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Preface

The aim of this book, Advances in Vascular Surgery — From the Diagnostic Phase to the
Use of Hybrid and Endovascular Techniques in the Management of Aortic Dissection, is to
provide the reader with a broad vision of the progress achieved so far in the treatment
of one of the aortic syndromes, aortic dissection. Aortic dissection still represents a
huge challenge for cardiac surgeons and vascular surgeons, as it is characterized by
high mortality and morbidity perioperative. The book is aimed at both colleagues
dealing with this pathology for the first time and expert colleagues. Various aspects
were addressed, including epidemiology, screening, surgical techniques, cerebral
protection, and endovascular approaches. Each procedure was evaluated in terms of
its risks and benefits.

Dario Buioni and Carlo Bassano
Cardiac Surgery Unit,

Policlinico Tor Vergata,
University of Tor Vergata,

Rome, Italy






Chapter1
Aortic Dissection

Shuo Huang, James Hu, Matthew Carnevale and Paul Lajos

Abstract

Aortic dissection is part of a spectrum of disorders known as acute aortic
syndrome, which includes penetrating aortic ulcer, intramural hematoma, aortic
transection, and aortic dissection. Aortic dissection occurs when there is separation
of the media layer within the aortic wall, often triggered by the sheer force of pulsatile
blood flow. The direction in which the dissection extends along the aorta and its
branches plays a crucial role in determining treatment. Dissections extending into
the ascending aorta require emergent surgery, while those confined to the descending
aorta may initially be managed with medications. However, a subset of descending
aortic dissections may also necessitate surgical intervention. During dissection, the
separation of the media layer compresses the elastic fibers in the true lumen, while the
rest of the aortic wall loses much of its structural integrity. Over time, this may lead
to degeneration of the aorta. As our understanding of this disease process deepens,
approaches to its management and surgical treatment continue to evolve. This chapter
provides an overview of the current knowledge of aortic dissections.

Keywords: aortic dissection, type B aortic dissection, acute aortic dissection,
thoracic endovascular aortic repair (TEVAR), chronic dissection

1. Introduction

Acute aortic dissection was first described in 1760 when King George II was wit-
nessed straining on the commode and subsequently collapsed. This was documented
by his personal physician, Frank Nicholls, who performed the autopsy and found a
“transverse fissure ... in the trunk of the aorta” that led to the King’s fatal demise by
cardiac tamponade [1]. In 1761, Morgani provided the first pathologic description of
aortic dissection; however, it was not until 1802 that Maunoir used the now familiar
terminology of “aortic dissection” and in 1819 Laennec utilized the term “dissecting
aneurysm” [2, 3].

On July 7th, 1954, DeBakey, Cooley, and Creech performed the first successful
surgical resection of a dissecting thoracic aneurysm. An open descending thoracic
repair was performed via a left posterolateral thoracotomy incision, where an aneu-
rysmal descending aorta was noted. Proximal and distal clamps were placed around
the aneurysm, and after resection of the aortic segment, a dissection flap was noted
in the distal end (Figure 1). This was sutured using interrupted sutures and the ends
reattached with an end-to-end anastomosis (Figure 2) [4].

1 IntechOpen



Advances in Vascular Surgery — From the Diagnostic Phase to the Use of Hybrid and Endovascular...

Figure 1.
Original drawing of first open aortic dissection repair with the demonstration of dissection flap in the distal
segment of the aorta (permission pending).

Figure 2.
Completed anastomosis of first aortic repair (permission pending).

In the last 50 years, the trend of aortic dissection repair has evolved from open
surgical technique to minimally invasive endovascular stent grafting. Originally
described in 1999, Nienaber et al. [5] found in their prospective study, with statistical
significance, that endovascular stent graft repairs had shorter operative times, ICU
stays, and lengths of hospital stay [6]. Thoracic aortic endovascular stent grafting
(TEVAR) has all but replaced open repair and is now the standard of care.

2. Pathophysiology

Acute aortic dissection is a rare but highly morbid disorder in which a separation
of the layers of the aortic wall propagates either circumferentially or longitudinally
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along the vessel axis. The intramural hemorrhage that occurs in aortic dissection
creates a false lumen within the media. When the false lumen is continuous with the
true aortic lumen, blood flow may occur, provided there is outflow. In the absence of
flow, the false lumen will thrombose. The etiology of spontaneous aortic dissection
remains unknown. Whether the disrupted vasa vasorum and resulting propagating
column of blood results in or occurs because of an intimal tear is undetermined.
When there is no communication between the false and true lumens and thus no
resulting flow channel for the blood which results in thrombosis, the condition is
known as intramural hemorrhage, which is also known as aortic dissection without
an identified entry tear. These conditions exist on a spectrum. When dissection
occurs, the septum typically forms when the intima and approximately two-thirds

of the media separate from the remaining one-third of the media and the adventitia
which make up the outer wall of the false lumen which is thinner and less elastic, thus
requiring dilation to a greater extent to generate an equal amount of wall tension to
the undissected aorta. The septum will recoil and collapse the true lumen resulting in
the typically observed findings on imaging of false lumen expansion and true lumen
compression.

3. Epidemiology

The incidence of aortic dissection is between 2.6 and 3.5 cases per 100,000 people
per year; however, this is likely an underestimate due to the significant prehospital
mortality rate [7]. Compared to aneurysmal disease, aortic dissection patients tend
to be younger and 65% of them are male [8]. This condition may also present in much
younger patients, typically in the setting of uncontrolled hypertension, catechol-
amine-releasing drugs use such as cocaine or amphetamines, and underlying connec-
tive tissue disorders (i.e., Marfans Syndrome or Ehler-Danlos Syndrome).

Up to 15% of aortic dissections are limited to the aortic root or ascending arch, 25
to 30% involve the descending thoracic aorta distal to the origin of the left subclavian
artery, and 60% involve and extend beyond the ascending aorta and the aortic arch
[9]. Presentation, treatment modality, and survivability differ greatly based on the
anatomic origin of dissection.

4. Diagnosis

Most patients presenting with aortic dissection describe tearing chest pain, often
radiating to the neck, back, or jaw. Ascending aortic dissection can result in aortic
insufficiency and cardiac tamponade. Descending aortic dissections can similarly
result in branch vessel malperfusion depending on the extent and location of the dis-
section flap. Peripheral malperfusion may be detected on physical exam by detecting
a pulse differential in the extremities. Given the overlap in symptoms between aortic
dissection and alternative life-threatening conditions like acute coronary syndromes,
a high degree of suspicion should be maintained especially considering the conse-
quences of missed or delayed diagnosis which can be fatal. This is compounded by
the fact that up to 20% of aortic dissection patients have ST segment changes on
electrocardiogram [10]. Various imaging modalities may be used to diagnose aortic
dissection, including gated-computed tomographic angiography, magnetic resonance
angiography and echocardiography, each with their advantages and disadvantages.

3



Advances in Vascular Surgery — From the Diagnostic Phase to the Use of Hybrid and Endovascular...

Gated-computed tomographic angiography is the gold standard imaging technique
that is frequently easiest to obtain and paramount to operative case planning and
long-term follow-up.

5. Classification

The treatment algorithms for management vary based on the anatomic location of
the aortic dissection. There are two traditional classification systems commonly used, as
well as a newly proposed classification system for aortic dissections. Aortic dissection is
categorized anatomically, as well as by the presence or absence of branch vessel compro-
mise. Although various classification schemes exist, the classically employed Stanford
system categorizes aortic dissection into the more common type A, in which the ascend-
ing aorta or proximal arch is involved, or type B, in which the dissection plane is limited to
the aorta distal to the left subclavian artery origin [11]. Alternatively, the original DeBakey
classification categorizes the dissection into three schemas based on the proximal intimal
tear and the distal extent of the dissection. DeBakey type I aortic dissections involve the
ascending aorta and extent distal to the arch (Figure 3). Type Il is limited to the ascending
aorta and type III originates and is limited to the descending thoracic aorta [13].

A more contemporary classification scheme proposed by a joint committee of
the societies of thoracic and vascular surgery provides a more detailed anatomical
description of the aortic dissection [14]. In this classification system, the proximal
and distal aortic extent of the tear are denoted as subscripts relating to the aortic zone
after the A of B determination based on the Stanford criteria (Figure 4). Aortic dis-
sections are also categorized by chronicity which is another important management

STANFORD " - | I B
DE BAKEY TYPE | TYPE II TYPE I
DE BAKEY CLASSIFICATION
Typel T TR =
Type ll onlythe dingaorta
it el i “ Nustration by Dr Sondeep Singl Awal
STANFORD CLASSIFICATION

Type A involves the aorta proximal to the origin of left subclavian artery

Type B involves the aorta distal to the origin of left subclavian artery

Figure 3.
Debakey and Stanford classification of aortic dissection [12]. (permission pending).
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Figure 4.
Society for vascular surgery and society of thoracic surgery aortic dissection classification scheme [14].

consideration reflecting morbidity, mortality, risk of endovascular intervention, and
aortic remodeling. Acute dissections occur less than 14 days from symptom onset with
a subcategory of hyperacute dissections occurring less than 24 hours from symptom
onset. Subacute aortic dissections describe the period from 2 weeks to 3 months post-
symptom onset, and finally chronic dissections include those older than 3 months
from symptom onset [15]. New tears, including acute and, more specifically, hyper-
acute aortic dissections, have a thin septum that gradually thickens and becomes
calcified and thus becomes less compliant with time. In the hyperacute and acute
phase, the friability of the aortic wall leads to an increased risk of retrograde tearing
with intervention.

6. Management
6.1 Nonoperative management

Type A aortic dissections are typically managed with emergent surgery and
ascending aortic replacement with interposition grafting requiring hypothermic
circulatory arrest and possible aortic valve repair or resuspension of which the details
fall outside the scope of this chapter. Type B dissections without rupture or branch
vessel malperfusion thus deemed uncomplicated are managed medically with blood
pressure control, analgesia, and monitoring in the intensive care unit. In cases with
rupture or compromised aortic branch vessel patency, intervention may be indicated
to expand the true aortic lumen and re-establish branch perfusion. Initial manage-
ment of uncomplicated type B aortic dissections involves blood pressure control
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which is commonly accomplished with intravenous beta blockade to decrease the
pulse pressure with a target systolic blood pressure of 100-120 mmHg and heart rate
of 60-80 beats per minute [16]. If additional agents are required to achieve control,
parenteral calcium channel blockers and vasodilators may be added.

If presenting to a community hospital, transfer to a tertiary medical center with
an intensive care unit and relevant surgical subspecialties should be initiated and
strongly considered. Invasive blood pressure monitoring should be used and frequent
laboratory testing to assess for chemical signs of malperfusion is recommended.
Uncomplicated aortic dissection without signs of rupture, end-organ malperfusion
and other high-risk features who undergo optimal medical management can often
be safely transitioned to oral antihypertension medications and observed without
surgery. Once beyond the acute phase, aortic remodeling is likely to occur if lifelong
blood pressure control is maintained. Patients with high-risk aortic dissections which
are not complicated, may warrant early intervention [17]. These include patients
with maximal aortic diameter exceeding 4 cm, entry tears exceeding 1 cm, and false
lumens exceeding 2.2 cm which have been shown to lead to aneurysmal degeneration
[18]. Finally, patients with refractory pain, radiographic evidence of malperfusion,
and hemorrhagic pleural effusion may also benefit from early intervention. To miti-
gate the risk of retrograde type A dissection, intervention in these cases is typically
preferred in the subacute phase.

In the setting of end-organ ischemia or rupture, intervention is indicated.
Malperfusion pathophysiology may be due to dynamic or static occlusion of branch
vessels. In dynamic malperfusion, the highly mobile dissection flap temporarily
occludes the branch vessel origin with hemodynamic changes during the cardiac
cycle. In static obstruction, the dissection flap propagates into the branch vessel
origin, causing true lumen to collapse with or without thrombosis. Malperfusion
syndromes can affect any branch vessel but typically involve the renal arteries and
visceral arteries but may also include the iliac arteries resulting in lower extremity
ischemia, or the carotid and spinal arteries resulting in stroke or spinal cord ischemia,
respectively. While more aggressive management is indicated in these scenarios, the
principle of blood pressure control must still be applied.

6.2 Operative management

Repair should be done in an institution with an infrastructure in place to care for
and manage these clinically complicated patients. This includes the availability of car-
diothoracic surgical consultation in the event thoracotomy is indicated as well as the
presence of a multidisciplinary team of experienced anesthesiologists, intensivists,
nurses, and perfusionists and an intensive care unit familiar with the care of aortic
dissection patients. Intravascular ultrasound and transesophageal echocardiogram
capabilities may also be helpful. Preoperative considerations such as placement of a
spinal drain to reduce the risk of spinal cord ischemia should be decided based on the
acuity of the patient, the experience of the anesthesiologist and the anticipated length
of aortic coverage. Since the goal is simply coverage of the entry tear to allow true
lumen expansion, routine prophylactic lumbar drain placement usually is not neces-
sary in the acute setting.

In 1999, Dake described the first TEVAR with a stent graft that is the current stan-
dard of care for the treatment of aortic dissections [19]. The advantages of TEVAR for
type B aortic dissection repair include the ability to perform the procedure under local
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anesthesia with mild sedation, without requiring single lung ventilation as well as the
decreased operative time and faster recovery of this minimally invasive procedure.
Planning for TEVAR to repair type B aortic diameter includes consideration of the
access vessels, intended aortic diameter, choice of available endografts, endograft
diameter, and length of aortic coverage including proximal and distal seal zones with
the potential need for proximal arch vessel coverage, as well as adjunctive techniques
to assist with aortic remodeling.

The available FDA-approved endografts for the thoracic aorta include the Cook
Zenith Alpha and Zenith TX2 (Cook Medical Incorporated, Bloomington, Indiana,
USA); Gore ¢c-TAG and TAG Thoracic Branch Endoprosthesis (W.L. Gore & Associates
Incorporated, Newark, Delaware, USA); Medtronic Valiant (Medtronic PLC,
Minneapolis, Minnesota, USA), and Terumo RelayPro and RelayPlus (Terumo
Corporation, Shibuya City, Japan). The instructions for use of these devices vary and
should be adhered to in order to achieve ideal results. Typically, 15-20 mm of healthy
proximal and distal seal zones with a maximum aortic diameter of less than 42 mm
are required for successful implantation. This may require coverage of one or more
of the sura-aortic trunks, most frequently the left subclavian artery to achieve an
adequate seal.

In the elective setting, subclavian revascularization with extra-anatomic bypass
can be performed prior to TEVAR to reduce the risk of neurologic complications;
however, in the emergent setting these patients are typically observed for signs of
ischemia. A dominant left vertebral artery and a left internal mammary artery-based
coronary artery bypass are obligatory indications for subclavian revascularization,
typically via a left common carotid to left subclavian artery bypass.

