLevel of evidence; cReferences.
Since the inception of aortic surgery by the great pi-
oneers (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, studies350

demonstrated that the majority of acute aortic
dissections occur at a diameter <55mm, 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 vs 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 suggested thereafter.340 This
approach is most helpful for individuals 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
m. (AV, aor t ic valve. )
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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
(Figure 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
(Figure 19); a cut-off of 11 cm has been suggested to
prevent AAEs.196 Typically, intimal tears are
perpendicular to the vessel’s axis, suggesting that
FIGURE 19 Two hinge points are seen for length as wel l , just

aor t ic event . ) Reproduced from Wu and col leagues196 wi th pe
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, characterized by root
segment elongation, this geometrical change implies
over-angulation of the distal portion of the ascending
aorta, ie, narrowing of the angle of the ascending arch.
Consistent with other evidence of the greater “malig-
nancy” of root phenotype dilatations, this pattern has
been found uniquely associated with ATAAD.87
as those that were found ear l ie r for d iameter . (AAE, acute

rmiss ion f rom Elsev ier .
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Intervention is recommended in
patients with chronic aortic
dissection at a maximum aortic
diameter of ‡55mm without

I B 362, 363
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Therefore, in therapeutic planning, the diameter
should be considered in the broad context of patient-
specific factors including aortic length and angulation,
age, sex, family history, genetic variants, and so forth, but
also, importantly, aortic pain, ie, chest pain in a patient
with aortopathy without other apparent cause.355

AORTIC ARCH.
MENDATION TABLE 14 Chronic Aortic Diseases: Aortic

Recommendations Classa Levelb Refc

s with symptomatic aortic arch
es, aortic arch repair is
nded irrespective of diameter.

I C -

s with asymptomatic isolated
h aneurysms ‡55mm, aortic
uld be considered.

IIa B 97

s with arch pathologies and
aortic segments distal to zone 2,
r should be considered.

IIa B 311, 356-358

s with an indication for aortic
uitable for open surgery, hybrid
scular aortic repair may be
d.

IIb C -

endovascular aortic repair is
nded to be performed in
ed centers with an adequate
f both open and endovascular
airs.

I C -

commendation; bLevel of evidence; cReferences. FET, frozen elephant trunk.

involvement of the ascending aorta.

In patients with HTAD with chronic
aortic dissection, intervention at
diameters <55mm should be
considered 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 >50mm should be
considered in patients with chronic
aortic dissection if the treatment
includes a multistep procedure,
such as arch replacement with FET
followed 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.
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 symptom-
atic with dyspnoea in cases of obstruction or displace-
ment of the trachea. If a large aortic mass is compressing
the oesophagus or is in association with an aberrant LSA
(ie, 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
pathologies 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 technique has
emerged as a treatment strategy for a combined repair
with excellent results.311,356-358 If preoperative risk
assessment weighs against open aortic repair, hybrid or
endovascular aortic repair can be offered by experienced
centers as treatment options.136,319,320,361
CHRONIC AORTIC DISSECTION.
Acceptable outcomes of open surgical aortic replace-
ment of the arch or a descending thoracic aneurysm
from a chronic aortic dissection are well estab-
lished,362,363 with the extent of proximal repair at the
time of ATAAD associated with a lower incidence of
reoperation.364 Although TEVAR is a first-line treat-
ment 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 dissection flap that prevent expansion of the true
lumen and in part to persistent false lumen flow,
whether retrograde from the dissected abdominal aorta
or antegrade from arch branch vessels (in the case of
residually dissected aorta after type A dissection
repair). Aortic remodeling is better in patients with de
novo or residual dissections limited to the descending
aorta dissection compared to dissections extending to
Ishimaru zones more distally, 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 positive remodeling of at least the proximal
descending thoracic aorta. If there is continued



RECOMMENDATION TABLE 16 Continued

Recommendations Classa Levelb Refc

In patients with Marfan syndrome
without high-risk features with a
high likelihood of undergoing
valve-sparing aortic root
replacement and very low
surgical risk, surgery on the aortic
root or ascending aorta may be
considered at a diameter of
‡45mm when performed by an
experienced aortic team.

IIb C -

In patients with Marfan
syndrome, surgery of the aortic
arch, descending thoracic aorta
or abdominal aorta should be
considered at a diameter of
‡50mm of the respective aortic
segment.

IIa C -

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
multidisciplinary 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
‡45mm.

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 ‡40mm.

IIb C -

In patients with Loeys–Dietz
syndrome attributable to a
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aneurysmal degeneration of the descending thoracic
aorta in the subacute or chronic stage, completion
TEVAR to the level of the coeliac artery can be per-
formed. In the case of chronic TBAD, a favorable
proximal landing zone with complete coverage of the
proximal intimal defect would also likely lead to posi-
tive aortic remodeling proximally. Second, techniques
have been developed to address retrograde false lumen
flow that persistently pressurizes the false lumen.
Aortic septotomy,367 the Knickerbocker technique,368

the Candy-Plug technique369 and coil or plug
embolization of the false lumen370 have all been
employed with increasing success to promote positive
aortic remodeling in chronic dissection.

Larger aortic diameters at the distal landing zone are
unfavorable for successful endovascular treatment, and,
given current device sizes, the distal descending thoracic
aorta should be 40mm or less to be able to treat the
patient with 10-20% oversizing. Although the maximum
aortic diameter in the thoracic aorta is usually closely
monitored until it has reached the threshold for inter-
vention, attention should also be paid to the total aortic
diameter at the coeliac artery, which may already have
reached 40mm or greater before the maximum aortic
diameter has reached 55mm. Current techniques to
stage endovascular treatment of the dissected descend-
ing thoracic aorta (eg, FET, then TEVAR with or without
adjunctive treatment of the distal landing zone, then
false lumen coil/plug) may merit endovascular inter-
vention 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
recommended 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
recommended at a diameter of
‡50mm.

I B 374, 375

In patients with Marfan syndrome
and high-risk features,* surgery
on the aortic root or ascending
aorta should be considered at a
diameter of ‡45mm.

IIa B 374, 375

(Continued)

pathogenic variant in TGFBR2
and high-risk features,# surgery
on the aortic root or ascending
aorta should be considered at a
diameter of ‡40mm.

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
‡50mm.

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
‡45mm.

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 ‡45mm
may be considered.

IIb C -

(Continued)



RECOMMENDATION TABLE 16 Continued

Recommendations Classa Levelb Refc

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
considered at a diameter of
‡45mm.

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 arterial tortuosity; #For
Loeys-Dietz syndrome: certain specific pathogenic variants (R528H/C in
TGFBR2); women with TGFBR2 and small body size; severe extra-aortic features
(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: Nonsyndromic 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
‡45mm.

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 ‡42mm.

IIb C -

In patients with HTAD attributable to a
pathogenic variant in PRKG1, surgery
on the aortic root or ascending aorta
may be considered at a diameter of
‡42mm.

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 ‡40mm.

IIb C -

In patients with HTAD attributable to a
pathogenic variant in MYLK or MYH11,
surgery on the aortic root or ascending
aorta may be considered at a diameter
of ‡45mm.

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.
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As genetic investigations have burgeoned in the last
decade, more genetically triggered diseases of connective
tissue have been identified that promote TAA and dissec-
tion. Currently, whereas only 11 genes are officially classi-
fied as “disease causing” by the American Association of
Medical Genetics, a total of 67 genes have been associated
with thoracicAD,withvaryingdegreesof evidence.169,372,373

Meanwhile, the term “connective tissue disorder” has
largely been replaced by the term “heritable thoracic aortic
disease” 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 associatedwithHTADs is
steadily increasing, the number of patients carrying these
pathogenicvariantsandtheamountofdatathat isavailable
regarding the natural history of disease vary widely. As of
this writing, the clinicallymost relevant HTADs areMarfan
syndrome,374-387 Loeys–Dietz syndrome, vascular Ehlers-
Danlos syndrome and Turner syndrome. Although Mar-
fan 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 de-
fects 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 contribute 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 acces-
sible, affordable precision 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 sequencing. 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).

Nonsyndromic heritable thoracic aortic disease.
The number of nonsyndromic 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 rela-
tives from patients without a pathogenic variant also



RECOMMENDATION TABLE 18 Chronic Aortic Disease:

Descending Aorta

Recommendations Classa Levelb Refc

In patients with asymptomatic
descending aortic aneurysms ‡55mm,
aortic repair is recommended.

I C -

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

IIa C -

aClass of recommendation; bLevel of evidence; cReferences.

Ann Thorac Surg

2024;118:5-115

CZERNY ET AL

AORTIC DISEASE CLINICAL PRACTICE GUIDELINE

47
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 patho-
genic 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 thresh-
olds 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 aneu-
rysm.Several studies fromlarge cohorts and registrieshave
shown that the risk of AAEs is different and considerably
lower than in patients with syndromic and nonsyndromic
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
surgery, and the mean ascending aortic diameter at the
time of surgery was 58� 5mm and 58� 3mm 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 40years 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 dissection occurs permit more accurate prediction
of risks and timing of surgical intervention. One major
difficulty that has come to light is that the majority of
suspicious genes are labelled by the geneticist as vari-
ants 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 (ie, <1/10 000), it is
not of interest—just too common to be the cause of a
somewhat uncommon disease; (ii) preservation in phy-
logeny: a highly preserved gene is likely to be of great
importance3; 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 inconclusive. 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 phenotype 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 geneticists’ emphasis on scientific accuracy.
However, a final determination of “pathogenicity”
can take generations (to verify that phenotype fol-
lows the genotype in affected families). 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 scientific interest and may possibly enhance
clinical management 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 of the ascending aorta derive
from the neural crest, those of the descending aorta
derive from the mesoderm. This fundamental differ-
ence in origin likely underlies other differences in nat-
ural history and behaviour of the descending aorta.404

2. Themorphologyof aneurysmsof thedescending aorta
differs markedly from that of aneurysms of the
ascending aorta. Although the ascending aortic



RECOMMENDATION TABLE 19 Chronic Aortic Disease:

Thoracoabdominal

Recommendations Classa Levelb Refc

In patients with asymptomatic
thoracoabdominal aneurysms ‡55mm,
aortic repair is recommended.

I C -

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

IIa C -

aClass of recommendation; bLevel of evidence; cReferences.
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aneurysms are generally smooth in contour, non-
calcified, not related to atherosclerosis97 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 embryo-
logic and pathological distinctions, the clinical behav-
iour 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,
ruptures frequently (through areas of atherosclerosis)
without antecedent aortic dissection.405

It is even more challenging to predict the onset of
dissection for thedescendingaorta406becausedissectionsof
the descending aorta occur essentially as a “scatter plot”
with regard to diameter—even at very small diameters,
even below 40mm. Fortunately, although unpredictable,
dissections of the descending aorta rupture only
infrequently (<10%) under proper anti-impulse therapy,
whereas those of the ascending aorta rupture almost uni-
formly (acutely or within several days). However, “rupture”
(withoutdissection)of thedescendingaortacanbepredicted
quitewell, usually occurring above 60mm.405 So, 55-60mm
is an appropriate general criterion for descending aortic
intervention.

1. Given its dramatically different embryology, path-
ophysiology, pathological anatomy and clinical
behaviour, the descending aorta requires specific
rules of management.
FIGURE 20 Mean year ly growth rate of the descending thorac

s ize .
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
favorable result in the presence of high-risk fea-
tures, lower thresholds are reasonable.

THORACOABDOMINAL.
Despite the term “thoracoabdominal 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 critical diameters eventually is the
most important component besides other morphologic
components such as in the root and the ascending AD.
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FIGURE 22 Dist r ibut ion of adverse event rates ( rupture, d issect ion and aor t ic death ) above and below a descending
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Growth is rather slow and on average 0.19�0.07 cm/
year (Figure 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 aswell aswith regard to the disease
mechanism. Smallerdiametersdissect, and largerdiameters
rupture,with the tippingpoint for anexponential rise in risk
for rupture at 60mm, indicating that treatment below this
tipping point is highly likely to save lives (Figure 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 diam-
eter in the proximal thoracic aorta. There is also an in-
crease 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 the
need for the development of knowledge about
parameters other than diameter alone for prediction of
adverse event rates. Figure 22 shows that the majority of
acute TBADs occurred at aortic diameters below 50mm.

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, themechanismof aneurysmdevelopment 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 re-
gard to the risk of aortic rupture at a given diameter.

ABDOMINAL AORTA.
N TABLE 20 Chronic Aortic Diseases: Abdominal Aorta

ecommendations Classa Levelb Refc

ed AAA, emergency surgical or
t is recommended.

I C -

omatic, unruptured AAA, emergency
d, irrespective of diameter.

I B 410, 411

tomatic AAA, repair is recommended
s 55mm.

I A
192,

412-420

tomatic AAA, repair should be
AA exceeds 50mm.

IIa C -

considered if aneurysm growth
IIa C -

igh-risk features, earlier intervention at
e considered.

IIb C -

nts with AAA below the threshold for
odification, OMT and continuous
mended.

I C -

dergoing AAA repair, preoperative
ecommended.

I C -

rgoingAAA repair, preoperativecardiac
or screening for CAD (coronary artery
y CTA) may be considered.

IIb C -

; bLevel of evidence; cReferences. AAA, abdominal aortic aneurysm; CAD, coronary
uted tomography angiography; OMT, optimal medical therapy.
The most common abdominal AD is an aneurysm,
defined as at least a 50% increase in local aortic diameter or
>30mm absolute diameter.10,421 Abdominal aortic
aneurysms are usually fusiform 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, pseudoaneurysm or (infected) saccular aneurysm.

Most patients with an abdominal aortic aneurysm are
asymptomatic but are exposed to a diameter-dependent
risk of aortic rupture.192,412-417,423 Hence, an open surgical
or endovascular treatment should be undertaken when
the risk of intervention is lower than the risk of rupture,
which would cause death when untreated.

Before reaching the threshold for surgical interven-
tion to prevent the risk of rupture, medical therapy
should be adopted to reduce aneurysm growth (eg, WSS
and inflammation) to prevent future cardiovascular
events (eg, myocardial infarction) and optimally to pre-
pare a patient for eventual future intervention. Lifestyle
interventions such as smoking cessation and stimulation
of moderate physical activity remain the cornerstone of
treatment, whereas medical therapy may help to achieve
normotension and a reduction in cardiac contractility in
parallel.418

Four trials (ie, ADAM, UKSAT, CAESAR and PIVOTAL)
comparing ultrasound surveillance with either open or
endovascular intervention have provided an estimate for
the rupture risk per year inmen,which ranges from0.3% to
0.8%, and surveillance of AAA <55mm 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 50mm.416,419,420,424 Linear
aneurysm growth is most frequently observed in small
AAAs; immediate surgical intervention at a smaller
diameter (<42.5mm), 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, unruptured AAA, urgent repair is
indicated to reduce the risk of rupture.192,412-417,423,426

In patients with ruptured AAA, emergency 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 recommended to determine the risk of
intervention. Aortic aneurysms of atherosclerotic origin
are considered a coronary artery disease equivalent,
incorporating a significant risk of cardiac events (>20%
in 10years).427 Preoperative cardiac echocardiography
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



RECOMMENDATION TABLE 21 Continued

Recommendations Classa Levelb Refc

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

I C -

Temperature management

Nasopharyngeal and core
temperature (rectal/bladder)
measurements are
recommended in patients
undergoing 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
determined based on the
anticipated extent of repair,
expected duration of lower body
HCA and presence of
preoperative malperfusion.

IIa C -

The use of the term “mild
hypothermia” is recommended
for core temperatures >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
hypothermia” is recommended
for core temperatures £20�C.

I C -
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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 process.
Symptoms usually include claudication on exertion
with cramps (hips, thighs and buttocks) as well as
absence of femoral pulses. Critical limb ischemia—due
to the usual extensive development 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 disease is a frequent companion that
underlines the necessity of a complete cardiovascular
examination in these patients.429

Therapy, besides an exercise program and risk factor
modifications, usually warrants revascularization; sur-
gical as well as interventional options are available.
Surgical results, usually with an aorto-bifemoral Y
prosthesis implant, are excellent and should be consid-
ered as therapy of first choice in patients with extensive
disease patterns such as TASC (Trans-Atlantic Inter-
Society Consensus Document on Management of Pe-
ripheral 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 arterial hypertension in addition to
claudication on exertion. Because the clinical picture is
rare, the surgical or interventional approaches are
heterogeneous, and a standardized recommendation has
not yet been postulated. Under these clinical conditions,
descending bifemoral bypass grafting with and without
synchronous or metachronous visceral and renal
revascularization show excellent and durable results.428
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
HOW TO MONITOR END-ORGAN FUNCTION AND
HOW TO AVOID END-ORGAN INJURY

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 undergoing
aortic surgery with involvement
of the aortic arch.

IIa B
218, 219,
432-435

(Continued)

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 cardioplegia
applications without interrupting
the procedure.

IIa C -

(Continued)



RECOMMENDATION TABLE 21 Continued

Recommendations Classa Levelb Refc

Noncardioplegic myocardial
perfusion may be considered
during extended aortic arch
repair to reduce myocardial
ischemia time.

IIb C -

Organ protection—brain

During surgery for aortic arch
repair, the use of bilateral NIRS-
based cerebral oximetry
combined with an algorithmic
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 perfusion
should be considered via
additional cannulation or
intubation of the left subclavian
artery.

IIa C -

Organ protection—spinal cord

CSF drainage for spinal cord
protection 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 spinal cord injury undergoing
endovascular treatment of
thoracic or thoracoabdominal
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 considered
to reduce postoperative visceral,
renal and spinal ischemia.

IIa B 438-441

(Continued)

RECOMMENDATION TABLE 21 Continued

Recommendations Classa Levelb Refc

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
rhabdomyolysis and AKI is
recommended.

I C -

Deep HCA should be considered
in patients undergoing open
thoracoabdominal aorta repair
based on surgical and
institutional experience.

IIa C -

A period of hypothermic
perfusion at the desired target
core temperature before
hypothermic lower body
circulatory arrest should be
considered to ensure
appropriate thermal distribution
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, hemoglobin; HCA,
hypothermic circulatory arrest; ICA, internal carotid artery; NIRS, near-infrared
spectroscopy; SCI, spinal cord injury; TAAA, thoracoabdominal aortic aneurysm.
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PERFUSION AND CANNULATION. Surgery on the thoracic
aorta may require CPB, systemic hypothermia 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 normothermic
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 tubular ascending aorta is
possible with an open distal anastomosis with or
without hemiarch replacement. Thereby, the smaller
curvature 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
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antegrade, physiological blood flow and retrograde flow
cannulation. Methods for antegrade 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 establish, particularly for patients in hemody-
namic shock. However, it possesses the risk of retro-
grade 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 axil-
lary/subclavian artery has been the preferred cannula-
tion site and allows relatively simple antegrade selective
unilateral cerebral perfusion when clamping 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 centers also use the carotid artery for
arterial inflow, particularly in patients with cerebral
malperfusion and type A dissection.434 However,
comparable data are missing, and cannulation 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 measurements 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 circulation (ECC) in variable degrees of
hypothermia. Reports on the risks and benefits of ECC
(ie, left heart bypass) are variable, but there is a trend in
favor of ECC and/or selective organ perfusion, because it
is associated with improved survival and significantly
lower complication rates.450,451

TEMPERATURE MANAGEMENT IN AORTIC ARCH

SURGERY. Reconstruction of the aortic arch in circula-
tory arrest became feasible by the implementation of
hypothermia, which reduces the metabolic rate and ox-
ygen demand of the human body and allows surgeons to
temporarily stop circulation. The first successful series
of aortic arch operations using deep hypothermic circu-
latory arrest (DHCA) was reported in 1975 by Griepp and
colleagues.452 Since then, the technique has been
refined, and additional modifications have been made
to improve patient outcomes. Kazui and colleagues453

and Bachet and colleagues454 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 measurement varies between the individ-
ual studies. Some authors measure nasopharyngeal
temperature, others use rectal or bladder temperatures,
which are defined as core temperatures (Figure 23).
Rectal temperature measurement is more invasive but
provides a more accurate measure of core temperature.
Bladder temperature measurement 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 measurement and reporting
in future studies is warranted to allow for more
accurate comparisons between studies.

Second, the definition of deep, moderate and mild
hypothermia varies from study to study.

Third, the period of circulatory arrest varies signifi-
cantly among the studies. Complex aortic arch recon-
struction is associated with arrest times around 60min,
whereas hemiarch replacement can be performed within
arrest times of 20-30min. This fact has an enormous
impact on the evaluation of different cerebral protection
methods.