The Gore TAG Thoracic Branch Endoprosthesis is a novel, off-the-shelf device
with a built-in branch portal allowing for proximal seal in zone 2. Intravascular
ultrasound is helpful to accurately measure aortic diameter and confirm true lumen
positioning. The stent graft should be minimally oversized (<10%) to the native aorta
to reduce the risk of retrograde dissection in a friable aorta [20]. The extent of graft
coverage in the aorta should be limited to covering the entry tear with a single stent
graft in the descending thoracic aorta which is often enough to allow for true lumen
re-expansion without the increased risk of spinal cord ischemia that is associated with
aortic coverage length [21].

The Cook Petticoat graft (Zenith® Dissection Endovascular System) represents
a newer novel graft originally FDA-approved in 2019 and is a dissection-specific
bare metal stent extension (Cook® Medical Incorporated, Bloomington, Indiana,
USA) placed across the renovisceral segment. Known as the “Petticoat” technique
in the case of more extensive dissections, has been shown to aid with positive aortic
remodeling by reapposition of the dissection flap to the aortic wall over long-term
follow-up [22].

In Patel’s recent 2021 retrospective multicenter cohort of 120 patients from 10
European institutions with both complicated and uncomplicated type B aortic dissec-
tions treated with Zenith TX2 Dissection Endovascular Graft (ZDEG) and the Zenith
Dissection Bare stent (ZDES) between 2011 and 2018, 30-day mortality was 5.8%
post-surgery and 1.7% between 30 and 90 days of follow-up. Stroke and paraplegia
occurred in 2.5% and 4.2% of patients, respectively. There was a 6.7% perioperative
rate of type Ia endoleak and no instances of paraplegia, no permanent dialysis, and
no requirement for adjunctive superior mesenteric stenting in the 33 patients (27.5%)
who were treated by concurrent placement of ZDES distal to the ZDEG [23].
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7. Complications

TEVAR for aortic dissection is not without its risk of serious complications. These
include complications typical of endovascular access-based procedures such as
femoral artery pseudoaneurysm, hematoma, vessel dissection, and thrombosis as well
as potential problems specifically linked to instrumenting a damaged aorta such as
aortic rupture, retrograde dissection propagation and stent graft induced new entry
tears. Additional risks of inherent to TEVAR include stroke, spinal cord ischemia,
myocardial infarction, acute kidney injury, bowel ischemia, and death.

8. Outcomes

TEVAR for aortic dissection has favorable long-term results compared with
open surgical management. Results are also dependent on long-term optimal med-
ical management of hypertension, wherein long-term mortality has been shown
to be less than 10% at 1 year [24]. Short-term mortality is increased in patients
presenting with hypotension, syncope, rupture, malperfusion syndromes includ-
ing renal, mesenteric, limb and spinal ischemia, and advanced age [25]. With all
aortic dissection patients treated with medical management, open surgery, and/
or TEVAR, secondary interventions of the aorta are quite common and always
necessitate long-term medical management and regular imaging surveillance in
this patient population [26].

Regardless of surveillance, all-cause mortality at 1 year, 3 years, and 10 years was
15%, 24%, and 57%, respectively in this patient population and cumulative incidence
of aortic-related mortality at 1 year, 3 years, and 10 years was 8.9%, 16.5%, and 27.2%,
respectively. Nonaortic-related mortality was 2.7%, 7.2%, and 29%, respectively at
1 year, 3 years, and 10 years in this extremely ill cohort of patients [27].

9. Notes

The Terumo Thoraflex Hybrid, RelayPro, and RelayPlus (Terumo Aortic, Sunrise,
Fl1, USA) represent novel devices utilized in the therapies for thoracic aortic dissec-
tions and aneurysmal disease of the ascending and descending aorta, respectively.

The Thoraflex Hybrid graft is utilized in open repairs of the ascending aorta and
arch for the frozen elephant trunk technique. The trial by Coselli [28] was published
in 2024 and involved 12 US sites which included 65 patients without rupture in the
primary study group and 9 patients recruited in the rupture group. Freedom from
major adverse events was 81% at 1 year. Twenty-six patients underwent extension
procedures including 22 endovascular procedures within a median of 122 days and
freedom from MAE at 1 year was 71%.

The RelayPro represents the only on-label endovascular option to extend the
Thoraflex Hybrid graft if the lesion requires extension after frozen elephant trunk.
About 38% of patients need a downstream extension [29]. The RelayPro grafts offer
38% profile reduction in the graft with material tight woven polyester, a 24% profile
reduction with new thin wall coiled primary introducer outer sheath and a 21% pro-
file reduction of the inner sheath diameter. It is indicated for the treatment of thoracic
aorta pathologies in adult patients such as aneurysms, pseudoaneurysms, dissections,
and penetrating ulcers with intramural hematoma.
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The study by Starnes et al. [30] published in 2024 was a prospective multicenter
study assessing the low-profile RelayPro thoracic endograft in the treatment of
traumatic aortic injury. The study enrolled 50 patients at 16 US centers from 2017 and
2021. Kaplan-Meier estimated freedom from major adverse events, all-cause mortal-
ity, paralysis, and stroke, was 98.0% at 30 days and 95.8% from 6 months to 4 years.
RelayPro was deemed safe and effective and may provide an early survival benefit
in the treatment of blunt traumatic aortic injury with long-term results still being
followed.

In the study by Rossi [31], the RelayPro endograft was assessed for the treat-
ment of acute complicated type B aortic dissection with initial primary end point of
all-cause mortality at 30 days. The study consisted of 56 patients in 22 US centers and
reported 7 major adverse events in 6 patients which consisted of paraplegia, parapare-
sis, disabling stroke, and renal failure. Estimated freedom from major adverse events
was 89.1% at each interval from 30 days to 3 years.

The Relay Thoracic Stent-Graft with Plus Delivery System was specifically
designed to accommodate the curvature and tortuosity of the thoracic aorta and
originally approved by the FDA in 2012. Farber in 2017 looked at the RelayPlus in
an investigational device exemption study with 3-year follow-up results with 100%
technical success; 2.6% stroke rate; 0% Type I/III endoleak; 0% migration; 7.9%
secondary interventions; and 0% fracture [32].

Malas in his post market approval study in 2021 [33] looked at thoracic aortic
aneurysms and penetrating atherosclerotic ulcers undergoing thoracic endovascular
aortic repair in novice and experienced users. There were 45 patients in the study with
2 deaths perioperatively. Three-year freedom from TEVAR-related mortality, all-
cause mortality, and reinterventions was 95.6%, 84.0%, and 97.2%, respectively, with
two type I endoleaks at 3 years: one type IB (distal) and one type IA (proximal). Early
midterm results showed sustained freedom from TEVAR-related mortality. Follow-up
continues to evaluate results of the low profile endograft.
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Abstract

Circle of Willis (CoW) variations are present in a significant number of patients.
In patients undergoing non-emergent surgery for aortic dissection (e.g., chronic dis-
section or planned complex aortic arch surgery), an extensive preoperative examina-
tion is warranted as anatomic completeness, variation, patency, and functional
assessment of CoW is crucial to optimize neuroprotection strategies. In non-emergent
clinical presentations, unilateral or bilateral selective cerebral perfusion should be
tailored to patient’s anatomy to minimize intraoperative risk and improve outcomes. A
new classification system provides a simple and comprehensive ontology of the
described anatomical variations of the CoW. An accurate preoperative assessment
might indicate the need for adjunctive perfusion in selected CoW configurations.

Keywords: circle of Willis, variants, variations, cerebral perfusion, cerebral
protection, aortic arch surgery, dissection, aneurysm

1. Introduction

Circle of Willis (CoW) or cerebral arterial circle (CAC) is an arterial anastomotic
network formed by a symmetrical polygonal-shaped connection between internal
carotid arteries (ICAs) and vertebral arteries (VAs). It is located in the subarachnoid
space on the base of the brain, around the optic chiasm and infundibulum of the
pituitary stalk in the suprasellar cistern.
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The anastomotic circle may be divided into 2 parts:

* Anterior circulation: formed by left and right internal carotid arteries (ICAs),
horizontal segments (A1s) of the left and the right anterior cerebral arteries
(ACAs), and a single anterior communicating artery (AcomA)

* Posterior circulation: consisting of left and right posterior communicating
arteries (PcomAs), the horizontal segments (P1s) of left and right posterior
cerebral arteries (PCAs), and a single basilar artery formed by the union of right
and left VAs.

This anastomotic network allows an equal vascular supply between the two cere-
bral hemispheres and provides adequate perfusion in case of impaired or
decreased blood flow through one or more of its segment arteries. However, other
functions may be attributed to CoW, as demonstrated by Burlakoti et al. [1] through
the measurement of cross-sectional area of incoming, communicating, and outgoing
arteries of 51 cadaveric brains. The significant differences in the cross-sectional area of
incoming and outgoing arteries, together with the area of communicating arteries,
may be relevant for lowering the peak pressures of arterial blood perfusion of the
brain, reducing hemodynamic stress, and proving a better distribution of pressure
waves.

Four criteria are established to define the “normal” (non-variant) anatomy of the
CoW [2]:

* All segments are present (AComA, Als, PComAs, and Pls);
* All segments arise from their natural origins;

* No accessory arteries are present;

* All segments have an external diameter of >1 mm.

It is estimated that 68.22% of individuals in the neurologically healthy population
have CoW variations, more frequent than the considered non-variant configuration.
Commonly recorded variation types include hypoplasia, absence, and duplication.
Hypoplasia is usually defined as a diameter <1 mm. Variations are a risk factor for
cerebrovascular diseases, above all variations of CoW increase the risk of stroke, as
analyzed by De Caro et al. [3] in a study where the prevalence of CoW variants
increased in patients with ischemic stroke when compared to those who have other
illnesses or symptoms besides stroke, due to a less efficient collateral flow. Another
important cerebrovascular disease involved is arterial aneurysms, which may develop
from the altered hemodynamics that characterize variations of CoW, as a result of
high and low wall shear stress around the bifurcation sites [1]. Larger aneurysms have
an increased risk of rupture, leading to subarachnoid hemorrhage and hemorrhagic
ischemia. Variations of CoW are also involved in therapeutic options in preoperative
assessment for vascular and heart surgery to choose the most appropriate method for
cerebral perfusion and protection.

The purpose of this chapter is to give an overview of how variations influence the
selection of cerebral perfusion techniques in aortic arch surgery.
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2. Classification of variations

The considerable heterogeneity of variants of CoW leads to the need to create an
anatomical and functional classification system, due to the relevance of variants in the
preoperative assessment to decide the best surgical approach and the requirement of
precautions. The study of CoW variants and adequate cerebral protection techniques
reduce surgical errors and postoperative complications, improving the clinical out-
come of patients after surgery. The aim is to prevent neurological sequelae after arch
surgery during total or partial arch replacement through the classification of varia-
tions in risk categories which may help to use appropriate techniques of cerebral
perfusion.

The elaborate embryological evolution of CoW and the shifting configurations that
precede its definitive form predispose to abnormal development that may influence
its capacity as a shunt mechanism. In 1961, Riggs and Rupp [4] classified the anoma-
lous formation of CoW in four groups, based on the hypoplasia of communicating
arteries (AcomAs and PcomAs), divisional branches of basilar artery (P1s), proximal
anterior cerebral arteries (Als) and both divisional branches of basilar and anterior
cerebral. Although it is an admirable work where anatomical description encounters
functional consequence, they described 21 anomalous configurations only considering
hypoplastic segments, according to the configuration accepted as typical by Padget,
without including absence or duplication of the cerebral arteries segments.

Later, in 1979, Lazorthes [5] described 22 different patterns of CoW, where type I
is the typical CoW according to Padget’s definition, and type II is the “fetal type”,
characterized by hypoplasia of all arterial segments. With regards to other configura-
tions, they are based on the dependence or independence of the three main arterial
axes (carotid arteries and basilar artery), but only segment hypoplasia is included and
the lack of anatomical or functional distribution of variants in groups can generate
confusion and misunderstanding about the functional consequence and the main
feature of each variation. Moreover, the illustrations of CoW patterns are unclear and
not exactly descriptive of hypoplasia.

In 1998, Krabbe-Hartkamp [6] outlined 18 variants using three-dimensional time-
of-flight magnetic resonance angiography, dividing them into 2 groups based on the
anatomical position, whether the hypoplasia or absence of segment is in the anterior
or posterior circle. Hypoplasia was defined as a diameter smaller than 0.8 mm, there-
fore it may underestimate the frequency and the number of variations.

Afterward, Merkkola et al. [7] studied casts and angiographies made during foren-
sic medicine autopsies to assess in theory weather perfusion through the right axillary
artery is sufficient in providing uniform distribution of blood to both hemispheres of
the brain (Table 1). They defined hypoplasia as a diameter below 0.5 mm but also
repeated the analysis using 1 mm as threshold. In addition, they considered that
critical arteries to examine are the AcomA and the left PcomA, because AcomA trans-
ports blood through the anterior circulation of CoW to the left cerebral hemisphere
and PcomA establishes communication between the anterior and the posterior circu-
lation. Then their absence is associated with hypoperfusion of the left hemisphere of
the brain. They defined communicating arteries as normal, compromised, or missing
depending on the diameter of the vessel, if >0.5 mm, <0.5 mm, or not present in
either the permanent cast or the angiography. Then, they created four groups: the first
one was referred to as excellent because both communicating arteries were normal;
the second group called “good” was characterized by only one normal communicating
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Study (year) Patients CoW variants, details, and outcomes
Merkkola et 87 Exellent: AcomA+AcomPsn N 35%
al. [7] Good: AcomA N+ AcomPsnM 32%, AcomA M+ AcomPsn N 8%, AcomA

C + AcomPsn N 8%
Compromised: AcomA m + AcomPsn C 1%, AcomA C + AcomPsn M 2%
Bad: AcomA M+ AcomPsn M 14%

Papantchev et 99 CoW type Ia Left PCoA or both PCoA Left MCA 27.3% (27/99) 26.6% (22/83)
al. [8] CoW type Ib AcoA Left ACA 0% (0/99) 2.4% (2/83)
CoW type Ila ACoA and left PCoA Left ACA; left MCA 3.1% (3/99) 3.6% (3/
83)
CoW type IIb Right VA or left PCA (P1segment) Left MCA; left PCA 9.1% (9/
99) 7.2% (6/83)
CoW type III Right ACA (Al segment) Right ACA; left ACA; left MCA 3.1% (3/
99) 7.2% (6/83)
CoW type IV Right VA and right ACA (A1 segment) Right ACA; left ACA; left
MCA; left PCA 0% (0/99) 1.2% (1/83)
Total 42.4% (42/99) 48.2% (40/83)

Papantchevet 500  Type IA Left PComA Left middle cerebral artery 35.6% (178/500)

al. [9] Type IB AComA Left anterior cerebral artery 2% (10/500)
Type IIA Left PComA + AComA Left anterior cerebral artery + left middle
cerebral artery 4.8% (24/500)
Type IIB Left P1 or right VA Left middle cerebral artery + left posterior cerebral
artery 9.2% (46/500)
Type IIIA Right A1 + right anterior cerebral artery + left anterior cerebral artery
+ left middle cerebral artery 6% (30/500)
Type IIIB AcomA + right VA Left anterior cerebral artery + left middle cerebral
artery + left posterior cerebral artery 0.2% (1/500)
Type IV Right A1 + right VA or right A1 + left P1 Right anterior cerebral artery
+ left anterior cerebral artery + left MCA + left PCA 0.8% (4/500)
Total: 58.6% (293/500)

Table 1.
Studies describing anatomic variances of CoW during autopsies after sudden cardiac/cevebrovascular death.

artery; the patients who belonged to the compromised group, the third one, had both
arteries compromised or one compromised and the other one missing; the last group
was characterized by the absence of both the communicating arteries. This classifica-
tion is limited because only considers two segments of CoW and does not look at
vertebral arteries, right A1 and left P1 abnormalities. The proposed classification
included in the same group a missing and a hypoplastic segment, which may generate
confusion and may not represent an accurate analysis of the hypoperfusion risk of
unilateral cerebral perfusion technique.