Definitions of profound, deep, moderate and mild

hypothermia. 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 successful arrest tempera-
ture.455 Consequently, nasopharyngeal temperature 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 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



FIGURE 23 Temperature measurements over t ime depending on the locat ion of the measurement .
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the temperature levels as follows: deep hypothermia
(<20�C), moderate hypothermia (20.1-25�C) and mild
hypothermia (�25.1�C).456 Preventza and colleagues457

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 hypothermia are
used in the studies, which make reporting and scientific
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 vs moderate hypothermia. It has
been shown that DHCA provides adequate brain and
end-organ protection up to arrest periods of 30min.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 moderate hypothermic levels in conjunction with
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
antegrade cerebral perfusion. Several observational
studies and meta-analyses elaborate on the safety of
moderate hypothermia and the optimal level of hypo-
thermia.461-465 A meta-analysis by Manoly and col-
leagues459 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 post-
operative stroke. Preventza and colleagues457 showed
in a patient cohort of aortic arch operations with
antegrade cerebral perfusion times of more than
30min fewer strokes and reoperations for bleeding at
moderate hypothermia levels. Long-term survival was
better in the moderate hypothermia group. In the
manuscript of Seese and colleagues,466 moderate
hypothermia with antegrade cerebral perfusion at a
nadir temperature of 27�C confers the greatest early
survival benefit and the smallest risk of postoperative
morbidity.

ORGAN PROTECTION—HEART. In complex aortic proced-
ures, cardiac mortality and morbidity remain important

mailto:Image of Figure 23|tif
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issues.467 Most centers use histidine-tryptophan-
ketoglutarate (Custodiol) or cold blood cardioplegia
(Buckberg) to protect the heart.468-470 Some centers use
whole blood cardioplegia (ie, microplegia) also under
hypothermia and during complex procedures.471,472

Repetitive doses of blood cardioplegia may be
administered in a retrograde fashion to avoid
interruption of the surgical procedure.471-473 More
recently, del Nido cardioplegia, originally developed for
pediatric procedures, has been suggested for adult
cardiac surgery cases, including aortic arch
surgery.472,474-481 It allows for a myocardial ischemia
time of up to 90min with a single dose. Protocols for
repetitive administrations have been
developed.472,475,479 There are no data that indicate a
specific type of cardioplegia is superior in aortic surgery.

Noncardioplegic myocardial perfusion was a routine
protection method in the past.454 Over the decades, it was
replaced by cardioplegia. Recently, noncardioplegic
myocardial perfusion was revived as an option to reduce
myocardial ischemia times467,470,482,483 and to improve
cardiac outcome during complex aortic arch
operations,467,470 especially if combined with concomitant
procedures. Normothermic noncardioplegic myocardial
perfusion results in a more stable sinus rhythm during
perfusion.470 Sufficient venting of the left ventricle is
critical 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 admin-
ister 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 common
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
hemodynamic support, CPB and sternotomy, strategies
to protect the lungs like ventilation and perfusion are
crucial to lower the risk of postoperative pulmonary
complications.

General considerations. Despite the lack of aortic-
specific surgical data, data on open cardiothoracic sur-
gery and general anesthesia do exist. In general anes-
thesia, the following 3-pillared lung-protective
ventilation strategy should be applied: (i) moderate
hyperoxia (FiO2 not exceeding 80%); (ii) recruitment
manoeuvres; (iii) tidal volume of 6-8ml/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 superi-
ority of any one484:

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 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 dur-
ing CPB.490

ORGAN PROTECTION—BRAIN. Antegrade cerebral perfu-
sion is associated with better long-term survival and
better neurologic function.178,491 Antegrade flow may
be performed through unilateral carotid artery
perfusion (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 antegrade 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
30min, and the majority of patients were cooled down
to deep hypothermia levels. A contemporary meta-
analysis by Takagi and colleagues495 revealed no
difference in the postoperative incidence of stroke and
death between antegrade cerebral perfusion 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 <40min, both unilateral and
bilateral antegrade perfusion may be reasonable. In pa-
tients undergoing longer circulatory arrest periods
(>40min), bilateral cerebral perfusion from the begin-
ning 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.
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ORGAN PROTECTION—SPINAL CORD. Ischemic SCI re-
mains the Achilles heel of open and endovascular TAAA
repair.500 Various neuroprotective strategies [eg, motor
evoked potentials (MEPs)501/somatosensory evoked
potentials (SSEPs) monitoring502 and CSF
drainage436,503 are established traditional adjuncts to
monitor and avoid SCI.504

Most importantly, the modern CN180,181 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 reimplantation502 (which has not
been proven to reliably avoid SCI, thereby concurrently
promoting dangerous steal phenomena505 and
prolonging deleterious cross-clamp times, while it re-
mains no option in endovascular repair)501; it paved the
way for the concept of “staging” (which significantly
lowered SCI rates after endovascular repair506); it
reliably resulted in “zero paraplegia” in large-animal
experiments507,508—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 embolization (MIS2ACE) concept
and the PAPAartis RCT,182,502,509,510 it emphasized the
importance of regional inflow zones and perioperative
blood pressure management511 to sustain sufficient
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 noninvasive tools tomonitor cordperfusion to
detect imminent spinal cord malperfusion, ischemia and
forthcoming neurologic injury (particularly early post-
operatively) are not yet available; neither is a reliable
strategy to prevent SCI during distal circulatory arrest and
after segmental artery occlusion. However, 2 promising
new concepts—potentially advancing spinal cord protec-
tion further—address these issues: (i) the clinical appli-
cationofnoninvasive real-timemonitoring 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 anterior
motor pathways in both open thoracoabdominal
replacement and TEVAR. Therefore, their use in these
procedures is encouraged. Cerebrospinal fluid drainage
is not routinely recommended 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
negativelyaffectshort- andlong-termoutcomes inpatients
undergoing proximal aortic, aortic arch and thor-
acoabdominal aortic surgery.Clinically, thekidneysare the
organsmostsensitiveto ischemia, followedbythe liverand
the bowel. Significant injury can occurwhen ischemia lasts
longer than 90min, although, at higher body temperatures
(eg, 30�C), the safe ischemic period can be as short as
60min.513,514 Serial measurements of liver enzymes (eg,
aspartate amino transferase, alanine amino transferase,
bilirubin) and circulating lactate levels have been used to
monitor for visceral ischemia.439,461

Visceral protection during aortic arch surgery. Des-
pite the lack of supporting evidence from RCTs, various
methods to reduce postoperative visceral organ
ischemia have been used by aortic experts.461,515-517

These methods include expeditious repair, establishing
distal aortic perfusion as soon as possible, 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
ischemia 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

Visceral protection during thoracoabdominal aortic

surgery. Bowel ischemia is uncommon after TAAA sur-
gery. It occurred in <1% of 1267 consecutive TAAA re-
pairs.524 Experienced ACs use various techniques for
visceral protection during thoracoabdominal surgery,
although few randomized trials have specifically
addressed bowel and liver protection during TAAA
surgery. Elevated hepatobiliary values after extensive
TAAA repair seem to be correlated with prolonged
ischemic times.525 In addition to permissive or active
hypothermia with circulatory arrest, expeditious repair
and shortening distal aortic ischemic 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 400-500ml/min, which
can decrease bacterial translocation from the bowel and
postoperative coagulopathy. Other patient-specific ad-
juncts include endarterectomy of the ostia of the coeliac
artery or superior mesenteric artery and balloon angio-
plasty 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
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Renal arteries. Satisfactory oxygen delivery and
perfusion pressure should be maintained intra-
operatively (before, during and after CPB) and post-
operatively to avoid end-organ injury in aortic surgery.
Acute kidney injury (AKI) after cardiovascular surgery is
a frequent complication. Its risk during long, complex
procedures such as surgery of the aorta was identified
more than 60years 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 thoracoabdominal 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 postoperative event
that may also adversely impact long-term survival 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. Preexisting renal
failure, advanced age, sex, diabetes, hypertension, ane-
mia, need for prolonged CPB, visceral 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 con-
stant risk for the development of imbalances in renal
oxygen delivery/renal oxygen consumption. During CPB
it is imperative to maintain a satisfactory goal-directed
perfusion pressure, always ensuring appropriate pump
flow and satisfactory oxygen content (CaO2), and these
goals should be pursued postoperatively.

For certain aortic arch operations, a period of lower
body ischemia 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 ischemia and risk for AKI
remain.537 In situations 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 hypothermia 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 vs 22.9�C did not differ in
other studies, where the mean duration of circulatory
arrest was equivalent at around 40min.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
ischemia are still necessary.

Rewarming strategies after hypothermia play a signif-
icant role in the development of AKI. After HCA, a period
of hypothermic perfusion (same temperature as before
arrest) before initiation of rewarming is usually utilized to
attenuate reperfusion injury by decreasing tissular oxy-
gen consumption. Avoidance of rapid rewarming and
hyperthermic perfusion are recommended. To attenuate
the rewarming insult, it is recommended to avoid tem-
perature differences between the arterial and venous
lines above 3�C, with a rewarming rate no faster than
1�C every 5min. The incidence of AKI increases with
every 10min 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 during open arch and proximal descending
surgery. Yet, the net effect of lower body uninterrupted
perfusion on postoperative renal function remains un-
clear. Reduction of CPB time can be achieved by avoid-
ing deep hypothermia and shortening cooling and
rewarming phases. Some reports point at the potential
benefit of this approach to prevent spinal cord ischemia,
renal failure and visceral ischemia.438,552

Minimizing or avoiding circulatory arrest can shorten
operative times and avoid the systemic effects associ-
ated with organ ischemia and hypothermia. When it is
technically feasible, adopting such an approach seems
logical to minimize prolonged loss of pulsatile perfusion,
inflammation secondary to the interaction of blood with
the CPB equipment, fragmentation of blood cells leading
to hemolysis and pigment nephropathy, with known
effects on renal function.

In open TAAA surgery, cold crystalloid renal perfu-
sion 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 signifi-
cantly lower rates of postoperative AKI compared with



RECOMMENDATION TABLE 22 Therapeutic Options:

Aortic Root

Recommendations Classa Levelb Refc

For aortic dilatations and aneurysms
involving the aortic root with a
structurally diseased aortic valve,
replacement of the aortic valve and
sinuses with coronary ostia direct
reimplantation (modified Bentall
operation) is recommended.

I B 559-561

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

IIa B 562, 563

Valve-sparing root replacement may
be considered for patients with a
nondiseased 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.

58 CZERNY ET AL

AORTIC DISEASE CLINICAL PRACTICE GUIDELINE

Ann Thorac Surg

2024;118:5-115
Ringer’s solution.444,445 Leg ischemia leading to
rhabdomyolysis in TAAA surgery is associated with AKI
and should be avoided, when possible, through lower
limb perfusion in which arterial return cannulation
through a side prosthetic graft in the femoral artery
may play a significant role.553,554

EXTREMITIES. Lower limb ischemia can be an intra-
operative complication in aortic surgery, because long
distal aortic clamping times are frequently required in
open surgery or large-bore introducer sheaths are placed
in the femoral arteries for endovascular procedures, ECC
or LV assist devices.555,556 In addition to ischemia due to
decreased perfusion, atheroembolic events might also
lead to lower limb ischemia.

Monitoring lower limb function. Preoperative imaging
with duplex ultrasound and CTA is necessary to obtain
baseline lower extremity arterial function. Physical ex-
amination 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 ischemic
injury, especially in ischemia/reperfusion situations.