As we discussed, the incompleteness of these classification systems brought Ayre
et al. [2] to propose a comprehensive classification system through the distribution of
82 distinct anatomical variations into five groups, based on the type of abnormalities
(hypoplastic or absent segment), which can provide a clear and complete vision about
all the patterns we may detect in patients. In this classification, the absence of seg-
ments is included, both hypoplastic and absent segments, and the presence of acces-
sory segments. This system allows us to clearly distinguish every potential variation,
but it is only based on an anatomical examination without information about func-
tional implications. In addition, to identify the specific variants which may be
observed in patients and attribute them to the corresponding group, it is necessary to
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consult the illustrated table of Ayre’s classification. This approach may be impractical
and time-consuming, especially in an emergent or urgent situation. Another disad-
vantage in using this classification as a reference for cerebral perfusion in cardiac
surgery is the absence of vertebral artery abnormalities, not taken into consideration
either by classification previously seen. However, it may be helpful and more conve-
nient for the attribution to each group and subgroup of an ideal perfusion technique to
warrant blood flow for each cerebral hemisphere, based on a primary empirical
evaluation, to enhance the identification and categorization of CoW variants.

Coulier et al. [10] described the frequencies of variations of CoW, identifying 27
types of variations in 511 patients with Computed Tomographic Angiographic 3D
Volume Rendering reconstruction of the cerebral arterial circle (CAC). They classify
variants into 3 groups: complete CACs (22.5%) with seven robust segments (6.1%) or
with hypoplastic segments, nearly complete CAC (30.72%) with only one segment
absent and incomplete CAC. They found that the posterior arch (73.18%) is much
more frequently incomplete than the anterior arch (18.4%), due to the lack of
PComAs, unilaterally or bilaterally.

Above all, it is important to highlight variations characterized by some very pre-
carious vascular supplies, such as complete isolation of the MCA (iMCA), found in
1.8% of patients and detected in seven different types of configurations. The MCA is
isolated when it is not connected to the contralateral ICA through the anterior circu-
lation for the absence of ipsilateral or contralateral Al segment of ACA or AcomA and,
at the same time, it is not connected to vertebral arteries through the posterior
circulation, due to the absence of PcomA or ipsilateral P1 segment of PCA. The most
common configuration is the absence of both communicating arteries, anterior and
posterior, followed by the absence of ipsilateral A1 and PcomA. Banga et al. [11] found
that iMCA is an independent predictor of immediate neurological events after CEA
using cross-clamping technique without shunt protection. Fortunately, in 545 patients
who underwent CEA, the iMCA was found in 6.3%, so it’s a rare CoW variation.

Other situations of anomalous CoW are complete separation of the 2 hemispheres
(2.15%), complete separation of basilar and carotid territories (40.1%, frequently
missing both PComAs), complete separation of the three main arterial axis of CAC
(both ICAs and VB trunk, 8.6%, frequently missing all the communicating arteries).

As seen, the posterior arch is most involved in CoW variations, specifically for the
PcomA-P1-P2 complex, involving a particular variant named “Fetal Posterior Cerebral
Artery” (FPCA) in which the distal posterior carotid artery territory is dependent on
the ipsilateral ICA. All the posterior arch variations can be divided into 5 groups:

* Agenesis of the PcomA (30.52% unilateral, 35% bilateral)

* Hypoplasia of the PcomA (25.24% unilateral, 19% bilateral)

* “Intermediate” type of FPCA, in which the caliber of P1 is quite similar to PcomA
* “Partial” type of FPCA, where the caliber of PcomA is greater than P1

» “Full” FPCA type, characterized by the absence of P1 and a robust PcomA.
Those variants may influence the extension of an ischemic stroke, hence the

prognosis of patients, which can be worse or better than patients without variations.
For instance, in patients with unilateral full FPCA type, a basilar artery occlusion may
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result in a smaller lesion, although an ICA obstruction may result in a wider ischemia
compared to patients without CoW variation [3].

Rangus et al. [12] demonstrated that more than one-third of patients with CoW
variations suffer ischemic stroke, especially in the posterior circulation rather than the
anterior. A higher frequency of right-sided FPCA was registered among patients with
CoW variants affected by stroke. All the patients affected by this condition were
reclassified into having one territory lesion stroke pattern from an initial categoriza-
tion as more than one territory pattern after performing MRI examinations. Initially,
vertebrobasilar territory stroke was re-classified as ICA territory stroke, re-assigning
the stroke from the posterior to the anterior territory. These patients are more prone
to misclassification of stroke patterns, which could affect care, not only in the acute
phase but may also compromise the choosing of the appropriate secondary prevention
protocol.

It appears clear that some classifications do not include types of variations that
may be fundamental in the preoperative evaluation, such as iMCA and the absence of
vertebral arteries, probably due to the different aims and methods of each classifica-
tion, as well as the different types of population involved and different threshold to
define hypoplasia. For example, the Krabbe-Hartkamp classification is functional in
understanding the role of CoW variations in patients with various degrees of carotid
stenosis, and since it involved healthy subjects, it is focused on the diameter variations
of segments. On the other hand, the Riggs and Rupp classification was obtained by
patients with clinical signs of neurological dysfunction and it is centered on the
hypoplasia of the segments without even a mention of segment absence, pursuing the
aim to reconstruct the embryological derivation and subsequently the defects. It may
underestimate the presence of CoW variants in healthy population.

Another difference is the type of method utilized to study CoW variations, such as
imaging techniques (CTA, MRA) or anatomic dissection at autopsy. Each method has
a different sensibility and specificity, so it may lead to miss variations that play an
important role in cardiac and vascular surgery.

Despite the numerous attempts to create a complete and comprehensive classifi-
cation system, it is indispensable to study a new categorization of CoW variants that
allows easier and faster identification of the ideal perfusion technique for each varia-
tion when aortic arch surgery is performed.

Therefore, the important incidence of variations of CoW and the multitude
types of configurations, despite the different implications of each configuration in
neurological outcomes after vascular and cardiac surgery, support the use of Com-
puter Tomography Angiography (CTA). This examination, adopted as a complemen-
tary high-quality evaluation for the preoperative assessment of non-emergent
pathologies, such as chronic aortic dissection, reduces postoperative neurological
complications.

3. Techniques of cerebral protection and neuromonitoring

Aortic arch surgery performed with the open distal anastomosis technique requires
a blood-free operating field and it may be ensured through a period of circulatory
arrest (CA). This strategy requires the interruption of all body circulation, including
cerebral perfusion, and several studies demonstrated that it is indispensable to provide
an adequate cerebral protection technique during CA, to reduce the risk of neurolog-
ical postoperative complications.
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After cardiac surgery, neurological injuries may occur. Roach classifies them into
two categories: Type 1, which includes transient ischemic attack (TIA), fatal and non-
fatal stroke, stupor, coma and hypoxic encephalopathy; Type 2, which includes epi-
lepsy without focal deficit, memory loss, cognitive decline and delirium. Later, Ergin
introduced a new classification to distinguish the characteristics of neurological dam-
age on the basis of clinical expression, describing Transient Neurologic Deficit (TND)
and Permanent Neurologic Dysfunction (PND), a useful system to compare the out-
come of each cerebral protection strategy. TND is defined as a global ischemic injury,
which is the result of inadequate or interrupted cerebral protection but is considered a
benign self-limiting condition with complete resolution before the discharge. It man-
ifests clinically as delirium, agitation, obtundation, postoperative confusion, or tran-
sient Parkinson’s without evidence in cerebral imaging such as CT. PND is represented
by ischemic stroke, due to an embolic event and it is not correlated with the strategy
used for brain protection. MR shows cerebral lesions in the first 12-18 hours after the
event, while CT after 24-48 hours. Symptoms and clinical manifestation depend on
the site and the extension of the ischemic insult.

The deep hypothermic circulatory arrest (DHCA) was used in the 70s as a substi-
tute for cardiopulmonary bypass (CPB) and, later, used for cerebral protection during
arch surgery in aortic aneurism. The aim is to reduce metabolism and oxygen use for
cerebral tissue. Deep or profound hypothermia is defined as a temperature below 20°
C, which makes it possible to reduce the oxygen consumption of the human brain
from 2.9 mL/g/min at 37°C to 0.2 mL/g/min at 20°C. A retrospective review [13]
analyzed DHCA performed at a main temperature of 16.5°C versus DCHA with RCP
at 20.5°C in patients who underwent aortic hemiarch reconstruction for elective aortic
aneurysm or acute type A aortic dissection. This study demonstrated the operative
mortality and postoperative stroke rate were comparable and there was no significant
difference in long-term prognosis, in both elective and acute ascending aortic pathol-
ogies. CA time was shorter in the DCHA group (9 vs. 15 mins), according to the STS
database study of type A dissection, which suggested that isolated DHCA less than
20 minutes might be safe during hemiarch replacement for aortic dissection. Unfor-
tunately, it is difficult to predict the exact limit in terms of safe time to warrant
cerebral protection and the temperature threshold to avoid deleterious systemic
effects of deep hypothermia, although it is considered to be 18°C. A period >40
and >65 minutes of circulatory arrest is predictive of ischemic stroke and mortality
respectively. Another disadvantage of DHCA is the prolonged CPB time, due to the
longer period to cool down and to warm up the patient.

Englum et al. demonstrated the importance of combining deep hypothermia with a
cerebral perfusion technique to reduce the incidence of postoperative stroke and
neurological complications, without any differences in terms of operative mortality
and neurological outcomes between retrograde and anterograde cerebral perfusion
[14]. They also compared different grades of hypothermia and found no differences
among various grades of hypothermia when a cerebral perfusion technique was
included. The different grades of hypothermia experimented on in this study were
defined and divided into three groups: high-moderate (24.1-28°C), low-moderate
(20.1-24°C), and deep or profound (<20°C).

Ueda et al. described, for the first time, the use of retrograde cerebral perfusion
(RCP) in aortic arch surgery. This technique consists of perfusing the brain through
the superior vena cava with a retrograde blood flow. The main perfusion pressure is
maintained between 20 and 25 mmHg but there is no possibility for direct monitoring.
This type of perfusion may eliminate toxic metabolites and cerebral air and embolic

21



Advances in Vascular Surgery — From the Diagnostic Phase to the Use of Hybrid and Endovascular...

debris from the arterial side, but the effectiveness remains uncertain. It may be
disadvantageous for prolonged CPB time, as over 80 minutes, and if pressure is
maintained over 30 mmHg because it may cause cerebral edema, worsening cerebral
damage. Moreover, the veno-venous shunting of blood flow from the cerebral to the
systemic venous circulation may occur, which could reduce the perfusion of brain
capillary and, therefore, the efficacy and benefits of RCP in cerebral protection.
However, meta-analysis demonstrates that RCP is associated with lower postoperative
stroke and operative mortality compared with DHCA, with no difference in any
outcome when comparing ASCP, even if DHCA is performed principally but not
exclusively at a main temperature of 20°C. If executed at low-moderate temperature,
RCP has no differences with ASCP in terms of neurological complications and post-
operative stroke, so it allows for lowering the grade of hypothermia. Thus, this cere-
bral protection technique is least utilized when performing elephant trunk surgery,
preferring bilateral or unilateral ASCP, probably due to the prolonged CPB time.

The anterograde selective cerebral perfusion (ASCP) remains the most used tech-
nique for cerebral protection. It was first used by De Bakey in 1957, and later, by Kazui
in 1995 and Pacini in 2010, who demonstrated the efficacy in terms of postoperative
morbidity and mortality. ASCP is based on cerebral perfusion directly through the
epiaortic vessels and it may be unilateral or bilateral, in relation to the cannulation of
one or both carotid arteries, even if the preferred cannulation site is the right axillary
artery or both the right and left axillary artery in the case of bilateral ASCP to avoid
manipulation of the supra-aortic vessels and the risk of atherosclerotic plaques dislo-
cation. The main blood flow is regulated at 8-16 ml/Kg/min to maintain a radial blood
pressure between 40 and 70 mmHg, with higher flows in warmer temperature strat-
egies but below 16 mL/Kg/min in order to avoid an increased cerebral pressure. The
core temperature is kept between 20 and 30°C, while perfusate temperature is kept
between 20 and 26°C, and the left subclavian artery is clamped to avoid the subclavian
steal syndrome. The use of this cerebral protection offers the advantage of prolonging
the safe time of circulatory arrest, which is very useful when a more complex and
longer surgery technique is performed. It also allows the use of bilateral perfusion if
both anterior and posterior communicating arteries are absent, to reduce the risk of
hypoperfusion of the left cerebral hemisphere. This procedure is not without its risks,
such as embolic events and vascular injury of cannulated vessels.

Multiple factors contribute to the final neurological outcome after aortic arch
surgery: temperature management, blood flow, pharmacologic protection, aortic
cross-clamping, and duration of CA. The type of perfusion strategy adopted is the
most deciding factor for the neurological outcome, as the cannulation site is for ASCP,
providing the following options: the femoral artery, the right or left axillary artery, the
carotid arteries, the innominate or subclavian artery and the ascending aorta in the
true lumen. The right axillary artery is the preferred cannulation site, due to the lack
of sandblast effect of turbulent flow, which may cause the disaggregation of athero-
matous plaques and calcifications, with a reduced risk of cerebral embolization.
Another advantage is the continuous backflow in all aortic arch vessels which mini-
mizes the risk of cerebral air embolization. In contrast, the left axillary artery exploits
posterior cerebral circle anterograde perfusion through the left vertebral artery.
However, this may not ensure a complete cerebral perfusion in the case of CoW
variants, as in the case of iMCA where there is no connection from the contralateral
internal carotid artery and at the same time there is no connection from the vertebral
arteries. In an emergent situation, when isolating the axillary artery is time-
consuming, direct innominate artery (IA) cannulation may be used as an alternative,
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which is non-inferior to axillary artery with regard to neurological outcomes in elec-
tive aortic arch surgery, as demonstrated by a randomized trial comparing axillary and
innominate artery as cannulation sites [15]. In addition, IA cannulation reduces pro-
cedural and CPB times, particularly in obese patients, and warrants lower flow resis-
tance, decreasing blood loss in the operative field and/or kinking of the cannula. In
case of shortness or dissection of IA, the right subclavian artery cannulation without
infraclavicular incision may be used as a cannulation site. Left common carotid artery
is a feasible and fast approach, used for an emergency option, mostly in obese
patients, due to the high compliance of the vessel which allows high CPB flow. On the
other hand, in case of small lumen, it will not support high CPB flows. Ascending
aorta as a cannulation site is usually avoided due to the high risk of false lumen
perfusion and rupture or dissection of the aortic wall while the femoral artery has long
been the standard site for peripheral cannulation in non-elective cases permitting the
cerebral blood flow through retrograde aortic perfusion, but a diseased abdominal and
descending thoracic aorta increases the risk of cerebral emboli and malperfusion. The
absence of obstructive clamps or cannulas within the field and direct aortic manipu-
lation in femoral artery cannulation is advantageous for the surgical technique. How-
ever, the disadvantages of retrograde perfusion are the possible development of new
re-entry tears and the perfusion of re-entry tears. In these circumstances, there is an
important risk of epiaortic vessels and visceral malperfusion and, then, an increased
risk of neurological damage. On those grounds, in the last 10 years, the cannulation of
femoral artery gradually diminished.