General anesthesia requires more invasive and regu-
lar monitoring 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
ischemia, especially if it is unilateral. Intraoperative
signals can be compared to preoperative baseline eval-
uations. Intraoperative duplex ultrasound can be used
for real-time blood flow monitoring.

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

Avoiding end-organ injury. Lower limb ischemic com-
plications occur more frequently in patients who have
peripheral artery disease, longer procedure times that
necessitate femoral occupancy and smaller ilio-femoral
axes.555,556 In these cases, preemptive protective
measures should be considered in order to reduce the
risk for end-organ complications. Anesthesiologic con-
siderations include keeping mean blood pressure around
90-100mmHg and euvolemia 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 pre-
vent acute complications, namely, dissection and
rupture. Because the aortic root and valve form a func-
tional unit, the surgeon also tries to maintain 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 replacement of the aortic valve and sinuses
with direct reimplantation of the coronary ostia (modified
Bentall–De Bono operation) and different variants of
valve-sparing root replacement. Notably, this pattern of



RECOMMENDATION TABLE 23 Ascending Aorta With or

Without Proximal Arch

Recommendations Classa Levelb Refc

In ascending aortic surgery,
supracommissural 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 45mm 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.
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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
10years),559,565 with hazards of late adverse events
depending on valve prosthesis type (mechanical/
biological).560 Early mortality is higher in the setting of
ATAAD561; therefore, particularly when a lengthy
operation is foreseen and there is no entry tear ssin the
root, simple Teflon felt reinforcement or reconstruction,
with valve resuspension or replacement, may be
preferred: Diameter growth of the reconstructed root
can be very slow566; 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 (eg, 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 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
remodeling (Yacoub operation) with associated
annuloplasty can have in-hospital mortality rates be-
tween 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 reoperation, both for BAV and TAV
aortopathies.560,562-564 At least in patients with HTAD, the
remodeling technique without annuloplasty 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 nondilated or just mildly dilated
(�45mm) 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-
0.8mm/year, generally slower with BAV than with
TAV)571,572 and rarely require reoperation.573,574 In
some ascending phenotype dilatations, one sinus is
concomitantly dilated (eg, the noncoronary 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 aneu-
rysm 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 tech-
nique of choice.

Many patients present an ascending aortic aneurysm
with partial 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 evidence of a preexisting 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 innominate artery and ex-
tends 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 preshaped
“flute beak” polyester graft using a continuous mono-
filament suture.
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In case of partial involvement of the aortic arch
requiring partial arch replacement, an alternative to
hemiarch replacement is represented by the replace-
ment 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 epi-
aortic vessels (the brachiocephalic trunk or also the left
common carotid artery).

AORTIC ARCH.
MENDATION TABLE 24 Therapeutic Options: Aortic Arch

Recommendations Classa Levelb Refc

s with an intended one-stage aortic
ment, the FET technique should be
d.

IIa B 576-581

h replacement, including the creation
ient landing zone, is recommended in
ent of multisegmental aneurysms of
ic aorta in order to facilitate the
wnstream repair.

I C -

forming the frozen and conventional
trunk techniques, a distal
sis in arch zone 2 should be
d.

IIa C -

e of an elephant trunk implant, the
trunk component should be
d to be accessible in zone 4.

IIa C -

ocedures may be considered for
h repair.

IIb C -

VAR involving zone 2, left subclavian
ascularization is recommended to
e risk of neurologic complications
troke and spinal cord ischemia.

I B 582-584

commendation; bLevel of evidence; cReferences. FET, frozen elephant trunk;
racic endovascular aortic repair.
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 surgical replacement, although some reports
have focused on this.592 The ascending and the proximal
descending aorta are usually 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 favor endovascular or open arch treatment. With these
considerations in mind, arch replacement can be per-
formed 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 considered one of the
most aggressive and invasive operations in surgery, not
just cardiovascular surgery.593

Even in surgical reports claiming isolated TAR,592 this
operation needs an adjunct such as the elephant
trunk594 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
extension358,469,578,579 with ongoing discussions with
regards to its applicability or benefit in aortic
dissections.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 sequential basis to treat the aortic arch is designed to
decrease the surgical trauma by eliminating aortic
cross-clamping, CPB and HCA with its intrinsic dele-
terious effects. This approach is of particular impor-
tance 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 pathological con-
ditions, the options for vascular transposition
(Figure 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 anatomical
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

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 tar-
geting specific subsets of patients who are considered at
too high risk for open surgical repair with TAR.319,596

Branched endovascular technology (Figure 25) is
finding its way, and there is proof of concept that,
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despite the lack of sufficient experience, cumulative
data and follow-up, it may represent 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
FIGURE 25 Branched endovascu lar to ta l aor t ic arch repa i r .
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
Figure 26.
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DESCENDING AORTA.
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

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 landing zone diameter should not exceed 38mm in diameter. IIa B 603

It should be considered that the proximal landing zone length be at least 25mm. IIa C -

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

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

IIa C -

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 considered 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; IMH, intramular hematoma; LCCA, left
common carotid artery; LSA, left subclavian artery; 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.
Thoracic endovascular aneurysm repair is the first-line
intervention for most pathologies at the level of the
descending thoracic aorta due to its favorable outcomes and
lower invasiveness.602,607,608 The latter is based on inserting
the transfemoral implant througha femoral artery cut-down
n e lephant t runk , hemiarch rep lacement and va lve-spar ing aor t ic
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 pathology (descending TAA), PAU, the false lumen
root rep lacement .
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of the aortic dissections 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 dissections,
TEVAR covers the proximal entry tear and eliminates the
antegrade blood flow to the false lumen, which leads to
false-lumen depressurization and thrombosis, accom-
panied by expansion of the true lumen.251,611 Those
desirable morphologic effects observed in the treated
aortic portion are referred to as (positive) aortic
remodeling, 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 oversized endograft to the aortic wall,
whereas the proximal landing zone describes the tar-
geted proximal endograft deployment level in relation to
the supra-aortic trunks.612

The choice of the sealing zones has important impli-
cations for the early and late outcomes after TEVAR. The
healthy PSZ in the descending aorta or the distal aortic
arch should exceed 25mm, whereas the DSZ should be
25mmand 50mm if the distal deployment is in the native
aorta or a previously implanted prosthesis, respec-
tively.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
procedure136,615 for further endovascular interventions.

Beyond the sealing zone length of �25mm, the
quality of the aortic wall plays a crucial role in the
outcome after the endovascular 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 hematoma or dissection

The outcome of patients with connective tissue dis-
eases treated with TEVAR in native landing zones is
associated with a considerable rate of complications and
of reinterventions, although favorable endovascular
repair outcomes were reported in smaller series.616-619

Furthermore, patients with sealing zone diameters
>38mmmayexperience further neckdegenerationbased
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 dissections) 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 endografts 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 frequentlyobserved,which is
due to the compression of the true lumen by the pressur-
ized false lumen and the elastic properties of the intima
layer.409 Therefore, accurate distal endograft sizing still
constitutes a challenge when planning the procedure and
should consider the dissection chronicity, ultrasound-
based membrane elasticity, the circumference-derived
true lumen diameter and the growth of the aortic diam-
eter 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 rupture at the distal endograft orifice, which
causes false lumen reperfusion and growth of the aortic
diameter and requires reinterventions 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 Exten-
sion 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 different
aortic bare stent types and techniques in smaller cohorts
hampered the long-term evaluation of these procedures
in a meta-analysis, whereas a recent MC trial showed
improved remodeling with the PETTICOAT tech-
nique.606 A recent retrospective single-center study
showed no favorable long-term remodeling after the
PETTICOAT technique with a high rate of
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reinterventions and open conversions.605 STABILISE is a
novel technique recently proposed for the treatment of
acute and subacute 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 currently available and describe favorable
aortic remodeling 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 unfavor-
able for TEVAR, the FET is the first-line option to create
a durable PSZ for further endovascular or open in-
terventions in the descending or thoracoabdominal
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 ischemia rates in comparison
to TEVAR.608 Nevertheless, isolated open repair of the
descending aorta still plays an important role in
patients with failed TEVAR, unsuitable anatomy, and
unsuitable connective tissue disease and includes
infectious aortitis (IA), aorto-bronchial or aorto-
oesophageal fistula and graft/endograft infections.630

THORACOABDOMINAL AORTA.
N TABLE 26 Therapeutic Options: Thoracoabdominal Aorta

commendations Classa Levelb Refc

o-moderate perioperative risk, open
vascular treatment of pararenal and
dered.

IIa C -

pen repair, a B/FEVAR procedure
the first-line treatment.

IIa B 631, 632

y be considered for patients unfit for
mically unsuitable for a B/FEVAR IIb C -

egy may be considered in any TAAA
nipulation to a minimum.

IIb C -

k for SCI undergoing endovascular
III or V thoracoabdominal aortic
EVAR–B/FEVAR approach should

IIa C -

roximal clamping before the full
to avoid retrograde embolization of
be considered.

IIa C -

open descending or
ta repair, cryoablation of multiple
porary nerve blockage) may be
ntrol as an adjuvant strategy.

IIb C -

artial femoral–femoral bypass for
al aorta repair should be considered
institutional experience.

IIa C -

; bLevel of evidence; cReferences. B/FEVAR, branched and/or fenestrated
; CPB, cardiopulmonary bypass; SCI, spinal cord injury; TAAA, thoracoabdominal
horacic endovascular aortic repair.
The success of classical open TAR depends on
providing organ protection and monitoring organ func-
tion. This section is meant as a technical guide for open
surgery, independent of the underlying pathology.

Cannulation and extracorporeal circulation. Two op-
tions 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 institu-
tional 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-shifting” strategy should have preceded any
classical open TAR either by previous FET and/or TEVAR
in order to achieve a proximal “full-fix”637 (Figure 27)
and in particular to reduce the need for manipulation
of the left lung to a minimum. A “non-touch”
technique 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 posi-
tioning may help to improve right ventricular and left
lung function.638

Clamping strategies. A sequential clamping strategy
is recommended.634,635 Using HCA to accomplish the
proximal anastomosis should be avoided because the
combination of HCA, left lung manipulation and major
surgery entails risk (Figure 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 pac-
ing 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 continuing in a regular fashion. This strat-
egy 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 ar-
teries 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 de-
terminants of symptomatic SCI.505 Small Fogarty
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catheters may help to reduce back bleeding in a short
period of time. If preoperative imaging was not
decisive for identification 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
(Figure 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 reimplantation sequence usually is
the right renal artery, the superior mesenteric artery, CT
and finally the left renal artery (Figure 30).

Specifics in thoracoabdominal aortic aneurysm repair

without extracorporeal circulation. This approach,
which usually affects TAAAs, is currently named type IV.
The least common 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 prosthesis
or reconnected via a separate graft to avoid kinking.
Selective kidney protection with cold saline or Bretsch-
neider’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 contempo-
rary first-line intervention for most thoracoabdominal
aortic pathologies and enables complete endovascular
treatment of the descending thoracic and abdominal
aorta (Figure 31). The principle behind B/FEVAR is the
exclusion of thoracoabdominal or pararenal aortic
pathology from the circulation by sealing in the
proximal and distal aortic sealing zones at the level of
the reno-visceral target vessels. 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 endo-
vascular repair (BEVAR) and fenestrated endovascular
repair (FEVAR) platforms comprise the orifice for the
target vessel in the main graft. Whereas branches create
a true overlap with the oversized BSG, the sealing 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 dis-
tances to the target vessels and offers increased stability
of the BSG in the branched device, whereas the transfer
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distance �5mm in fenestrated 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
thoracoabdominal aorta in comparison to BEVAR, with
the preservation 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
Results of branched/fenestrated endovascular aortic

repair. Branched/fenestrated endovascular aortic repair
comprises the first-line treatment option for thor-
acoabdominal 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 suprarenal and thoracoabdominal open
repair.631,632 However, the reintervention rate after B/
FEVAR is higher in the long term, which is due mainly
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RECOMMENDATION TABLE 27 Therapeutic Options:

Infrarenal Aorta

Recommendations Classa Levelb Refc

In patients with complicated PAU,
dissection or intramural hematoma
and in patients with mycotic
aneurysm and pseudoaneurysm in
the abdominal aorta, repair is
recommended.

I C -

In patients with complicated PAU,
dissection intramural hematoma, or
pseudoaneurysm with suitable
anatomy of the abdominal aorta,
endovascular repair should be
considered as the first option.

IIa C -

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

I C -

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

IIa B 651-654

In patients with suitable anatomy
and reasonable life expectancy,
endovascular AAA repair should be
considered the preferred treatment
modality.

IIa B 651-654

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

IIa C -

Tubular EVAR without an iliac
bifurcation 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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to the BSG failure leading to endoleaks or end-organ
failure. The risk of BSG thrombosis was proven for the
renal BSGs, long BSG trajectory and low-diameter target
vessels <4mm.644-646 The comparison of balloon-
expandable and self-expandable BSGs showed no sig-
nificant difference regarding long-term BSG stabil-
ity.647,648 The BSG deployment sequence through the
transfemoral access was associated with lower stroke
and paraplegia rates in comparison to the upper
extremity access in a considerable retrospective
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
INFRARENAL.
Abdominal aortic aneurysm. Management of infra-

renal abdominal aortic aneurysm (infrarenal neck

length > 10mm).

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 consideration. A patient’s and a sur-
geon’s decision to proceed with elective treatment should
be preceded by careful preoperative assessment of
concomitant disease and general health status (eg, 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, preference and patient-specific aspects.
Pooled data from 5 trials found no apparent differences
in mortality or major complications except for higher
rates of reintubation with a retroperitoneal access
route.658 Data from large registries concur with these
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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 polytetra-
fluoroethylene 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
aneurysmal degeneration necessitates a distal
anastomosis at the external iliac artery (EIA) with
separate reimplantation of at least one IIA to avoid
ischemic complications of the pelvic region, colon and/
or spinal cord.662 Reimplantation of the inferior
mesenteric artery remains a matter of debate because
it was not associated with a lower incidence of
ischemic colitis in 1 study, whereas it was beneficial for
selected patients in other studies (eg, poor back
bleeding, intraoperative colon ischemia, large inferior
mesenteric artery, IIA disease).663,664

Endovascular repair. Endovascular aortic repair pre-
cludes aneurysm 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
morphology (eg, angulation, tortuosity) is required for
optimal sealing 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 oversizing 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 (>4mm) arteries may be
managed with F/BEVAR.646,670 Coil embolization of the
aneurysm sac or the inferior mesenteric artery may be
beneficial to prevent type II endoleak.671,672 In
concordance with open AAA repair, in case of iliac
aneurysmal involvement, iliac branch devices could
safely preserve IIA patency.673

Open surgery vs 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 re-
ported similar long-term survival rates for EVAR and
open surgery.652-654 In general, there was an increased
reintervention rate in the EVAR group. These data sup-
port an open surgical repair strategy in patients with a
long life expectancy (eg, exceeding 10years). 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 expectancy did not differ between EVAR
or optimal surveillance in these patients.

Management of short-neck (infrarenal neck length

5-10mm) and juxtarenal AAA (infrarenal neck length

<5mm).

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 stratified for
specific complex AAA subtype or treatment strategy and
are reported to be around 4%.676

In short-neck AAA (infrarenal neck length 5-10mm),
open surgery is comparable to open infrarenal AAA
repair if an adequate cross-clamping site is present.677 In
juxtarenal AAA (infrarenal neck length <5mm),
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 ar-
teries 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 parallel 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 treat-
ment strategy in patients presenting with a ruptured AAA.
These trials showed no differences in short-term
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outcomes between open surgery or EVAR if the patients
were anatomically eligible for both types of treat-
ments.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 potentially beneficial for women.684,686 Other
relevant aspects were age >80years, which may favor
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 anti-
biotic regimens to treat the aortic and etiologic 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 mortality during follow-up and low reinter-
vention rates.693

Management of abdominal aortic dissection. Isolated
abdominal aortic dissections are rare. Evidence remains
limited to small series, and evidence from recent de-
cades 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.
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 35mm.

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.
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 ischemia, 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 vessel diameter of �35mm.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 (eg, 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 compar-
ison to open repair of elective and ruptured iliac aneu-
rysms.697,699,703-705 The iliac side branch (ISB) devices
offer an approved treatment option for iliac artery an-
eurysms with the preservation of the pelvic circulation
and high technical success and patency rates.706 In
comparison to the traditional endovascular treatment
technique [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 coiling 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
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treatment, EVARmay be used for the creation of the PLZ in
the infrarenal aorta.

The sandwich technique comprises an alternative endo-
vascular off-label method for the preservation of the IIA
duringthetreatmentof iliacarteryaneurysms.Thetechnique
is basedon2parallel grafts placed to the IIA andEIAand 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.
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 ‡10mm,
treatment should be considered in both
thoracic and abdominal pathologies.

IIa C -

In the presence of a type V endoleak
(endotension 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.

FIGURE 32 Class ificat ion of endoleaks .
The complete endograft sealing of the aortic pathol-
ogies in the healthy PSZ and DSZ ensures total throm-
bosis and depressurization, 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 exclusion of the pathology. The temporal
endoleak classification comprises 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 distin-
guishes 5 types (Figure 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 discrepancy between the targeted
and the ultimately achieved proximal 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
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RECOMMENDATION TABLE 30 Rare Conditions: Graft

Infections

Recommendations Classa Levelb Refc

It should be considered that patients
with vascular graft infections be
managed by a multidisciplinary team,
including cardiovascular and
vascular surgeons, imaging
specialist, infectious diseases and
microbiology specialist, in a facility
with emergency access to these
services.

IIa C -

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
infection who are fit for surgery, open
surgical repair is recommended.

I C -

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

I C -

In patients with vascular graft
infection and active bleeding into the
airway or gastrointestinal tract,
endovascular treatment may be
considered as a bridging strategy.

IIb C -

In patients with vascular graft
infection who are hemodynamically
stable without vascular discontinuity,
scheduled open surgery should be
considered.

IIa C -

Surgical management

Surgical management of vascular
graft infection, including excision of
prosthetic material, local
debridement and preferably
orthotopic vascular reconstruction, is
recommended.

I C -

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

I C -

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

IIb C -

(Continued)
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Type II endoleaks arise from the aortic branches,
which are situated 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 endo-
leaks does not imply the need for reintervention. Open
conversions and ruptures associated with type II endo-
leaks are rare719-721; thus endovascular reinterventions
(including particle and fluid embolization) may be
weighed if substantial aortic growth occurs during the
follow-up (�10mm).722 Current data do not support the
recommendation of preemptive 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 aor-
toiliac endografts have a sizeable complication rate and
should therefore be repaired promptly. The same recom-
mendationapplies to the secondaryBSG-relatedendoleaks,
whereas an early type IIIc endoleak may be observed.727

A type V endoleak or endotension describes a sub-
stantial aneurysm sac expansion (�10mm) without the
presence of the contrast agent in the aneurysm sac. The
true cause of endotension is still unknown: It may be
associated with the endoleaks that are not visible with
the current imaging modalities. The 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 endo-
leak classification 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 perfusion 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.



RECOMMENDATION TABLE 30 Continued

Recommendations Classa Levelb Refc

Postsurgical management

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

I C -

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

I C -

After surgical treatment of vascular
graft infection caused by fastidious
intracellular microbiological agents
(eg, Coxiella brunetti,
Mycobacterium spp, Mycoplasma
spp, Bartonella spp) extending the
postoperative antimicrobial course
beyond 6weeks 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
infection due to a low-virulence
causative agent and favorable
clinical/imaging features, medical
management alone and close follow-
up may be considered.

IIb C -

aClass of recommendation; bLevel of evidence; cReferences. CT, computed
tomography; 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 true incidence of prosthetic aortic graft infection
remains unknown. Several reports estimate that its
occurrence is between 1% and 6% of implants732 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 con-
tinues to exhibit significant variability among the
limited and usually single-center 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 multidisciplinary team may maximize the chances
of curation.734

Definitions and diagnostic criteria. The clinical pre-
sentation varies significantly among patients, depending
on the acuity of the infection, the microbiological
agent and systemic involvement. Frequently,
nonpathognomonic 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 diag-
nosis 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 labo-
ratory tests. One of the major limitations of this technique
is the variability of postoperative (physiologic) changes
that occur throughout the months after the index opera-
tion and that could be falsely interpreted as positive
findings. Unfortunately, there are still no clear-cut pat-
terns and cut-off values that unequivocally set the diag-
nosis of infection in this challenging context.729

The Management of Aortic Graft Infection Collabora-
tion730 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 microorgan-
isms obtained from surgically excised grafts, percuta-
neously 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 infec-
tion 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
significant biases that preclude extraction of meaningful
data for clinical use. The presence of large purulent
collections, vascular discontinuity, associated airway/
digestive tract defects and infection with aggressive
microorganisms (eg, 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 preoperative workup. The timing of surgery
for vascular graft infections in the presence of new-onset
vascular discontinuity or impending rupture is a surgical
emergency.735,736
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Aortic surgical options. A variety of approaches have
been developed for the treatment of aortic graft infec-
tion, each one with its own advantages and disadvan-
tages. There is no uniform treatment regimen to date.