In most centers, unilateral ASCP is performed with the axillary artery as a cannu-
lation site, while bilateral ASCP may be performed using the right axillary artery and
the left common carotid artery or the so-called “Kazui technique” [16] based on the
direct cannulation of both the right and left carotid arteries.

Consensus regarding optimal cerebral protection strategy in aortic arch surgery is
lacking, so the ideal method of cerebral perfusion remains undefined and is still a
matter of debate. A systematic review and meta-analysis [17] assess the difference
between cerebral protection strategies in terms of postoperative mortality and dis-
abling stroke, by comparing different types of aortic arch surgery and pathologies:
degenerative aortic aneurysm, acute type A aortic dissection, and post-dissection
chronic aneurysm. The group of patients with unilateral ASCP had the lowest rate of
operative mortality and disabling stroke. This was observed despite the unilateral
ASCP group having the highest proportion of acute aortic dissections, especially
relative to the bilateral group. The longest CPB, aortic cross-clamp, hypothermic
circulatory arrest, and selective cerebral perfusion times were noted in the bilateral
ASCP group, whereas bilateral ASCP was mainly used for total arch replacement.
Even if it seems advantageous to prefer unilateral ASCP in case of a short period of
circulatory arrest, not all patients may be suitable for this cerebral perfusion technique
because of their cerebral vascular anatomy and physiology.

Even if some studies demonstrate the importance of collateral vessels like ophthalmic
arteries, leptomeningeal vessels, and external carotid arteries which may permit the use of
unilateral ASCP in patients with CoW variations, it is not considered protective when the
duration of circulatory arrest is more than 50 minutes. For these reasons, De Paulis et al.
recommend using bilateral ASCP if the duration is estimated to exceed 30-40 minutes
[18]. Patel et al. support the use of bilateral ASCP, especially when the duration of
circulatory arrest time is estimated to be greater than 30 minutes, due to the complexity of
the procedure, as a total arch replacement, since 6-17% of adult population has an
incomplete CoW, even if unilateral ASCP is a simple and reproducible technique [19].
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In relation to CoW variations, the current expert consensus document of EACTS
and ESVS recommends preoperative imaging studies to assess the patency and the
morphology of CoW where treatment involves the aortic arch. Furthermore, it may
not be feasible in an acute setting, as acute type A aortic dissection (ATAAD), which
has a mortality rate of 50% in the first 48 hours after the onset of symptoms if surgery
is not timely. Overall, the mortality rate of non-surgical treated patients is 58% while
among surgically treated patients is 26%, with an incidence of postoperative neuro-
logical deficit of about 10-30%.

A systematic review and meta-analysis [20] show the difference between ASCP
and RCP, also comparing bilateral with unilateral ASCP in patients affected by
ATAAD who underwent emergent surgery. TND risk did not differ between RCP and
ASCP, even if ACP increases the risk of embolic events and neurologic deficit while
RCP theoretically decreases the risk of emboli formation but cannot provide physio-
logical brain perfusion with a greater risk of hypoperfusion. However, the pooled risk
ratio for TND demonstrates that unilateral ASCP is superior to bilateral in preventing
neurological deficit, even if the ICU stay is longer in the unilateral group than in the
bilateral one. No significant differences were shown between RCP and ASCP, either
bilateral or unilateral, in terms of mortality and PND. Hence, circulatory arrest times
were longer in the ASCP group than the RCP group, according to other studies where
ASCP is preferred over other brain perfusion strategies, mainly bilateral, for longer
periods of circulatory arrest. Furthermore, the core temperature was elevated in the
ASCP group, resulting in reduced durations for cooling and rewarming, even if no
significant difference in the CPB duration was seen.

In conclusion, for acute pathologies and emergency aortic arch surgery,
bilateral ASCP is suggested for longer circulatory arrest durations; unilateral ASCP
is safe for shorter durations but is a superior strategy for preventing TND and may
be encouraged in case of augmented neurological deficit risk as poor preoperative
mental status, diabetes, and peripheral arterial disease if it is allowed by
surgeon expertise and resources; RCP is the less complicated method and can be
performed in more centers and by most surgeons but requires a greater grade of
hypothermia.

ASCP is the preferred strategy both in acute type A aortic dissection and in elective
aortic arch surgery because the physiological blood flow pattern direct to the brain is
associated with improved neurological protection with a lower risk for embolization
into the right-sided cerebral vessels.

For chronic pathologies and non-emergent aortic arch surgery, in addition to
circulatory arrest duration and co-morbidities, preoperative imaging of CoW may
contribute to the selection of the most appropriate cerebral perfusion strategy,
because the presence of any CoW variation could be decisional. Elective surgery
allows to improve the preoperative study of patients with chronic pathologies, such as
aortic arch aneurysm or type B aortic dissection, who may have a CoW variant,
because of the important prevalence in the neurologically healthy population
(62,22%) and who may benefit from a specific cerebral protection technique rather
than another one, with the aim to reduce TND and postoperative stroke. Even if
neurological events are less frequent in elective surgery (3.4%) than the emergent one
(12%), the efficacy of cerebral protection strategy is still the most important determi-
nant of favorable postoperative neurological outcomes both in elective and emergent
aortic arch surgery. It is important to underline that neurological complications are
associated with increased mortality, longer hospitalization, healthcare resources utili-
zation, and impaired quality of life.
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Therefore, it is appropriate to perform CTA in non-acute pathologies and non-
emergent surgery involving aortic arch to identify patients who may require a bilateral
ASCP, in addition to intraoperative monitoring.

As concerns neuromonitoring, it may guide the decision of the cerebral brain
protection strategy, because bilateral monitoring assures the achievement of a suffi-
cient amount of arterial blood and, then, an adequate supply of oxygen in both
cerebral hemispheres. According to many studies, a longer duration of DHCA is
associated with neurocognitive impairment, but TND is consistent with ASCP as well.
The question of an effective distribution and ideal quantity of cerebral blood flow,
particularly in the left hemisphere in presence of CoW variants, is one of the main
issues about unilateral ASCP.

Intraoperative neurological monitoring may prevent negative consequences of a
suboptimal cerebral perfusion. Different techniques are available for neuromonitoring
[21], such as near-infrared spectroscopy (NIRS), which is a non-invasive method used
to determine the regional oxygen saturation of hemoglobin (rSO2) regarding blood in
the brain, based on the different absorption capacity of unsaturated and saturated
hemoglobin in the near-infrared spectrum. This method employs disposable sensors
placed on each side of the patient’s forehead which allows the detection of rSO2 of the
cortical brain tissue (3—4 cm of depth) perfused by anterior and middle cerebral
arteries, but it only detects rSO2 reduction in the frontal lobes. It permits to continu-
ously monitor changes in the local brain oxygen imbalance to recognize early
hypoperfusion through prolonged rSO2 desaturation. The cut-off to define a high risk
of neurological injury varies among available NIRS devices, and may be defined as a
drop of >10% from the baseline with the ForeSight method or >20% with the INVOS
system, due to the different grades of depth detection, 20 mm below the skin for
INVOS and 25 mm for ForeSight [22]. The disadvantage is the lack of monitoring of
the parietal and occipital lobes which are part of the posterior arterial territory, useful
in CoW variants with absence of anastomosis between the anterior and the posterior
circle. Moreover, it does not detect the perfusion of deeper brain regions, as required
in elderly patients in which cortical atrophy gets the cortex away from the skull, and
the signal may be influenced by ambient light and skin or muscle blood flow. Hemo-
globin, total bilirubin, end-tidal carbon dioxide concentration, blood pressure, and
inspired oxygen fraction are known factors influencing rSO2 measurement. In emer-
gent surgery, when CTA is not performed to detect CoW variants, an impaired rSO2
may be caused by interrupted CoW if the cannula is not displaced or the arterial line is
not obstructed. In this case, a switch from unilateral ASCP to bilateral should be
considered. NIRS can be helpful in detecting the opposite situation: persistent hyper-
emia caused by hyperperfusion and hyperoxia induces vasogenic edema, the major
determinant of cerebral hyperperfusion syndrome characterized by migraine symp-
toms, delirium, focal neurologic deficit, seizures, and coma.

Choi et al. [23] observed that, during CEA, a significant predictor for shunt inser-
tion is the fractional reduction of rSO2 from the preclamping reference point recorded
with NIRS system. A fractional decrease of 25.8% considered as cut-off value was not
influenced by the patency of the CoW. In case of not patent anterior circulation of
CoW, in patients with shunt placement, the maximum fractional decrease of rSO2 and
the degree of stenosis in their contralateral carotid artery are significantly higher.
Anyway, the drop in the cerebral oxygen saturation registered with NIRS system
during the period of uASCP, may be the result of hypoperfusion of left cerebral
hemisphere if selected CoW variations are present. Switching to bASCP may lead to
restoration of perfusion in the left cerebral hemisphere with a significant increase in
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cerebral oxygen saturation. Despite its high false positive rate, cerebral oximetry may
be properly sensitive to predict cerebral ischemia during CEA as suggested by these
findings. While the positive predictive value was lower, cerebral oximetry could be an
advantageous intraoperative device during aortic arch surgery owing to its high neg-
ative predictive value.

The latest evolution in terms of optical techniques are Diffuse Correlation Spec-
troscopy (DCS) and Frequency-Domain NIRS (FDNIRS). These techniques are based
on the evaluation of the optical properties of tissues correlated to blood flow and
hemoglobin concentration, respectively. Further to cerebral oxygen saturation, they
also offer quantitative measures of cerebral blood volume and perfusion, useful for the
calculation of a quantitative index of cerebral oxygen consumption (iCBF). However,
the role of these techniques in cardiac anesthesia is still to be defined.

Transcranial Doppler (TCD) is a non-invasive method useful for the evaluation of
blood flow in large intracranial vessels (i.e., middle cerebral artery) and the detection of
micro- and macro-emboli. In particular, for patients with an incomplete CoW, when an
inadequate cross-filling is detected and there is no perfusion in one of the middle
cerebral arteries (i.e., due to iMCA), a shift from uASCP to bilateral could be quickly
performed. When the decrease of middle cerebral artery velocity is >50% from the
baseline during cerebral perfusion, it may guide the decision to change cerebral protec-
tion strategy. The TCD, differently from NIRS, allows real-time detection of cerebral
blood flow, possibly optimizing the perfusion strategy earlier. Unfortunately, TCD is
not applicable in approximately 20% of patients because of poor acoustic transcranial
window [24]. It is not a recommended technique to detect CoW variants in an
intraoperatory setting because a percentage of patients, estimated to be 15%, do not
tolerate carotid compression for the assessment of CoW function. Even under the
carotid compression test, the exact hemodynamic condition of cerebral perfusion is not
accurately simulated, so the effective perfusion pressure during brain perfusion could be
underestimated. Patients with severe carotid atherosclerosis who undergo aortic arch
repair, estimated to be 3% of all patients, should avoid carotid compression. Thus,
hemodynamics between preoperative and intraoperative evaluation with TCD is very
different, because of the effects of non-pulsatile blood flow, lower mean pressures,
hypothermia, and anesthesia which are not considered during the initial functional
evaluation of CoW. Lastly, TCD is largely reliant on the operator and has not been
commonly employed in cardiac surgery. These findings encourage the preoperative
assessment of CoW with CTA whenever possible and the limitation of TCD as an
integrative approach for NIRS in intraoperative monitoring in selected cases.

Electroencephalogram (EEG) has been widely used as an intraoperative monitor-
ing tool to detect cerebral ischemia. Variations in EEG, such as diffuse or focal
attenuation of the high and the middle frequencies, asymmetric changes in frequency
and amplitude of the recording, and persistent increase of slow waves, are considered
signs of cerebral ischemia. However, this method is susceptible to influences by
anesthetic effects, leading to potential false negatives, especially in the case of micro-
embolism. It cannot detect subcortical lobe ischemia or silent brain stroke caused by
micro-embolisms. In this regard, the Bispectral index (BIS) is a processed EEG
parameter introduced to indicate the depth of anesthesia and cerebral ischemia. A
certain decrease in BIS may be indicative of cerebral ischemia, but the exact threshold
has not been yet identified and it has a limited positive predictive value, so false
positives may occur.

Somatosensory evoked potential (SSEP) is the electrical activity response mea-
sured at the skin’s surface following controlled peripheral nerve stimulation and may
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indicate cerebral ischemia if it changes >50% from the baseline. Unlike EEG and
NIRS, SSEP analyzes not only the cortex but also the deepest structure of the brain,
but it demands expertise and may not properly evaluate all aspects of cerebral perfu-
sion. Thus, EEG and SSEP measurements are affected by hypnotic agents and electro-
surgical devices, including electrocautery.

As demonstrated by various studies, the intraoperative neuromonitoring technique
cannot replace CTA as preoperative technique for the evaluation of CoW variants and
they are characterized by different limitations and positive or negative predictive
values. In conclusion, neuromonitoring is useful to shift cerebral perfusion technique
for emergent surgery, when CTA is not performed and is reasonable to suspect CoW
variants, and in elective surgery to evaluate technical intraoperative problems with
CPB or cerebral protection strategy, such as cannula malposition or arterial line
obstructions.

4. Systematization of CoW variants and cerebral perfusion techniques

As discussed, a new and specific classification is needed when performing non-
emergent and elective aortic arch surgery in patients affected by CoW variants, in
order to choose the best approach to cerebral perfusion.