Open surgery, when possible, consists of excision of
the previously implanted graft, debridement and, if
possible, anatomical vascular reconstruction. In unsta-
ble, bleeding patients the percutaneous 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 exami-
nation and microbiological processing (including
genomic sequencing to increase diagnostic yield). Iden-
tification 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. Replace-
ment of the infected vascular graft in the same position,
after thorough debridement, preserves vascular continu-
ity and minimizes physiologic alteration of blood flow.
Concerns about reinfection due to implantation in a
potentially contaminated field and perceived risk of re-
currences have led to advocacy for extra-anatomical re-
constructions. However, in the field of heart valve
infective endocarditis, where prosthetic substitutes are
usually implanted in culture-positive fields, accumulated
experience has demonstrated that relapses are extremely
infrequent. Anatomical reconstruction avoids extra in-
cisions andmanipulation of secondary vascular segments,
which may translate into several functional benefits.

A variety of graft choices for replacement exist with
no demonstrated superiority of one over the others.
Cryopreserved allografts have been extensively used as
a biological solution with a perceived low risk of rein-
fection, particularly in highly virulent microorganisms.
Their pliability may also facilitate intraoperative hemo-
stasis. Some of the major limitations are their availabil-
ity, the risk of rupture related to quality of processing
and calcific/aneurysmal degeneration.739-742 Conven-
tional synthetic polyester 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 observational
data.743 Coated vascular grafts have no proven capacity
to prevent infection.744

Self-made xenopericardial (bovine) tube grafts repre-
sent 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 intra-
operatively. Intermediate-term results have been re-
ported 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 contaminated field. The risks associated with
this approach include aortic stump blowout and a signif-
icantly higher risk of lower limb ischemia in distal aorta
segment repair.748-750 Retrospective multicenter data
analysis of aortoenteric fistulization repair points at sur-
vival equivalent to that of anatomical reconstruction.751

Management of patients with aortoenteric or aorto-

bronchial fistula. Patients with thoracic graft infection
may present with secondary communication between
the thoracic aorta and surrounding structures (bronchus,
oesophagus or other structures). This can occur after
open surgical repair or endovascular grafting. Infection
causing progressive erosion to such structures may lead
to enteral bleeding or hemoptysis, 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 pa-
tients) constitute the available descriptive data that ac-
count 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 prevent 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 modalities of
adjuvant surgery have been explored with variable
outcomes. Concomitant radical oesophagectomy with
proximal cervical oesophagostomy, pyloromyotomy and
gastrostomy for nutrition have been widely accepted
and remain the most successfully reported scheme.755,756

To reestablish 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
temporary 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 recon-
struction seems the most durable treatment strategy.630

For all these fistulation scenarios, the adjuvant use of
different coverage flap modalities has also been



RECOMMENDATION TABLE 31 Rare Conditions: Kommerell Diverticulum

Recommendations Classa Levelb Refc

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

I C -

It is recommended to offer multiple measurements
of the KD and the adjacent aorta to improve
surveillance and facilitate operative decision-
making.

I C -

In symptomatic patients with aberrant subclavian
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 ‡30mm and/or when the
combined diameter of the diverticulum and the
adjacent aorta (DAW) is ‡50mm and/or when the
diameter of the aberrant artery is ‡30mm.

IIb C -

In patients with a symptomatic aberrant subclavian
artery, transsection of the vascular ring and
transposition or bypass is recommended to release
compression and to reestablish arterial circulation.

I C -

In young patients without significant comorbidities,
open surgical treatment (via a thoracotomy 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 treatment,
open surgical resection and endovascular 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.

Ann Thorac Surg

2024;118:5-115

CZERNY ET AL

AORTIC DISEASE CLINICAL PRACTICE GUIDELINE

75
suggested. In the absence of further evidence surgeons
within multidisciplinary teams should apply their best
treatment choice, considering their experience, 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 samples may aid in the
diagnosis and facilitate antibiotic-directed regimes
before an elective operation. This option applies in the
absence of recent hemorrhage or anastomotic
pseudoaneurysm.

Multiple potential autologous tissues, such as pedi-
cled omentum flaps and muscular tissue (eg, intercostal,
latissimus dorsi) and pleuropericardial fat, among
others, have been used to protect 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 applica-
tion of intense negative pressure (-100mmHg) in the
surgical field for several days to facilitate infection
control and assist in tissue granulation. Mediastinal
irrigation with continuous or intermittent antibiotic
infusion has also been advocated for treating thoracic
graft infection.760

Delayed chest or abdominal closure allows examina-
tion of periaortic tissues and organs and facilitates
further debridement and irrigation of any residual sus-
picious necrotic tissue. Irrigation with antibiotics or
antiseptic solutions may help to reduce microbiological
presence around the newly implanted graft. In such in-
stances, 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 (eg, 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 utilized.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 determination of the appropriate extent
of surgical resection, depending on the patient’s pre-
sentation, comorbid factors and imaging findings, has
been suggested.764

It is not uncommon for patients to present in a clinical
condition that precludes any aggressive surgical inter-
vention.765 In such circumstances, a graft-preserving
option and prolonged antibiotics may be a noninferior
option. These decisions need to be made by an experi-
enced multidisciplinary team in an AC of reference.
Percutaneous drainage can be helpful in such situations.
Mediastinal perigraft debridement, if the clinical condi-
tion 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, af-
ter complete excision of the infected graft, at least a 6-
week period is the most utilized regimen.737 The
decision to discontinue antibiotic treatment in patients
undergoing conservative treatment for vascular graft
infection is made based on clinical signs, inflammation
parameters and imaging. Repeated follow-up 18F-FDG
PET/CT scans provide useful information for therapy
monitoring of patients with vascular graft in-
fections.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 interpre-
tation and therefore unnecessary extension of antibiotic
treatment.767

Toxicity arising from a prolonged suppressive anti-
biotic is frequent. 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 treatment should be
closely monitored.

KOMMERELL DIVERTICULUM.
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Diagnosis and follow-up. An aberrant subclavian ar-
tery 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 preva-
lence 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
aberrant subclavian artery rises to the contralateral side.
Most commonly, the aberrant subclavian artery passes
posterior to the 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

Themostcommonpresentation isdysphagia.771,774Other
symptoms include cough, chest pain, aspiration or
recurrent pulmonary infection.771,774,775 The overall
incidence of symptoms 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 subclavian
artery are available. The specific KD diameter at which the
benefits of repair outweigh the risks of complications (eg,
rupture) inanasymptomaticpatient remainsunresolved.777
mended measurements of Kommere l l ’s d iver t icu lum.
Some controversy exists regarding the actual size
measurement with no clear consensus. The lack of
consensus on the techniques used for measurement
of the diverticular size has rendered the reported
data relatively inconsistent and heterogeneous.777

For consistency, multiple measurements are
recommended (Figures 33A-33C), including the
subclavian artery diameter at its orifice (size of the
orifice) (Figure 33A); the size of the combined
diameters of the diverticulum and the adjacent aorta
(Figure 33B)772; and the measurement of the cross-
sectional aberrant right subclavian artery diameter
1 cm distal to the ostium of the vessel (Figure 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
symptomatic KD is a well-established indication,
regardless of size or growth. Potential interventions,
although complex, are associated with low periproce-
dural mortality.775,776 However, indications for
prophylactic intervention in asymptomatic patients
remain based on limited single-center reports and mul-
ticentric 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

mailto:Image of Figure 33|tif


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 (>20mmHg) and/or SBP difference
above 10mmHg combined 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 center should be considered.

IIa C -

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

IIa C -

In patients requiring coarctation rerepair, 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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In patients with a KD, preventive surgery is recom-
mended 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 30mm and
a KD larger than 55mm.136 Current American College of
Cardiology/American Heart Association guidelines
recommend treatment when the orifice is larger than
3.0 and/or the diverticulum is larger than 50mm and
thereby follow the 2020 SVS clinical practice
guidelines.141,778 Bath and colleagues774 recently
published a large, multicenter 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-center studies or multi-
center registries.776,779 Hence, a lower and reasonable
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 endovascular 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
reestablished arterial circulation through a
thoracotomy.774 Open aortic replacement of the aorta
may be considered based on anatomy in patients with a
KD. In symptomatic patients (dysphagia, 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 thoracotomy under CPB with or without
the use of HCA with selective carotid-to-subclavian artery
bypass provides excellent exposure and represents an
optimalmanagement 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 endovascular 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 prevalence is underestimated.781-783 It
appears when blood flow in the pulmonary trunk is
higher than aortic flow in the early phases of develop-
ment. Coarctation of the aorta is the seventh most
common congenital heart defect784 and is frequently
associated with other cardiovascular malformations
such as BAV, aortic arch hypoplasia, mitral valve
abnormalities, Shone complex, patent 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 presentation in young
adults is upper extremity hypertension. In the latter,
differential systemic blood pressure between upper and
lower extremities can often exceed 20mmHg.785

Diagnosis. Patients with CoA should undergo TTE for
initial assessment786,787 because this modality provides
functional and anatomical information regarding site,
structure and extent of CoA, LV function and the presence
of hypertrophy and concomitant cardiac abnormalities.
The best view to visualize the aortic isthmus, and
therefore the site of CoA, is a suprasternal view.788
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Flow turbulence can often be appreciated on colour-
flow Doppler with increased peak systolic velocity with
prolonged diastolic extension. The 2018 American Heart
Association/American College of Cardiology Guidelines for
the Management of Adults with Congenital Heart Disease
defined significantnativeor recurrentCoAwhen theupper
extremity/lowerextremity restingpeak-to-peakgradient is
more than 20mmHg or more than 10mmHg plus either
decreased LV systolic function, aortic regurgitation 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 useful 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 suboptimal
acoustic windows, cardiac MRI789,790 is recommended.