The normal anatomy of CoW protects patients from ischemia because it warrants
the perfusion of all cerebral areas, even when an internal carotid artery is clamped and
even when the contralateral internal carotid artery is occluded, despite the brain being
perfused only via the basilar artery. However, during cardiac and vascular surgery, in
presence of anomalies of the CoW, the perfusion of some cerebral areas can become
insufficient and produce clinical neurological deficits. Besides the variable presence of
connections in leptomeningeal and extracranial networks, collateral flow in the brain
(which includes the brain stem, the cerebellum, and both cerebral hemispheres) is
primarily dependent on the CoW. For these reasons, unilateral ASCP is not always
suitable and in selected cases, it is indispensable to perform a bilateral ASCP, while
RCP is always suitable but is CPB-time limited and it is impossible to determine
whether the brain is really perfused with oxygenated blood or it is shunted with
cerebral oedema as a major complication. In addition, DHCA, if performed for
20 minutes is considered safe, but this period is too short for complex arch recon-
struction. A recent European survey [18] showed that approximately two-thirds of
centers prefer bASCP, whereas one-third of them deliver the cerebral perfusate in an
unilateral manner; DHCA and RCP are rarely used in Europe.

The aim is to develop a systematic classification of CoW variants which are likely
to have an increased neurological deficit risk if aortic arch surgery is performed with
unilateral ASCP. The preoperative prediction of bilateral ASCP reduces cerebral
hypoperfusion and, consequently, TND and neurological complications.

Evidence are summarized from studies in patients undergoing carotid artery sur-
gery (Tables 2 and 3) and non-emergent arch surgery (Tables 4 and 5).

Urbanski et al. [32] divided CoW variations into three groups: in the first group,
there is only one hypoplastic or absent segment; both sides of the second group had
abnormalities in the posterior pre-communicating (2a) or communicating arteries
(2b); in the third group, the abnormalities are in both anterior and posterior segments
of the CoW on one or even on both sides. This last group is the only one that might
benefit from bASCP and, in some cases (missing posterior communicating segments
on the left and anterior communicating segments on the right, as iMCA, or above two
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Study CoW variants, details and outcomes Comments
(year)

Banga etal. Complete CoW: 1INE An iMCA (isolated middle cerebral

[11] Isolated anomaly in anterior semicircle (72 patients): artery) carries more than a 10-fold
1INE higher risk of INEs after CEA with
Isolated anomaly in posterior semicircle (196 cross-clamping without shunt
patients): 2 INEs protection. In these patients, routine
No differences in INEs between complete CoW and  shunting is recommended to prevent
single/isolated anomaly (P = 0.57) INEs.
Abnormalities in both semicircles (215 patients): 16
INEs. Significant differences compared to other
groups in terms of INEs (P = 0.001). Among these
patients, 8 out of 34 patients with iMCA (isolated
middle cerebral artery) had INEs (23.5%).
iMCA is a strong predictor of INEs (OR 11.1, 95%CI
3.6-35.9, P < 0.01)

Choietal.  Absence of the anterior circulation in CoW is the When the anterior circulation was

[23] most important factor for shunt insertion, assuming non-patent, the probability of shunt
no stenosis in the contralateral carotid artery during insertion increased as the
CEA. contralateral carotid arteries were
rSO2 can be applied in predicting shunt insertion, more severely stenosed.
irrespective of the patency of the circle of Willis,
although the positive predictive value was low. The
cut-off value was 25.8%.

Gibello etal. The most common anomaly is the ipsilateral or A proposed score (PTOT) is the

[25] contralateral hypoplasia/occlusion of the posterior ~ summary of patency of CoW and the

communicating artery.

Significant correlation between the number of CoW
anatomic anomalies and neurological tolerance to
cross-clamping: two or more hypoplasic or occluded
segments of the circle are positively correlated to
worse cerebral compensation.

supraortic trunk.

PTOT is a strong predictor of
cerebral tolerance to carotid cross-
clamping.

Montisci et
al. [26]

Strong association between intolerance to carotid
cross-clamping and two or more agenesiae /
obstructions in the CoW (OR 51, 95% CI 5-480, P
< 0.001).

No significant difference in the risk of developing
carotid cross-clamp intolerance between the
presence of one agenesia/obstruction in the CoW
versus complete CoW (OR 1.7, 95% CI 0.1-28.7,

P =0.71).

Probability of having two agenesiae / obstructions in
the CoW in patients with carotid cross-clamp
intolerance: 82%

Probability of having zero or one agenesia /
obstruction in patients without carotid cross-clamp
intolerance: 90%

Probability of a patient having carotid cross-clamp
intolerance when the CoW has two agenesiae /
obstructions: 60%

Probability of a patient not having carotid cross-
clamp intolerance when the CoW has zero or one
agenesia / obstruction: 96%

Two or more agenesia / obstructions
of the CoW were associated with a
high risk of intolerance to carotid
cross-clamp.

Pennekamp
et al. [27]

Posteriorly, the most observed abnormality was a
not-visible P-coms (47% and 45% for the ipsilateral

In the MRA group, any not-visible
anterior (OR 4.96, 95% CI 1.95-
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Study
(year)

CoW variants, details and outcomes

Comments

and contralateral P-com respectively)

1. Circle of Willis morphology with MR (284

patients)

1A) Not visible anterior segment (any) (48
patients); among them, shunt used in 14 patients (P

<0.01)

1B) Not visible posterior segment ipsilateral (any)
(136 patients); among them, shunt used in 34

patients (P < 0.01)

2. CoW morphology with MRA / CTA (431 patients)
2A) Absent anterior segment (any) (77 patients);
among them, shunt used in 21 patients (P < 0.01)
2A1) Absent A-com (49 patients); among them,

shunt used in 12 patients (P = 0.05)

2A2) Ipsilateral Al segment hypoplastic (61
patients); among them, shunt used in 1 patient (P

< 0.01)

2B) Absent ipsilateral post segment (241 patients);
among them, shunt used in 49 patients (P = 0.01)
2B1) P-com not-visible (201 patients); among them,

shunt used in 38 patients (P = 0.04)

2B2) P-com < P1 (121 patients); among them, shunt

used in 9 patients (P < 0.01)

2C) Absent contralateral post segment (194
patients); among them, shunt used in 25 patients

(P =0.75)

12.58) or ipsilateral posterior
segment of the CoW (OR 5.08, 95%
CI 2.10-12.32) was independently
related to the need of shunt use
during CEA

In the CT group none of the factors
were independently related to the
need for shunt use during CEA.
Therefore, only predictors
describing morphology of CoW
derived from MRA findings were
included in this model.

Imaging with MR seems superior
compared to TC in terms of image
quality and clinical / prognostic
implications.

Soares et al.
[28]

During CEA 4 patients required selective shunt (2
with complete CoW, 2 with incomplete CoW;

P =0.15).

The incidence of postoperative stroke was 3.1%
(asymptomatic 2%, symptomatic 1.1%), with no
differences among CoW complete and incomplete

groups (3.7 vs. 2.3%, P = 0.68).

The completeness of the CoW might
not influence the outcomes of
carotid interventions.

Anatomy of the CoW is not a strong
enough predictive factor for the
prognosis of cross-clamping
intolerance during CEA

Zhou et al.
[29]

The prevalence of incomplete CoW was significantly
higher in Posterior-COW than that of anterior CoW
(79.7% [384/482] versus 40.7% [196/482], P

< 0.001).

The prevalence of an incomplete A-COW was
significantly higher in patients with presence of
carotid intraplaque hemorrhage than those with a
complete CoW (52.7 versus 38.5%; P = 0.022)
especially with the absence of ACoA (69.2%;

P =0.001)

Incomplete A-COW significantly associated with the
presence of intra-plaque hemorrhage before (OR,
1.781; 95% CI, 1.083-2.931; P = 0.023) and after
adjusted for clinical risk factors including age, sex,
body mass index, smoking, diabetes mellitus, pulse
pressure, and hyperlipidemia (OR, 1.945; 95% ClI,

1.139-3.321; P = 0.015)

An incomplete CoW is
independently associated with
intraplaque hemorrhage of carotid
atherosclerotic plaques.

Table 3.

Studies describing completeness of CoW in patients undergoing carotid endarterectomy: Outcomes and clinical

implications.
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Study CoW variants, details, and Comments
(year) outcomes

Mariscalco CVA Willis anomal vs. CVA normal  incompleteness of the Willis circle (OR 17.19, 95%

etal. [30] Willis CI 2.10 to 140.66; p = 0.008) and presence of

37.5% vs. 4.4%, p < 0.01). coronary artery disease (OR 6.86, 95 CI% 1.18 to

40.05; p = 0.032) predicted neurological events

Smith et al. Moderately safe group, Total ischemic brain damage during right u-ASCP (28%)
[31] moderately safe group 70 (18) is greater than during bi-ASCP (<1%)

Left fetal variant 12 (3) 62% functional CoW safe for uSCP

ACoA dysfunction 9 (2) 10% PCoAr disfunction (41)

Bilateral fetal variant 30 (8) 13% PCoAl disfunction (50)

ACoA and right PCoA dysfunction 7 17% bilateral PCoA disfunction (65)

(2)

ACoA dysfunction and right fetal
variant 6 (2)

Right PCoA dysfunction and left fetal
variant 6 (2)

Unsafe group, Total unsafe group 40
(10)

ACoA and left PCoA dysfunction 6
©))]

ACoA dysfunction and left fetal
variant 0 (0)

ACoA dysfunction and bilateral fetal
variant 5 (1)

ACoA and bilateral PCoA dysfunction
15 (4)

ACoA and right PCoA dysfunction
and left fetal variant 1 (<1)

ACoA and left PCoA dysfunction and
right fetal variant 1 (<1)

Right VA dysfunction 12 (3)

Urbanski 59 variants, 3 groups, 18 patients —
etal. [32]  group I: abnormality anterior or
posterior part
group II: hypoplastic or missing
posterior communicating arteries on
both sides
group III: abnormalities within the
anterior and posterior communicating
arteries

Table 5.
Studies describing completeness of CoW in patients undergoing cardiac / arch surgery: Outcomes and clinical
implications.

anomalous positions within the CoW) even a bASCP could not warrant a sufficient
cerebral perfusion. In this study, 99 patients affected by different CoW variants
underwent elective aortic arch surgery, with hemiarch, subtotal, or total arch replace-
ment. uASCP was performed through the left carotid artery as a cannulation site and,
when required, the right carotid artery was used as adjunctive perfusion cerebral
artery for bASCP. Unexpectedly, during the carotid artery occlusion test with TCD,
no significant decrease of flow velocity in the MCA was observed and for patients in
whom the use of TCD has not been possible, no signs of cerebral ischemia were
observed at EEG and SSEP. Even the measurement of blood pressure in the radial
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arteries, which reflects the blood pressure in subclavian and, then, in vertebral arter-
ies, demonstrated that there aren’t differences in cerebral blood supply during uASCP
in patients with complete and incomplete CoW. Urbanski supports that incomplete-
ness of CoW does not correlate with insufficient cerebral protection during uASCP
and, for this reason, does not recommend CTA as a standard procedure before elective
aortic arch surgery, only functional carotid occlusion test and intraoperative neuro-
vascular monitoring are considered essential. These conclusions are probably
influenced by very short duration of ASCP, optimal pharmacological cerebral protec-
tion, and the etiopathology of degenerative or atherosclerotic aneurysm. Since ath-
erosclerosis is a generalized disease, in this particular patient’s cohort, there is a
possibility for pathological expansion of secondary collaterals (as leptomeningeal and
ophthalmic arteries). Moreover, the old-generation CT scan used in this study might
misclassified segments with a diameter over 1 mm as aplastic or hypoplastic, because
of the low spatial resolution of this equipment.

Mariscalco et al. [30] demonstrated that patients affected by atherosclerotic
descending thoracic aortic aneurysm, chronic type B dissecting aneurysm or compli-
cated acute type B dissection, penetrating ulcers and traumatic pseudoaneurysm who
underwent thoracic endovascular aortic repair (TEVAR) intervention, were prone to
cerebrovascular accidents after the procedure if they had incompleteness of CoW.
This study, then, proves that anomalies of CoW are independent cerebrovascular
accident predictors after TEVAR procedure.

Smith et al. [31] assumed that a Cow variant may be considered functionally safe as
long as the collateral flow when performing uASCP did not have to reach a vessel
beyond the left MCA. An example is the isolated variation of PcomA because the
blood flow of the left MCA and the left Al is possible through the AcomA, while the
basilar and the right vertebral arteries can perfuse the left PCA. In this case, uASCP is
considered safe. When the cerebral areas were inaccessible to the CoW-dependent
collateral blood flow during right uASCP, the functional variation is defined as unsafe,
such as right vertebral artery dysfunction, combined with either bilateral PcomA
dysfunction or combined with fetal type variant. Finally, right uASCP was defined as
moderately safe if right-to-left posterior-to-anterior collateral perfusion had to arrive at
a vessel outside the left MCA. On this basis, they propose a clinical traffic light algorithm
(red light, amber, and green light) categorizing different functional anatomical variants
as unsafe, moderately safe, and safe for uASCP. They also consider vertebral arteries
hypoplasia or absence, differently from other studies. This classification is based not on
the morphology but on the functional anatomy of CoW as is to be expected during
uASCP, lie on preoperative transcranial color-coded duplex (TCCD) examination of
bilateral common, internal and external carotid artery, and both vertebral arteries,
performing carotid compression test whenever possible. As emphasized by Etz and
Borger [24], a significant number of patients are not eligible for the proposed TCD
assessment of CoW functionality, and its clinical significance for the majority of patients
remains unclear. Therefore, a preoperative CTA-based classification is needed.

Papantchev et al. [9] studied 500 CoW with two different methods: 250 were
obtained from cadavers via routine dissection, while the others were visualized with
CTA imaging technique. Otherwise, other classifications that are not considered rele-
vant whether the variation is on the right or left side of the circle, the left-right
lateralization in uASCP is of crucial importance, since in uASCP with the cannulation
of the right axillary artery or brachiocephalic trunk, the brain receives blood only via
the right common carotid artery and right vertebral artery (VA). Therefore, the
protective effect of uASCP is entirely based on the CoW which maintains adequate
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perfusion of the contralateral left cerebral hemisphere through Als, P1s, AcomA, and
PcomAs segments. Variations of the circle exist in at least 50% of the people, so it is a
not inconsiderable factor to take into account in the selection of the adequate cerebral
perfusion strategy. Moreover, the classifications seen before do not consider vertebral
arteries variations because they are not part of the CoW, but variations in those
arteries could have crucial importance during uASCP. For these reasons, Papantchev
defines five segments of CoW as critical for uASCP: right A1, AcomA, left PcomA, left
P1, and right VA. A diameter of 1 mm was used as the threshold for hypoplasia, in
order to be consistent with other major morphological studies of the CoW reported in
the literature. Nine circle configurations were identified and they were subdivided
into seven groups, according to the number of major cerebral vessels (ACAs, MCAs,
PCAs) at risk of hypoperfusion during uASCP:

* Type IA includes all circles with hypo- or aplasia of left PcomA. With this
variation, the territories supplied by the left MCA are at risk of hypoperfusion
during uASCP. This is the most frequent variant (35.6%), according to data
reported in literature where PcomAs is the most variable part of the circle;

* Type IB includes all circles with AcomA variations. The territories supplied by
the left ACA are at risk of hypoperfusion;

* Type IIA includes all circles with hypo- or aplasia of both left PcomA and AcomA.
The left cerebral territories supplied by ACA and MCA are at risk of
hypoperfusion;

* Type IIB includes all circles with left P1 or right VA variations, which leads to
hypoperfusion risk of brain territories perfused by both left MCA and left PCA;

* Type IIIA includes all circles hypo- or aplasia of right A1, with high
hypoperfusion risk of brain territories supplied by left MCA, right and left ACA

* Type IIIB includes all circles hypo- or aplasia of both AcomA and right VA. If this
circle type is present, the entire left hemisphere is at risk of hypoperfusion during
uASCP. This is the rarest variation (0.2%);

* Type IV includes all circles with hypo- or aplasia of both right A1 and right VA or
both right A1 and left P1. This is the most severe variation because it leads to the
risk of hypoperfusion of territories perfused by right ACA, left ACA, left MCA,
and left PCA.