Computed tomography angiography is the preferred
imaging modality for preoperative assessment because
of its short acquisition time and excellent spatial reso-
lution,791 as well as a valid follow-up method. Thin-
section axial images with post processing such as mul-
tiplanar views, maximum-intensity projections and
volume rendering allow for precise assessment of aortic
and access axes assessment. In particular, essential
anatomical information includes the site and degree of
CoA, relationships with great vessels and assessment of
collateral circulation. In addition, head CTA is recom-
mended for exclusion of intracranial aneurysms, which
are often present in patients with CoA and account for
5% of deaths.792

Patients with CoA require life-long imaging surveil-
lance, whether operated on or not. Magnetic resonance
imaging techniques are a useful tool in reducing life-
long radiation while providing adequate spatiotem-
poral resolution and can substitute CTA. In addition, 4D
flow MR can provide additional insights into the COA
abnormal hemodynamics involved.790

Treatment. Before the introduction of surgical treat-
ment, the mean age of death was 34years, with a quarter
of patients dying during their second decade of life.793

Gross794 and Crafoord795 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 treatment 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 endovas-
cular repair for treating CoA.800 However, stenting is not
usually an option for neonates, infants and children. The
latter are treated with open surgical repair techniques,
such as end-to-end repair,794,795 patch aortoplasty801-803

or interposition grafting.804

Endovascular intervention. Although self-expandable
stents are still considered a valid therapeutic option,
most interventionalists favor 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 hemody-
namic, with a residual trans-stenotic gradient of
<10mmHg. 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 in-
fants and younger patients,794,795,810,811 patch
aortoplasty,801-803 extra-anatomical bypass from the
LSA to the descending aorta or, typically in redo surgery,
from the ascending aorta distal thoracic or abdominal
aorta.800,804,812-814 Surgical repair techniques are associ-
ated with high technical success and low mortality rates.
However, reinterventions are often necessary, thus
making imaging and clinical follow-up neces-
sary.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 findings are frequently difficult.817

Histologic examination of surgical specimens is the
fundamental tool to appropriately establish a diagnosis
of aortitis with a yield of around 4% in the scanty
surgical series with some numbers.817 The general term
“aortitis” includes noninfectious 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
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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
diseases, including aneurysms and atherosclerosis.820-825

Moreover, aortitis in general is a heterogeneous group
of diseases with protean manifestations and age pre-
sentations with a number of shared features across the
spectra of ages and pathologies.826

The surgical interest in inflammatory disease of the
aorta relies on the potential complications that include
aortic aneurysms and dissections, penetrating aortic ul-
cers, IMHs and eventual rupture827,828 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-caliber 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 subset of patients with a
more aggressive pattern of aortic and peripheral
vascular disease831 in all major forms of inflammatory
aortic disease. Knowledge accumulated in the past
decade suggests that imaging currently plays a major
role in the diagnosis and follow-up of inflammatory dis-
eases of the aorta. Computed tomography and 18F-FDG
PET are useful for the diagnosis of suspected inflamma-
tory disease of the aorta and for the evaluation of therapy
during the follow-up period, all this being widely recom-
mended.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 outcomes.832

TAKAYASU ARTERITIS. Takayasu arteritis is a nonspecific
inflammatory disease, a panarteritis of unknown etiology
and predominant female presentation that involves the
aortaanditsmainbranches.833,834Takayasuarteritis ismore
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
etiology 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 contribution.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 topography.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 inflammation, confirmed on
histologic examination of surgical 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 corresponding 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 per-
formed 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 pe-
ripheral 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 morpho-
logic changes in the left ventricle, which improve with
appropriate 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 syn-
thetic disease-modifying antirheumatic drugs, also
known by the acronym DMARD (methotrexate, azathi-
oprine, 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 familial 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 50years
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,
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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 infrequent, 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 vascular segments most frequently involved by
thedisease, andaccording to the topographyof 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 appearance of the
aorta.862,863 Histological analyses confirm disruption 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 ischemia 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 recom-
mended 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)
currentlydescribes the infectionsof thenativeaortic tissue.
It is steadily replacing the previously established and uni-
versallyused“mycotic” coinedbyWilliamOsler in 1885,868

while addressing the embolic nature of endocarditis.
Infectious aortitis results from septic embolization,
hematogenous 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 worldwide.141 This
treatment notwithstanding, there is little agreement
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 antibiotic therapy has to
address gram-positive cocci and gram-negative rods
before a microbiological diagnosis is made. Infectious aor-
titis is an uncommon condition even in the subset of pa-
tientswith inflammatorydiseases of the aorta, although its
actual prevalence and incidence may vary according to
specific populations.873 Despite a growing variety of
pathogens, cardiovascular 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 to-
mography and MRI help define the thickening of the
aortic wall, size an aneurysm if present and detect com-
plications 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
diagnostic 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 excel-
lent sensitivity, its specificity may be hampered because
of false positive findings.878 Moreover, PET/CT has a
significant impact on patient management that is more
pronounced with baseline than with follow-up examina-
tions and has value in the follow-up of patients with in-
fectious 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 inflammatory/infected tissue on gross intra-
operative 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 favorable 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, nonresectional treatment has been
proposed,883 including antibiotic 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.
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A nationwide survey in Sweden estimated acceptable
outcomes in the short and long term with endovascular
repair of thoracic infected aneurysms884; 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 endo-
vascular 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
POSTPARTUM
RECOMMENDATION TABLE 33 Aortic Disease in

Women: Pregnancy and Postpartum

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 <40mm, vaginal delivery is
recommended.

I C -

C-section should be considered in
pregnant patients with a diameter
‡45mm of the aortic root or ascending
aorta.

IIa C -

Surgery before pregnancy in women with aortic disease

Aortic repair before pregnancy is
recommended in patients with
Marfan’s syndrome and aortic root
diameter ‡45mm.

I C -

With an aortic root diameter of 40-
45mm, aortic repair before pregnancy
may be considered in the presence of
risk factors for aortic dissection (family
history or rapid growth > 3mm/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
dissection during the third trimester,
urgent cesarean 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.
AORTIC DISEASE IN WOMEN. Overall, ADs are reported to
occur less frequently in women. In a recent report885 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 extension to the abdominal aorta and malperfusion
and with similar outcomes at 30days.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
compared to 0.12/100 000 when not gravid.888 The
maternal mortality 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 30mm) in
both genders may underestimate the actual prevalence
of aneurysms in women. The gender disparity in AAA
prevalence is much less when a definition of >1.5 times
the suprarenal aortic diameter is used, rather than a
unique threshold of 30mm.891,892 Indeed, the diameter
of the abdominal aorta in women is on average 2-3mm
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 50mm, which is 10mm 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 Treat-
ment, 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 mor-
tality was 14% lower in women than that in men after
EVAR, whereas the survival was similar after open sur-
gery.896 In contrast, data issued from a contemporary
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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 hemodynamic and hormonal changes and is consid-
ered 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 postpartum period of up
to 1year, with a peak around the third trimester and up to
3months postpartum. 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 preexisting aortic
root dilation whereas TBAD may occur without known
aneurysmatic changes.899,901

It is recommended that women with a risk for aortop-
athy having a planned pregnancy undergo imaging
including echocardiography, MRI or CT, to elucidate the
entirevascular condition.Surveillance imagingthroughout
pregnancyandseveralweekspostpartumusingultrasound
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 hemodynamic stress during the second stage of la-
bour. Women at increased risk of aortic complications or
knownsignificantaortopathiesare typically recommended
to undergo a cesarean delivery.900,902

In women with one of the previously mentioned he-
reditary conditions, or a known aortopathy, prepreg-
nancy genetic counselling, baseline aortic imaging and
understanding of the potential 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 dissection in the context of a
pregnancy in Marfan patients is related to the prepreg-
nancy diameter of the aortic root with a relatively low risk
of 1% for dissection and a root dimension of 40mmor less,
and an increasing riskwith an aortic dimension surpassing
>45mm.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 40mm and
45mm 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 >45mm 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 >45mm and preemptive
repair should be considered.

Type B dissection in the context of pregnancy is often
associated with connective tissue disorders: For
instance, 20-40% of cases are seen in the context of
Marfan syndrome and may happen without preexisting
aortic dilatation.902,905,908 Vascular and aortic dissection
may also occur after delivery in the postpartum period,
most likely within 3months, 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 postpartum period.

SURGERY BEFORE PREGNANCY IN WOMEN WITH AORTIC

CONDITIONS OR HEREDITARY CONNECTIVE TISSUE

DISORDERS. Preemptive surgery prior to a planned
pregnancy and the decision to proceed to a surgical
intervention for theaortic root or ascendingaorta, orboth,
are complex issues that require a thorough discussion
with the patient, the patient’s family and the care team,
taking into consideration the specific disorder, the un-
derlying genetic variant, previous observation of the
growing dimension of the aortic root, the specific family
history and certainly the individual phenotype of the
given female patient. Ideally, the specialist team involved
in this decision-making process 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
preemptive aortic surgery, the risk and the potential
benefit should be discussed 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
Pediatric Emergency Assessment, Recognition, and
Stabilization 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 pathogenic variants in the TGFBR1 and
TGFBR2 genes.911

Because phenotypic features are usually absent in
patients with nonsyndromic HTAD with pathogenic
variants in multiple genes (eg, 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
>3mm is noted, a certain risk of maternal aortic dissec-
tion should be discussed. If it is early in the pregnancy,
high maternal risk of morbidity or death may warrant a
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pregnancy termination in selected cases.904,912

Prophylactic aortic surgery during pregnancy requires a
complex decision-making process and should be
individualized based on maternal and foetal risk
assessment. A dedicated care team usually 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 development 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 condition
of the mother. If type A aortic dissection occurs in the
first 26weeks 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 28weeks,
cesarean 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
trimester, if managed in an experienced AC.
RADIATION PROTECTION
RECOMMENDATION TABLE 34 Radiation Protection

Recommendations Classa Levelb Refc

During endovascular aortic repair, the
following 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
following 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,
thyroid, shins and goggles)

• Use mobile lead shields

I C -

aClass of recommendation; bLevel of evidence; cReferences.

ative

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 considered as
preferred for arterial pressure monitoring
postoperatively.

IIa C -

(Continued)
X-ray radiation is ionizing radiation that damages
tissue at the molecular level. The health effects of
exposure to ionizing radiation are divided into
deterministic and stochastic effects. Deterministic ef-
fects are based on tissue damage and may occur by
exposure of 0.1Gy or more. They include, for example,
erythema of the skin and lens opacities. Stochastic ef-
fects of ionizing radiation are chance events whose
probability increases with dose, but the severity is in-
dependent 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
performed 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 treat-
ments 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 indication andperformCTAonly if other imaging
modalities will not provide sufficient information. In most
case, following an aneurysm with a small diameter is
possible with magnetic resonance imaging and ultraso-
nography without any exposure to ionizing radiation.

“As low as reasonably achievable” principles to protect
patient and team members should be applied by physi-
cians performing aortic interventions.916 It is not only
necessary for health-care personnel to wear full protec-
tive shielding917 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 dosimeters worn by each individual
working in the operating roomwhere radiation is applied,
increases the awareness of radiation exposure.920

INTENSIVE CARE UNIT POSTOPERATIVE
MANAGEMENT OF PATIENTS UNDERGOING AORTIC
SURGERY

RECOMMENDATION TABLE 35 Intensive Care Unit Postoper

Management of Patients Undergoing Aortic Surgery



RECOMMENDATION TABLE 35 Continued

Recommendations Classa Levelb Refc

Close monitoring of lactate levels as a surrogate for
postoperative malperfusion 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

Rescue protocols for postoperative SCI after aortic
arch surgery procedures 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 procedures,
therapeutic anticoagulation is recommended.