Hence, if the CoW variation leads to the risk of hypoperfusion of only one major
cerebral vessel, it is classified in group I and so on. All types were present in 58.6% of
all examined CoW, according to the high frequency of CoW variants in healthy people
found by other studies. Papantchev’s classification is simple and straightforward,
dividing a large number of complex CoW variations into only seven types, which is a
small number if compared to other classifications. It is focused on high-risk variations
that may benefit from bASCP when the preoperative neurological examination with
CTA method is possible.

The study of Papantchev may be integrated with vascular surgery studies, com-
paring patients with CoW variants who needed shunting during CEA, to be able to
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predict, in the preoperative assessment, when the use of bilateral ASCP is
recommended to prevent neurological sequelae.

Patients who underwent CEA intervention, affected by CoW variants, are esti-
mated to be 50%, the same frequency encountered in cardiac surgery. When
performing CEA during vascular surgery, the carotid cross-clamping (CC) intolerance
and the demand for shunting in patients affected by some specific types of CoW
variants, can be helpful in creating a complete classification of high-risk variants
because CC is based on the same principle of unilateral ASCP, where cerebral blood
flow is provided by only one carotid artery. The identification of high-risk variants
simplifies the choice between unilateral and bilateral ASCP in elective aortic arch
surgery, because patients with some specific CoW variants may require a bilateral
ASCP instead of unilateral to ensure adequate cerebral perfusion in both brain hemi-
spheres, even when CPB time is short.

Bagan et al. [33] found that configurations type number 5, 14, and 15 according to
Lazorthes’ classification are likely to have CC intolerance. Type 5 is characterized by
the absence of AcomA and PcomA ipsilateral, while in type 14 Al segment contralat-
eral and PcomA ipsilateral are absent and in type 15 AcomA and P1 segment contra-
lateral are absent. The common peculiarity of these configurations is the absence of 2
segments and, except for type 15, the isolation of the middle cerebral artery from the
contralateral carotid artery and vertebral arteries. Later, Montisci et al. [26] demon-
strated that the number of absent segments in the CoW is significantly associated with
intolerance to CC, independent of the CoW configurations. When two or more seg-
ments are absent, a cerebral perfusion deficit is highly probable, whereas other factors
such as ipsilateral, contralateral carotid stenosis, and preoperative symptoms are not
statistically associated with CC intolerance. The absence of only one segment does not
appear to be correlated with CC intolerance if not associated with contralateral carotid
occlusion or low blood pressure. The location of the absent segments can influence the
extension of hypoperfused cerebral area and consequent clinical signs. In those
patients with the absence of two or more segments without CC intolerance, it is likely
that a very small area or a neurologically irrelevant area was hypoperfused. Also, TCD
investigation showed correlation between undetectable CoW segments and decreased
flow velocity in MCA with ischemic EEG abnormalities. Even if the patients of this
report were studied using magnetic resonance angiography (MRA), it is
recommended to prefer CTA for the preoperative assessment of CoW because CTA is
not flow-dependent and allows for image reformation along any plane. Gibello et al.
[25] found a strong association between the insertion of shunt during CEA and the
number of obstructed or hypoplastic CoW vessels. The results revealed that there is no
one specific CoW configuration that is more susceptible to carotid CC intolerance, but
the increased number of hypoplastic or occluded CoW segments leads to a higher
likelihood of neurological deficits following carotid CC. Hence, it is reasonable to
adopt bilateral ASCP as a preferred cerebral perfusion strategy in patients with two or
more absent segments of CoW to prevent hypoperfusion of cerebral areas.

Banga et al. [11] studied the impact of iMCA on immediate neurological events,
such as transient ischemic attack and stroke, diagnosed immediately after CEA. They
divided CoW into two semicircles: the anterior, formed by the contralateral anterior
cerebral artery (A1), anterior communicating artery (AcomA) and ipsilateral Al; the
posterior, composed by the ipsilateral carotid artery (P1) and posterior communicat-
ing ipsilateral artery (PcomA). Among the patients with normal CoW, only one had a
stroke and among patients with one hypoplastic or absent segment in the anterior or
the posterior semicircle, three had immediate neurological events. Statistical data
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Papantchev’s Variation Incidence Proposed strategy of cerebral

group perfusion

Group I Left PComA 30-35% Monolateral (RS/RIA)

Group I-A AComA 2-5% Monolateral (RS/RIA)

Group I-B

Group II Left PComA + AComA 3-8% Bilateral (RS/RIA + LCC)

Group II-A Left P1 or right vertebral artery 7-10%  Monolateral (RS/RIA)

Group II-B Isolated middle cerebral artery 2-5% Bilateral (RS/RIA + LCC)

iMCA

Group III Right A1 4-8%  Trilateral (RS/RIA + LCC + LS)

Group III-A AComaA + right vertebral artery 1-2% Bilateral (RS/RIA + LCC)

Group III-B

Group IV Right A1 + right vertebral artery / 1-2% Trilateral (RS/RIA + LCC + LS)
left P1

PComA: posterior communicating artery; AComA: anterior communicating artery; RS: right subclavian / axillary arvtery;
RIA: right innominate artery; LCC: left common carotid artery; LS: left subclavian artery.

Table 6.

Proposed management strategy of antegrade cerebral perfusion during non-emergent arch surgery based on CoW
variants. In group I, there is only one location of an anatomical variation (hypoplasia, aplasia) within the CoW.
In this group, an adequate collateral supply of the entire CoW could generally have been expected, even if it had
been supplied through only one artery (i.e., the right carotid artery). In group II, the abnormalities existed within
the posterior pre-communicating (group II-A) or communicating arteries (group II-B) on both sides. In cases
belonging to group II-A, a sufficient supply of the posterior cerebral vegion could have been expected, regardless of
whether the CoW had been supplied from the left side (left carotid artery) or from the right side (vight carotid and
right vertebral arteries). However, in cases belonging to group 1I-B, a perfusion only from the right side would offer
a sufficient collateral flow. In group III, the pathologies were found in both anterior and posterior components of
the CoW on one or even on both sides so that an insufficient cevebral supply could have occurred during the
perfusion of the left side and in some cases (e.g., missing anterior communicating components on the right and
posterior communicating components on the left or in cases with move than two abnormal locations within the
CoW) even during perfusion from the anterior part of the vight side; therefore a 3-way perfusion (vight
innominate artery + left cavotid + left subclavian) would have been advised. In group IV, functional
incompleteness of CoW is total and a 3-way perfusion appears mandatory.

confirms that there is no difference in terms of neurological deficits between patients
with complete CoW and patients with only one semicircle affected. The difference
becomes significant when both semicircles (the anterior and the ipsilateral posterior)
have at least one hypoplasia or absent segment at the same time. This evaluation
allows us to consider hypoplasia as absent when both semicircles are involved in
anomalous CoW, confirming the hypothesis of augmented neurological risk when two
or more segments are absent or, in addition, hypoplastic. Among the patients with at
least one absent or hypoplastic segment in both semicircles, those with iMCA carried
more than a 10-fold higher risk of immediate neurological events after CEA with CC
without shunt protection. This means that, on the side of the clamped ICA, the MCA
flow is not supported by contralateral carotid nor from the vertebral artery, due to the
absence of communication between the two semicircles.

Thus, iMCA may be considered a particularly high-risk variant in the group of two
absent segments who are susceptible to bilateral ASCP. Therefore, all CoW variants
characterized by at least two absent segments, in addition to Papantchev’s types IIA,
I1IB, and IV, may benefit from bASCP.

Other vascular surgery studies [23] in patients who underwent CEA procedure
demonstrated that the absence of anterior circulation was the primary factor in the
insertion of a shunt, given that there was no stenosis in the contralateral carotid
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artery. In this case, the evaluation of contralateral carotid stenosis became important
because it increases about 27% the probability of shunt insertion. Previous studies
documented that the collateral flow rates in AcomA rose with the increases of the
degree of stenosis of ICA and this is particularly true when AcomA is absent because
an augmented blood flow and pressure is registered in patients with ICA stenosis,
probably due to a physiological increased blood flow through leptomeningeal collat-
erals if a patient has poor CoW integrity. This is also the reason why an incomplete
CoW is a risk factor for intraplaque hemorrhage and atherosclerotic plaque rupture
[29]. Hence, the second risk group may be constituted of patients with CoW variants
involving absent segments in the anterior circle who may need an evaluation of
contralateral carotid stenosis with carotid ultrasound, in addition to the first risk
group formed by the absence of at least two segments and the iMCA subgroup. The
cut-off of contralateral carotid stenosis which allows patients with anterior segments
absence to benefit the bilateral ASCP instead of unilateral, is estimated to be above
50% (Table 6).

5. Conclusions

Neurological injuries, stroke, and paraplegia are the most devastating complica-
tions of aortic arch surgery. The non-emergent surgery and chronic diseases of aortic
arch permit to notably reduce neurological deficits by the given opportunity to study
in a preoperative assessment with CTA the patients’ CoW which may be affected by
various abnormalities, such as hypoplasia or absence of one or more segments.

A simple systematic classification may provide decisional criteria to prefer bASCP
over uASCP in selected CoW variations to easily identify, among 82 variants, the ones
which have a high risk of hypoperfusion during uASCP. Papantchev’s classification
may be integrated by carotid cross-clamping studies during CEA, which allows to
identify other two high-risk groups: the first one, which includes CoW variants with
the absence of at least two segments (which includes types IIA, IIIB, and IV),
characterized by a subgroup identified as iMCA; the second group, which
includes at least one absent segment in the anterior circle and the contralateral carotid
stenosis over 50%.

The intraoperative monitoring of cerebral blood perfusion is essential but cannot
replace preoperative CTA because the evaluation of CoW incompleteness is decisional
in preferring a determinate cerebral perfusion strategy, due to an augmented risk of
stroke and TND if aortic arch surgery is performed with uASCP. bASCP is
recommended over uASCP in high-risk groups to warrant an adequate cerebral per-
fusion and the reduction of postoperative neurological complications. The use of
uASCP when the CoW proves to have an adequate and sufficient collateral capacity,
and bASCP only when necessary and in emergent situations, may minimize surgical
manipulation of supraortic vessels, and subsequently decrease the rate of embolic
stroke.
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Appendices

ACAs anterior cerebral arteries

AcomA anterior communicating artery
ASCP anterograde selective cerebral perfusion
bASCP bilateral anterograde selective cerebral perfusion
CA circulatory arrest

CC carotid cross-clamping

CEA carotid endarterectomy

CoW circle of Willis

CPB cardio-pulmonary bypass

CTA computed tomography angiography
DHCA deep hypothermic circulatory arrest
EEG electroencephalogram

ICAs internal carotid arteries

iMCA isolated middle cerebral artery
MCAs middle cerebral arteries

MRA magnetic resonance angiography
NIRS near-infrared spectroscopy

PCAs posterior cerebral arteries

PcomAs posterior communicating arteries
PND permanent neurological deficit

RCP retrograde cerebral perfusion

SSEP somatosensory evoked potential
TCD transcranial Doppler

TEVAR thoracic endovascular aortic repair
TND transient neurological deficit

VAs vertebral arteries
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Abstract

Acute type A aortic dissection (ATAAD) is a condition associated with high
morbidity and mortality. The first known classification system came from DeBakey
and team in the 1960s. In 1970 the Stanford group proposed that dissections involving
the ascending and/or proximal arch warranted urgent surgical repair and those that
only involved the descending aorta to be managed medically. Globally there remains
a debate with regards to the operative extent at the index presentation. Since then,
there has been significant evolution of the understanding of the disease process,
its classification systems, diagnostic tools, operative/canulation strategies, cerebral
protection, extent of replacement and development of surveillance programs and
multi-disciplinary aortic meetings. This has improved post operative and long-term
survival. We look at the history and evolution of the diagnosis and management of
acute type A aortic dissection.

Keywords: type A aortic dissection, dissection classification, malperfusion,
true lumen, false lumen, AV resuspension, root replacement, arch reconstruction, FET,
TEVAR, deep hypothermic circulatory arrest, peripheral cannulation

1. Introduction
1.1 Evolution of surgery for aortic dissection

Dr. Nicholls, physician to King George II in the 1760s, provided the first
documented description of acute aortic dissection in western literature during a
postmortem examination [1]. Over the next two centuries with the development of
increasingly sophisticated imaging techniques our understanding of both acute and
chronic aortic syndromes has significantly expanded. Yet, despite these advance-
ments, there remains challenges in timely diagnosis, performing surgery with low
morbidity and mortality whilst optimizing long term survival and deducting the
requirement for aortic reintervention and late mortality from secondary aortic
complications.
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The surgical management of acute type A aortic dissection has gone through
various phases of evolution. Early surgical techniques focused on limited repair of the
ascending with a clamped anastomosis to prevent intra-pericardial rupture, correct
aortic regurgitation and prevent coronary ischaemia. The next phase evolved to
focus on open distal aortic anastomosis and hemiarch replacement. Improved imag-
ing has now allowed the understanding of the complex physiology and anatomy of
both acute and chronic dissections. There has been a transition in the mindset and
surgical approach away from a purely central aortic operation to surgical techniques
that allow subsequent management of the entire “aortic organ”. Current surgical
techniques recognize the importance of aortic valve function, malperfusion, false
lumen (FL) patency and the potential for future complex aneurysm development.
This current holistic phase of surgical therapy has evolved to include aortic arch
repair, sophisticated techniques of cerebral protection, frozen elephant trunks (FET).
FET is a specially designed stent graft that is deployed within the proximal descend-
ing thoracic aorta. It allows simultaneous repair of the aortic arch and the proximal
DTA in a single operation. It acts as a landing zone for potential future endovascular
interventions in the distal aorta.

We will discuss the evolution of aortic dissection surgery focusing on changing
techniques and outcomes and touch on what the future might hold.

2. Aortic dissection and evolution of classification systems

Aortic dissection primarily involves an intimal tear that extends into the aortic
media. This tear typically occurs at points where the aortic wall experiences the high-
est tension (entry tear). The separation of the aortic media from the intima results
in the formation of a multi channeled aorta, where an aortic dissection flap divides
the aortic lumen into parts known as the true and false lumens. Re-entry tears typi-
cally occur in the intima, creating additional connections between the true and false
lumens in the lower or distal part of the aorta. The true lumen tends to be narrow
with high-velocity blood, while the false lumen is often larger and experiences slower,
turbulent blood flow [2].

Early diagnoses were previously limited, with only 40-50% of cases identified
pre-mortem [3]. Before the advent of cardiopulmonary bypass (CPB), safe surgical
interventions were unavailable.

The DeBakey classification categorizes aortic dissections into three types based on
the extent of the dissection along the aorta [4].

Type I - involves ascending and descending aorta.

Type II - involves only the ascending aorta.

Type III - involves the ascending and descending aorta.

Daily and Shumway at Stanford highlighted from their case series from 1964
t01969 that there are substantial differences in both treatment and prognosis between
aortic dissections affecting the ascending aorta and those limited to the descending
aorta. Patients with dissection involving the ascending aorta had a much-improved
survival with surgical intervention compared to medical management in contrast
to dissections involving just the descending thoracic aorta who had comparable
outcomes with medical and surgical treatment [5]. This observation formed the basis
of the Stanford classification for aortic dissection which groups dissections into 2
categories.
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Type A - involves the ascending aorta proximal to the left subclavian artery
(LSCA).

Type B — involves the aorta distal to the LSCA.

Whilst the Stanford classification underscores of the descriptions of aortic dissec-
tion into contemporary surgical literature the growth of endovascular therapies and
our understanding of malperfusion syndromes have led to the ongoing development
of classifications that describe both the radiological appearances of the dissection and
clinical consequences. Some of the newer classification systems include:

DISSECT: A mnemonic based system [6].

D - duration of disease, I - intimal tear location, S - size of the dissected
aorta, S - segmental Extent of aortic involvement, C — clinical complications of the
dissection and Thrombus within the aortic false lumen.

TEM classification [7]. This was an extension of the Stanford classification (A and
B) by adding Type non-A and non-B, primary Entry tear and Malperfusion.

A 0 was added if the primary entry tear was not visible; 1, if it was in the ascend-
ing aorta; 2, if it was in the arch; and 3, if it was in the descending aorta (EO, E1, E2,
E3).

A 0 if malperfusion was absent; 1, if coronary arteries; 2, if supra-aortic vessels;
and 3, if visceral/renal and/or a lower extremity was affected (M0, M1, M2, M3).

Plus (+) was added if malperfusion was clinically present and minus (-) if it wasa
radiological finding.

The Penn Classification [8].

A - Hemodynamically stable without signs or symptoms of ischaemia.

B — Haemodynamically stable but with evidence of branch vessel malperfusion
with signs or symptoms of ischaemia (eg: stroke, ST segment changes, abdominal
pain, limb ischaemia).

C - Global malperfusion from circulatory collapse (with or without cardiac
involvement).

B-C - Global malperfusion from circulatory collapse plus evidence of local
ischaemia.

Recognizing not only the radiological aspects of dissections, but these newer
classification systems also focus on the importance of clinical malperfsuion and
ischaemia and may allow for more sophisticated tools to plan the extent of surgery at
the index operation.

3. Phase 1: Pioneering surgery on the aorta and cardiopulmonary bypass

Initially, the main challenge with ATAAD was diagnosing it correctly. Once diag-
nosed, there was no safe method to manage it before the advent of CPB, often leading
to the condition being identified postmortem. The difficulty in accurately diagnosing
these patients was just one aspect of the problem. Surgical treatment was unexplored,
and early medical approaches such as sedation and bed rest were largely ineffective.
Consequently, the natural course of acute aortic dissection, whether involving the
ascending, arch or descending, was fatal.

Initial experience in aortic surgery was garnered from procedures on peripheral
arterial aneurysms which later translated to abdominal and thoracic aortic aneu-
rysms. From the late eighteenth century onwards, many techniques were described to
address aortic aneurysms. This ranged from inserting hot needles into the aneurysmal
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sac to stimulate thrombosis, inserting wires or coils to stimulate fibrous tissue growth
within the sac, ligature of the vessel proximal to the aneurysm, endoaneurysmor-
rhaphy and in the early 1900s, polyethylene wrapping (cellophane wrapping) [9-13].
Aortic rupture was not always prevented with these techniques and a more robust and
definite strategy was necessary.

3.1 Flap fenestration and early aortic graft replacement

In 1935, the first surgical method for addressing an acute aortic dissection was
described by performing an iliac fenestration to treat an ischemic leg resulting
from acute aortic dissection by Gurin et al. The fenestration helped to decompress a
non-re-entering false lumen [14]. Over the subsequent 5 decades, advancements in
the treatment of aortic dissection have primarily concentrated on managing the tear
in the aorta and preventing proximal aortic rupture, which is the leading cause of
mortality.

DeBakey et al. at Houston in 1955 managed an ATAAD by creating a re-entry
tear in the proximal descending thoracic aorta to decompress the false lumen in the
ascending aorta and aortic arch with suture obliteration of the distal false lumen [15].
Shaw et al. at Massachusetts General Hospital also performed flap fenestration of the
abdominal aorta for an ATAAD around the same time [16]. This procedure had a high
operative mortality rate close to 50%. Flap fenestration was soon acknowledged as
palliative because it did not restore the structural integrity of the ascending aorta and
arch [4]. However, interventions on the ascending aorta and arch without cardio-
pulmonary bypass either necessitated complex extra-anatomic bypasses or involved
ineffective circumferential aortic wrapping.

Suture obliteration of the proximal and distal false lumen followed by primary
anastomosis of the native aorta was soon replaced by graft replacement of the dis-
eased aorta. This was initially reserved for chronic dissections, however, with favor-
able results from DeBakey’s series between 1961 and 1965, more acute dissections
were managed with emergency surgery at other centres. The Stanford group were
instrumental in advocating for replacement of the ascending aorta in ATAAD [5].
Replacement of the ascending or arch of aorta was more challenging using the clamp
and sew technique as there was no safe way to protect the brain and distal body from
ischaemic injury during the period of no flow.

In the 1950%, Michael DeBakey, Denton Cooley, and Oscar Creech Jr. described a
series of patients who had their dissected aneurysmal part resected and in suitable
cases, end-to-end anastomosis was attempted. In others, freeze-dried homografts
were used to bridge the aortic defect. It is worth noting that these repairs were
performed in the descending thoracic or the thoracoabdominal aorta prior to the
availability of conventional cardiopulmonary bypass (CPB) machines. However,
these experiences led to the development of several important universal principles
in the surgical repair of aortic dissection. In that paper, the authors described the
goal of surgical therapy is directed towards prevention of propagation of intramural
dissection and terminal rupture through the outer adventitial layer and restoration of
blood flow in the true lumen [15]. The understanding of the pathophysiology of aortic
dissection then was of incredible accuracy despite the lack of readily available imag-
ing technology. Some proposed concepts like cystic media necrosis, mechanical shear
stress on the aorta, and the association with hypertension still hold true today. During
the 1950s, the search for an ideal aortic replacement conduit intensified. Initially,
homografts were used by most surgeons as conduits to replace diseased regions of
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the aorta [17]. However, the drawbacks of homografts, such as calcification and
deterioration, became increasingly evident. The need for durable, synthetic material
that could be manufactured at scale grew dire. The eventual discovery of Dacron as
a vascular conduit almost happened by accident. When DeBakey was experimenting
with materials for vascular grafts, he went to a department store in Houston, Texas
to look for Nylon. The clerk informed him that they had run out of Nylon but they
had a “new fabric” called Dacron. DeBakey purchased a yard of the material and was
working on them at home using his wife’s sewing machine [18]. He first implanted the
Dacron graft at the VA Hospital in Houston and by the mid 1960’, his team had per-
formed over 250 cases of aortic dissection repair, and the Dacron graft is still widely
used in cardiovascular surgeries today and Dr. DeBakey would go on to do more than
60,000 cardiovascular surgeries until his retirement [18-20].

The advent of the CPB machine ushered in a new era of surgical intervention for
ATAAD that was previously unimaginable. Several pivotal milestones in scientific
discoveries paved the way to the modern CPB machine. In 1813, Le Gallois first
conceptualized the idea of extracorporeal circulation, but his vision was far ahead
of its time. The limited understanding of blood biology made the clinical application
of CPB a distant reality [21]. It was not until the end of the century that transfusion
medicine emerged as a field, with the discovery of blood types, storage methods,
and transfusion techniques [22]. Interestingly, heparin was first isolated in 1916 by
McLean, a medical student from Johns Hopkins University, who was initially search-
ing for a novel procoagulant. Heparin later became the mainstream anticoagulant in
cardiovascular surgery and is still used today. Its reversal agent, protamine, was later
discovered by Chargraff and Olson in 1937 [23].

The next critical development was the vertical screen oxygenator by John Gibbon,
in collaboration with the International Business Machines Corporation (IBM). This
breakthrough culminated over two decades of Gibbon’s work on the CPB machine.
His initial experiments on feline subjects achieved long-term survival following
10-20 minutes of CPB. However, his first clinical attempts to correct cardiac anoma-
lies in patients were discouraging, compounded by misdiagnoses, technical failures,
and air embolism [24, 25]. The concept of the cardiac surgery team arose from these
mishaps, underscoring the need to elevate the standards and competencies of every
team member involved.

In the spring of 1955, Dr. John Kirklin et al. at the Mayo Clinic reported their first
successful series of intracardiac surgeries using a modified version of the original
Gibbon-IBM model [26]. This success was later mirrored by Lillehei and DeWall with
their bubble oxygenation system featuring a defoaming coil [27]. These luminary
figures revolutionized cardiovascular surgery, creating the specialty as we know it
today.

In the mid 1960’s, Michael DeBakey and associates in Houston amassed significant
experience operating on 179 patients with aortic dissections of which 37 of whom
had ATAAD. Remarkably, they achieved an operative survival rate of over 70% in the
ATAAD group [4]. In retrospective analysis of their data, there may have been some
Type B dissections included in the 70% survival rate. They also devised the DeBakey
Classification for aortic dissection and outlined the recommended operative approach
for each type.

Operative repairs of DeBakey Type I and II aortic dissection became feasible after
the advent of the CPB machine. For Type I, DeBakey advocated for the transection
of the ascending aorta a few centimeters above the aortic valve, obliterating the
false lumen by approximation of the intimal layer and the outer wall by means of
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continuous suture of both the proximal and distal cut ends, and subsequent end-
to-end anastomosis of the transected aorta with the goal to restore mural integrity
and perfusion into the true lumen. This technique, though not employed in modern
repair, principally prevented further retrograde extension of the dissection into the
aortic root, which could result in fatal coronary obstruction or torrential acute aortic
insufficiency.

In Type II dissections, DeBakey described resecting and replacing the entire
ascending aorta on occluding clamps. The aorta was divided between occluding
clamps placed proximal to the innominate artery whilst a Dacron graft is sewn to the
distal cut end. At that time, it was believed then that acceptable cardiac function was
maintained via continuous pulmonary ventilation and retrograde perfusion from the
coronary sinus return and bronchial arterial flow. This technique has now been super-
seded by cardioplegic arrest which provides more superior myocardial protection.
The proximal anastomosis was achieved by trimming the dissected aorta down to the
aortic annulus with myocardial protection achieved via direct coronary perfusion
catheters. In both types, valvular insufficiency was common, and the aortic valve was
resuspended via fixation of the leaflet attachments, or in some cases of significantly
dilated annulus, bicuspidisation annuloplasty or aortic valve replacement with a
prosthesis would be performed [4].

4. Phase 2: Future proofing the aorta

Historically, many centres have taken a conservative approach to the aortic valve
and root during surgical repair of ATAAD in the absence of significant aortic regurgi-
tation or massively dilated root. Typically opting to preserve them using supra-coro-
nary aortic grafts, commissural resuspension of the aortic valve, and various methods
to repair the sinus of Valsalva. The concern with this strategy is the potential need
for further interventions due to late-onset aortic valve insufficiency. One of the more
common and globally accepted technique is to perform complete resection of the inti-
mal tear and replacing the ascending aorta with or without hemiarch replacement. An
open distal anastomosis without aortic clamping is usually preferred as it allows more
accurate re approximation of the dissected layers and a better haemostatic anastomo-
sis [28-32]. Aortic clamping could induce false lumen pressurization. This could lead
to propagation of the dissection downstream and further malperfusion.

4.1 Aortic valve and root

Acute aortic regurgitation in ATAAD can arise from several mechanisms: (I) rapid
enlargement of the aortic root due to expansion of the false lumen, leading to inad-
equate closure of the aortic valve; (II) extension of the dissection into the aortic root,
disrupting the attachments of the aortic valve commissures and causing prolapse of
the valve leaflets; and (III) prolapse of a portion of the dissection flap through the
aortic valve during diastole, preventing proper closure of the valve leaflets. Because
the morphology of the valve leaflets remains intact, preservation of the native valve is
often feasible for most patients.

When the aortic root is partially dissected, repair can involve resuspension of the
aortic valve. However, extensive dissection of the aortic root typically necessitates
more definitive interventions such as aortic root replacement using a composite valve
graft or a valve-sparing root replacement where appropriate and in experienced
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hands. Techniques that retain the sinuses and conserve the valve may not be suitable
for patients with underlying root pathologies like Marfan syndrome or annulo-aortic
ectasia. In such cases, aortic root replacement with a composite prosthesis or valve-
sparing root replacement is recommended to address both the dissection and the
underlying structural issues of the aortic root.

In cases of ATAAD preserving the native aortic valve is preferred if the cusps are
relatively normal, given the absence of an ideal prosthetic valve. Both preoperative
clinical assessment, radiological features, intraoperative transesophageal echocar-
diography and operative assessment, play critical roles in determining the suitability
of preserving the valve and/or the root [33].

When abnormal cusp pathology or traumatic dissection make preserving the
native valve impractical, replacement becomes necessary. Bioprosthetic valves have
shown durability in older patients (over 65 years old), but younger patients undergo-
ing aortic valve replacement (AVR) with bio prostheses, whether alone or as part of
a composite valve graft (CVG) root replacement, face a significantly higher risk of
structural valve deterioration within 15 years [34].

Mechanical prosthetic AVR requires lifelong anticoagulation, carrying risks of
bleeding and embolic complications, yet offers a lower risk of reoperation and poten-
tially improved survival for patients aged 50-69 years [35]. Typically, mechanical
valves are recommended for AVR in patients under 60-65, barring contraindications
to anticoagulation, while bioprosthetic valves are favored for patients over 65-70.
Decisions for those aged 6070 should weigh factors such as life expectancy and
comorbidities [36].

Even when root replacement becomes necessary, there are cases where a conserva-
tive approach towards preserving the valve can still be maintained, particularly under
the care of experienced surgeons. The Tirone David re-implantation technique for
valve-sparing root replacement (VSRR) has shown promising mid-term outcomes in
carefully chosen younger patients with ATAAD who are not in critical condition [37].