I C -

Early TEVAR extension may be considered 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, thoracoabdominal aortic aneurysm; TEVAR,
thoracic endovascular aortic repair.
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BASIC POSTOPERATIVE MONITORING. Once the patient is
admitted to the ICU, arterial pressure monitoring is usu-
ally 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
undergoing 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 thoracoabdominal
aorta. Therefore, femoral arterial pressure monitoring
should be preferred in the early postoperative phase.

Monitoring heart function and cardiac output during
complex open surgical repair is one major domain of the
anesthesiologist on site. Transoesophageal echocardi-
ography is reliable for monitoring heart function but also
for evaluating operative results after valve replacement
or repair and is therefore recommended during open
surgical repair. Respecting the results of patients’ pre-
operative 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,
invasive cardiac output measurement might help to
better discriminate between primarily cardiac hypo-
perfusion 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 coag-
ulation system, respectively, and the higher rate of
blood loss, postoperative inadvertent hypothermia
should be avoided, and patients should be kept normo-
thermic 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 (eg, 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, ie, urine
production, lactate levels and coagulation, a
reassessment is normally performed 3 and 6hours 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 dissec-
tion, 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 postoperative 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 adminis-
tered intraoperatively in open as well as endovascular
aortic repair and is routinely reversed by giving prot-
amine. Hypothermia, hemodilution and loss of coagu-
lation factors as well as platelets challenge coagulation
management intraoperatively. Once the patient is
admitted to the ICU, laboratory as well as point-of-care
(POC) coagulation monitoring (thromboelastography) is
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required in order to maintain hemostasis and detect
hemostatic abnormalities early. In accordance with the
2017 EACTS/EACTA Guidelines for Patient Blood
Management, transfusion strategies should be
implemented.922,931 The role of hypofibrinogenemia has
been studied in the setting of cardiac surgery,
underlining its importance in the bleeding rate. Liberal
substitution of fibrinogen should be recommended 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 below 50 (109/l) for patients
on antiplatelet therapy has been proposed.931,932

SPECIAL CONSIDERATION FOR CERTAIN AORTIC

PROCEDURES. Aortic arch replacement. Overall, peri-
operative mortality and morbidity are significantly
higher following aortic arch operations 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
inherent 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 ischemic
organ damage. Postoperative ICU management of aortic
arch surgery procedures follows the principles and rec-
ommendations 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 syndrome is a major driver of adverse
outcomes in this subset of patients.38,227,928,934 In
addition, postoperative distal malperfusion 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 monitoring 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 scientific evidence suggesting
an optimal blood pressure range during the early post-
operative course after aortic arch surgery.933 Invasive
blood pressure monitoring is a crucial part of
postoperative ICU monitoring of patients following
aortic arch operations. Because many centers use
multiple invasive arterial lines intraoperatively, it
seems reasonable to prolong pressure monitoring via
an upper body and lower body arterial line throughout
the first 12-48hours after surgery to monitor for
postoperative blood pressure differences and acute
changes in regional perfusion.

Managing hemostasis in aortic arch surgery is chal-
lenging: 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 centers. In patients with
major postoperative bleeding, POC protocols might
hamper expeditious hemostasis, especially following
aortic surgery. 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 coagulation
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 classified 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
conditions in a timely fashion, such as acute cerebral
malperfusion or pericardial tamponade.941 Although
NIRS is nonspecific and may fail to detect certain
pathologies,942 large NIRS differences compared to
baseline or fast changes may trigger a further
diagnostic 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 therefore 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 collateral spinal network.357,358,943 The
length of the FET stent graft, the HCA temperature, the
HCA time944,945 and the postoperative low blood
pressure946 have been identified as predictors of SCIs.
Consequently, most centers 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 centers 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 5days
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to allow for reorganization of the arterial collateral 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 hematoma. 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 centers 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
drainage 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 implanta-
tion.938,953,954 ILT develop more frequently 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 [eg, 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 coagulability]
favor ILT formation. The risk of ILT might increase
exponentially 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 temporary,
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 represents a less invasive procedure and is
associated with fewer early deaths and complications in
comparison to open surgery, 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 treatment 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 treat-
ment 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 abdom-
inal aortic interventions and in patients after coverage of
the LSA without additional artery revasculariza-
tion.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
reimplanted. In both patient cohorts, slightly higher
systolic blood pressure (mean arterial pressure 80-
90mmHg) and hemoglobin levels of 10mg/dl may be
considered up to the exclusion 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 hematoma requiring
prompt intervention and coagulopathy treatment.955

In acute thoracic aortic syndrome, the postoperative
management is more complex; it includes strict evalua-
tion of visceral 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 intervention in order to estimate
the individual patient’s risk for organ ischemia and to
initiate specific examinations and treatment. Blood
pressure differences between the upper and low
extremities may indicate residual true lumen collapse
and imminent malperfusion in visceral and more distal
aortic segments. Pulse deficit and peripheral perfusion
should be evaluated 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 compartment
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
ischemia. Computed contrast enhanced tomography or
invasive angiography in hybrid operating 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
recommended to exclude or detect the presence of a
dissection flap in the proximal aorta and pericardial
effusion in case of chest pain, hemodynamic
depression and stroke followed by CT angiography.
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LIVING WITH AORTIC DISEASE
RECOMMENDATION TABLE 36 Living With Aortic Disease

Recommendations Classa Levelb Refc

Exercise and sports

Thorough education regarding the individual risks and benefits of exercise is recommended. I C -

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

I C -

Intense static exercise (eg, heavy weightlifting 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 rehabilitation program under medical
supervision is recommended.

I C -

Surveillance

In any patients receiving treatment of aortic pathologies, a disease- and treatment-based individual surveillance
program in a specialized aortic center with a dedicated outpatient 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 dissection or IMH irrespective of treatment modality, CTA surveillance is
recommended after 6months and 12months and, in case of stable conditions, annually thereafter for 5 years.

I C -

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

I C -

In patients after open surgical treatment for nonaortic dissection or IMH pathologies, imaging surveillance is
recommended after 12months and 24months 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 individual protocol.

IIa C -

In case of nonoperability, 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, intramural hematoma; TTE, transthoracic
echocardiography.
EXERCISE AND SPORTS. Engaging in exercise and
strenuous sports is an especially important 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 in-
creases systolic blood pressure and lowers diastolic
blood pressure and peripheral vascular resistance,
which leads to a mild total drop in mean blood pres-
sure.963 Accordingly, systolic values above 210mmHg
rarely occur despite maximum effort, but when they
do, the increase lasts longer than during static
exercise, because systolic values can exceed
500mmHg 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 dissection 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 literature
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 individually advised by clinicians by
expounding upon the positive and negative effects of
exercise on the given AD. Accordingly, there is insuffi-
cient data and evidence to encourage or discourage any
particular type of sport. A major effect of sports is
obviously the positive effect on quality of life—a factor of
utmost importance, especially in patients diagnosed
with inherent AD who are still burdened by stigmatiza-
tion and social difficulties that should not be exacer-
bated 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. Weight-
lifting 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 carried
out, irrespective of the amount of weight, patients
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with AD should only use low weights and stop exercise
well before muscle fatigue occurs.968

The effect of sexual activity on blood pressure in-
crease is only moderate when applying the same prin-
ciples for sports and exercise 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 surveillance 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 encouraged to achieve an increase in oxygen up-
take, maximum workload and quality of life by lowering
resting blood pressure.969 Nevertheless, close
surveillance via a low-static and low-dynamic individ-
ual program 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 rupture or dissection.

RETURNING TO WORK. After open heart surgery, most
patients returned to work after an average of 30weeks,
whereas 34% never did. The data on acute aortic
dissection are even more alarming: 12months after
discharge, only a quarter of patients had returned to
work after undergoing repair for ATAAD.971 Lin and
colleagues971 identified several risk factors lowering the
likelihood of returning to work, including manual or
semi-skilled professional employment.

Requirements for returning to work are adequate
blood pressure control and pain management
achievable without opioids. Accordingly, most pa-
tients can return to their jobs after 4-12weeks pro-
vided its physical demands are not excessive. There
are too little data to justify encouraging or discour-
aging 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 dissection 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 aneu-
rysm 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 substantial. Studies have shown that cardiac
rehabilitation (CR) programs are safe and achieve an
increase in maximum workload and peak oxygen
uptake.969,973 Therefore, an individualized CR program
based on the patient’s underlying AD and individual
baseline physical fitness level is beneficial in order to
reduce the risk of morbidity, mortality and psycho-
social effects.972,974 The CR program should be started
as early as possible 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 re-
lief, prophylaxis of AAEs or immediate management of
the latter, irrespective of the treatment modality.
Although current treatment options are evolving and
perioperative outcomes have significantly improved
over the last decades, there is still no cure for ADs
without the need for further surveillance. In patients
with nondissection and medically managed dissection
without invasive treatment, disease progression may
cause rupture, dissection, malperfusion or local com-
plications. Therefore, the goal of surveillance is to
identify these complications as soon as possible, not
only by early diagnosis but also by identifying risk fac-
tors 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 segment that is at the highest
risk of AAEs or is the suspected origin 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 nondissection 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 1.5mm/year975 and
0.56mm/year in nondissection 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
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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
program is indispensable. Because there are no data on
the superiority of any one surveillance program, it has
to be individualized based on the patient’s AD and
treatment, respectively. Nevertheless, as a general rule,
the more untreated segments 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 treatment) to
low-risk patients (aneurysm patients after open repair)
for subsequent aortic events that should be taken into
account for planning an individual surveillance
program in each patient. Lifelong surveillance
including CTA scans causes substantial 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 pa-
tients suffering from acute aortic dissection. This acute
event, which causes the patient to face morbidity and
death, leads to physical inactivity, anxiety and even
depression983 with a major impact on the person’s
quality of life. Standardized screening for mental
health-related issues and adequate treatment if benefi-
cial are of considerable 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 cardiovascular 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 different 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 societies 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 temperatures, detailing both degrees and loca-
tion 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 un-
derstanding and management of these complex
diseases;

• Understanding the regenerating response;
• Creating automated measurements of aortic di-
mensions.
KEY MESSAGES

Our understanding of the aortic organ is continually
evolving, especially in regard to its pathophysiology, the
timing for treatment and the application of current and
the development of new therapeutic strategies. Aortic
disease has emerged as a specialty with significant
health economic relevance. Several components of this
guideline already establish the foundational structure
necessary to meet the needs of treating the aortic organ
within a specialized center by a dedicated interdisci-
plinary 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 platform. It serves as an advisor and
companion to physicians treating patients with AD and
lays the groundwork for future collaborative efforts
among specialties and societies to grow and prosper
together.
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