Several methods have been proposed to preserve the aortic valve and reinforce
proximal anastomosis and commissural resuspension. Originally, Teflon felt was
used both internally and externally at proximal and distal anastomoses to strengthen
the fragile native aorta [38]. Additionally, Teflon was applied externally (within the
adventitia) to fortify the aorta and fill the false lumen [28]. Starting in the 1980s, bio-
logical glue has been infused between the dissected layers of the aorta as part of this
remodeling technique [39, 40]. The “French” gelatin-resorcinol-formaldehyde (GRF)
glue gained popularity for reinforcing delicate sinuses of Valsalva tissue and assist-
ing in sewing the proximal anastomosis, resulting in reasonable mid-term outcomes
[41]. However, concerns about tissue toxicity and the occurrence of false aneurysms
in glued aortic segments dampened enthusiasm, particularly with GRF French glue
due to formalin toxicity concerns. Despite advancements in newer biological glue
formulations like bovine serum albumin with glutaraldehyde (BioGlue), designed
to mitigate formalin-related issues, concerns remain about tissue necrosis and the
potential for false aneurysms [42, 43].

Preserving the aortic valve and root could lead to re-operations in future for either.
This was the rationale for some groups that urged for a more aggressive approach at
the index operation, arguing that a re-do in such cases would be added morbidity and
mortality for something that could have been tackled prior. Since the 1970s there were
two schools of thought with one group advocating for root replacement and another
urging for an aortic valve replacement for anyone with an ATAAD and aortic regurgi-
tation [44-47].
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In patients ATAAD, the native valve often remains functional despite extensive
root dissection and aortic regurgitation [48]. For patients with intact valves but
severe sinus damage, supra-coronary replacement of the ascending aorta with valve
resuspension is usually acceptable. There are techniques that involve reconstructing
the aortic root with Teflon felt strips (external only or sandwich) or a circular cuff of
dacron graft [49, 50]. In experienced hands and in high volume centres, techniques
such as valve sparing root replacements have demonstrated favorable long-term
outcomes, particularly among Marfan patients [51]. The choice between root
replacement strategies depends on the likelihood of preserving the valve long-term.
Conversely, patients at higher risk of re-intervention due to pre-existing root issues
(dilated root), connective tissue disorders or extensive dissection may benefit from
more aggressive root replacement approaches at the index operation.

Performing an aortic root replacement during an ATAAD repair prolongs the
aortic cross clamp and cardiopulmonary bypass times. It adds a level of complexity
dealing with dissected aortic tissue when mobilizing the coronary buttons. While
mortality risks may not significantly differ in experienced hands and at high volume
centres, caution is advised in universally recommending root replacement for ATAAD
patients as many centres would have relatively low numbers of acute or elective
proximal aortic surgeries [52, 53]. At our institution around 25% of the ATAAD would
receive an aortic root replacement.

In a nutshell, surgically managing the proximal aorta in ATAAD involves weigh-
ing the risks and benefits of preserving versus replacing the aortic valve and root.
Clinical judgment and patient-specific factors play crucial roles in determining the
optimal surgical strategy, aiming for durable outcomes and minimizing the need for
re-intervention.

4.2 Conquering the arch

Aortic arch replacement surgery involves a range of techniques and materials
tailored to the individual patient’s condition and the surgeon’s expertise. The goal is
to effectively restore blood flow through the aortic arch while minimizing risks and
complications associated with the surgery.

* Types of grafts: Aortic arch replacements typically use knitted or woven Dacron
prostheses. These are synthetic materials that are durable and biocompatible.
The grafts are often coated with substances like albumin, gelatin, or bovine colla-
gen to make them impervious and reduce the risk of clot formation or infection.

* Types of graft configurations:

o Straight grafts: These are simple tubular grafts used to replace the diseased
segment of the aortic arch.

o Anteflow grafts: These grafts have a side arm that functions as a perfusion port.
This is useful for maintaining arterial inflow during CPB. Once the distal
anastomosis of the aortic graft is performed, the dacron graft is clamped and
the arterial inflow (distal to the clamp) is through this side arm.

o Variations with branches: Some grafts are designed with three or four branches
(usually about 8-10 mm in diameter). These branches are used to debranch the
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arch vessels (such as the innominate artery, left common carotid artery, and
left subclavian artery). This allows the surgeon to perform selective antegrade
cerebral perfusion (SACP) and maintain blood flow to the brain during
surgery.

o Use of Teflon felt strips: Teflon felt strips are often used to reinforce the anastomo-
ses (surgical connections) between the graft and the remaining native aorta. This
reinforcement helps to prevent bleeding and ensures a secure seal at the graft-to-
aorta junction.

* Technique variability: The choice of specific techniques and materials can vary
based on several factors:

o Location of intimal tear: The exact location of the primary intimal tear or the
extent of the aortic pathology can influence the choice of graft and technique.

o Sige of aortic arch: The size and shape of the aortic arch also play a role in
determining which type of graft and configuration is most suitable.

o Surgeon’s preference and experience: Surgeons may have preferences based on
their training and experience with certain techniques and graft types.

When the primary initial tear is located within the aortic arch, an approach to
replace the arch is considered. In the past, surgeries involving the arch carried sub-
stantial risks due to insufficient protection for the brain, leading to mortality rates
as high as 42% [54]. The traditional approach for replacing the transverse aortic arch
refers to performing the distal anastomosis first. Cooley et al. recommended routinely
performing open distal anastomosis with profound hypothermic circulatory arrest
(PHCA) to improve visibility, assess the intima of the arch, and ensure the continuity
of the true lumen while closing off the false lumen [55].

Performing the distal aortic anastomosis with aortic clamping avoids the need for
profound hypothermia and circulatory arrest and is faster. However, this approach
may compromise the technical quality of the anastomosis, increasing the risks of
issues such as bleeding, graft dehiscence, pressurization of the distal aorta, further
propagation of the dissection, and late false aneurysm formation, which could neces-
sitate reoperation [56]. At our institution we practice open distal anastomosis with
SACP and avoid clamping dissected aortas.

As experience with PHCA increased, surgeons began extending operations for
ATAAD involving the arch. This extension of the surgery to involve the arch was fraught
with complications and did not readily attain widespread uptake among all centres. The
primary concern was adequate cerebral protection, this led to the development of cerebral
protection strategies such as antegrade and retrograde cerebral perfusion.

Kazui introduced selective antegrade cerebral perfusion (SACP) at 10 mL/kg/min
during PHCA, demonstrating comparable neurological outcomes to PHCA alone in total
aortic arch replacement cases, and suggesting enhanced safety during extended circula-
tory arrest periods [57]. This approach gained popularity with the development of axillary
artery cannulation techniques pioneered by Sabik and Baribeau, facilitating SACP with
direct or small caliber graft cannulation. Despite the additional procedural time required
for axillary artery dissection and graft placement, this method has been successfully
employed globally in emergency ATAAD settings [58, 59].
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Ueda et al. innovated the use of RCP for neuroprotection, demonstrating
effective arch repair without head vessel clamping. Its simplicity and minimal
impact on cannulation strategy allowed for rapid deployment in both elective and
emergency scenarios [60]. However, limitations such as internal jugular vein valve
competency and veno-venous shunting have constrained its effectiveness, result-
ing in reduced cerebral blood delivery compared to other methods. Animal studies
indicated potential risks of cerebral oedema with RCP, albeit effective for particu-
late emboli clearance when combined with inferior vena cava occlusion. Further
studies and retrospective reviews put forward the opinion that RCP is an adjunct
for cooling and does not contribute much towards oxygenation. The authors are
careful to mention that the conversion from SACP to RCP is not advocated and
ACP is still the preferred cerebral protection strategy for extensive and complex
arch surgery [60-62].

Recognizing the critical need for optimal neuroprotection strategies, Svensson
etal. conducted a randomized trial comparing intermittent antegrade brain perfusion
with RCP in elective arch operations, revealing no statistically significant difference
between the two approaches. However, the trial’s short circulatory arrest periods may
have limited the ability to discern subtle differences in brain protection efficacy [63].

Many centres globally perform unilateral SACP using right axillary perfusion by
sewing on an 8 mm dacron graft and clamping of the arch vessels to prevent back
flow into the operative field. Direct cannulation of the arch vessels is another strategy
utilized. At our institution we perform branch first arch replacement and commence
the procedure by sequentially debranching the arch vessels. All these strategies
deliver approximately 10 ml/kg/min of blood flow to the brain with moderate to deep
hypothermia.

There is a 5-10% stroke risk in aortic arch surgery despite the advancements in
cerebral protection strategies. Abjigitova et al. performed the largest meta-analysis on
this matter. It included 222 studies and 43,720 patients [64]. The data is largely based
on observational studies and makes it very difficult to make a direct comparison
between Unilateral antegrade cerebral perfusion, bilateral antegrade cerebral perfu-
sion, retrograde cerebral perfusion and DHCA with no cerebral perfusion, given the
significant change in practice with minimal standardization. The procedures included
hemiarch or total arch replacement, emergency and elective cases and the experience
of the operating centre all varied. The selection of one technique over the other or the
lowest temperature attained was not uniform. These could have been influenced pre-
existing stroke, complexity of the procedure, experience of the surgeon. The authors
concluded that unilateral ACP had lower mortality (6.6%) and stroke rate (4.8%),
whereas bilateral ACP (9.1% mortality and 7.3% stroke), retrograde (7.8 and 6.4%)
and DHCA without cerebral perfusion (9.2, 6.3%). In our centre a single surgeon
experience of branch first aortic arch replacement over the last 10 years had a mortal-
ity rate of 5.3% in emergency type A dissections with no elective mortality. Stroke
rate of 2.1% in emergency type A dissections in patients with pre-operative cerebral
malperfusion and no elective strokes.

Our current practice emphasizes an aggressive approach to proximal arch replace-
ment in all ATAAD patients with involvement extending into the arch. We employ
SACP via the branch first arch replacement technique described by Matalanis et al.
[65]. We use the modified trifurcation dacron graft (Figure 1) with a perfusing side
arm port that allows to set up a separate head circuit on our CPB machine. The arch
vessels are sequentially disconnected and debranched onto the trifurcation graft with
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Figure 1.

Intra-operative image of the modified 3-branched Dacron graft (TAPP graft). This graft has the advantage of
having an additional limb (held by forceps) which allows for antegrade cerebral perfusion following completion
of each branch anastomosis and removes the need for separate axillary cannulation to supply inflow to the graft.

the heart ejecting (Figure 2). During the debranching process the patient is cooled.
This approach aims for thorough distal reconstruction while minimizing the period of
hypothermia and cardiopulmonary bypass durations (Figures 3-5).

Moderate systemic hypothermia (Nasopharyngeal ~20-22°C, bladder temperature
24-26°C) is typically sufficient for acute type A aortic dissection (ATAAD) and routine
ascending aortic and arch procedures with continuous cerebral perfusion. For more
complex cases involving arch rupture, extensive dissection, or young patients with
connective tissue disorders, total arch replacement with or without a frozen elephant
trunk is performed with deep hypothermia at nasopharyngeal temperature of 20°C.
After completion of the open distal anastomosis, body flow is reinstated using the
anteflow limb of the dacron graft and the patient is rewarmed as we address the proxi-
mal aorta. We routinely perform femoral artery cannulation for ATAAD. Occasionally
we perform direct cannulation of the true lumen of the distal ascending aorta or arch
using seldinger technique under TOE guidance and epiaortic ultrasound [66].

The choice of arterial cannulation and perfusion strategy is crucial for ensuring
safe cerebral protection during aortic arch surgeries. The more common peripheral
cannulation techniques include femoral, axillary, carotid, subclavian. Femoral artery
cannulation ensures a rapid and reproducible setup, however, there are concerns
about pressurization of the false lumen and malperfusion. Centres that routinely
perform other peripheral arterial cannulation techniques reserve the use of femoral
artery cannulation during situations of haemodynamic distress or when there is
extensive axillary artery dissection [67].
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Figure 2.

Seguence of the “branch-first” aortic arch reconstruction. A. The innominate artery is clamped proximal to its
bifurcation and distal to its origin from the arch. Right hemispheric cerebral perfusion is maintained through
the left common carotid and left subclavian arteries via collateral channels, B. The innominate stump is ligated
and the anastomosis to the branched graft completed; C. Antegrade right hemispheric cevebral perfusion is
resumed via perfusion side arm. Left hemispheric cevebral perfusion during construction of the left common
carotid anastomosis is maintained via the same collaterals; D. Left Subclavian anastomosis is completed; E.
The distal aortic anastomosis is completed under hypothermic body circulatory arrest. After completion of the
root anastomosis, connection of the trifurcation graft to the ascending graft proceeds without interruption of
cerebral perfusion.
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Figure 3.

Intraoperative view of a dissected aorta. In this instance, divect aortic cannulation into arch under TOE guidance using
seldinger technique. Venous cannula into right atvium (RA). Head civcuit is an extra pump set up in the CPB circuit
that allows antegrade cevebral perfusion as the arch vessels are debranched using the trifurcation graft.

Figure 4.
Intra-operative view of a dissected aorta post transection. True Lumen (TL) and Fale Lumen (FL) in view.
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Figures.

Intraoperative view of a veplaced ascending aorta with an Ante-flo graft. Brachiocephalic artery (BCA) and
left common carotid artery (LCCA) debranched onto a trifurcation graft. Common stem of trifurcation graft
proximalised onto ascending aorta, allowing greater landing zone for future TEVAR procedures.

Numerous studies have sought to determine the optimal surgical approach for
repairing acute aortic dissection. The debate over whether a more conservative or
more aggressive procedure is preferable in the acute phase remains unresolved and
should be considered alongside careful evaluation of both short-term and long-term
outcomes and patient’s age and comorbidities.

Malvindi et al. from Europe suggested three key aspects that can be definitively
examined. The first is survival following the initial repair. An approach involving
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more extensive surgery may reduce the need for reoperation, but it comes with a
potenital risk of perioperative complications. Therefore, more aggressive proximal
procedures should be reserved for cases with significant root involvement or dila-
tion. Complete or partial arch replacement should be considered if the primary
entry tear is located distal to the ascending aorta. The second aspect is the progress
after the initial repair. It is always advised to maintain routine, lifelong imaging and
clinical follow-ups to detect complications and assess the growth of untreated aortic
segments. The third aspect is the outcome of reoperation. Reoperation after an acute
dissection repair can be safely performed, offering a favorable long-term prognosis.
A redo procedure does not necessarily reflect a less extensive repair in the initial
surgery [68].

Kato introduced the frozen elephant trunk in 1996 as a modification of the
conventional elephant trunk. This allows to safely address multi segment aortic
disease. It provides safe proximal anastomosis within proximal descending
thoracic repair. It also serves as an excellent landing zone for a future thoracic
endovascular repair (TEVAR) graft. The essence of this device is that the stent
graft is delivered into the open aorta under circulatory arrest and sutured into
position [69-71]. The branch first debranching and arch replacement technique
we utilize provides more of a landing zone for a 2nd stage TEVAR by relocating
the arch vessels.

Ultimately, decisions regarding the extent of surgical intervention must prioritize
patient survival, with concerns about downstream aortic reoperation secondary in
importance.

We recommend managing these patients in a multi-disciplinary aortic MDM that
allows for robust discussion on the best way forward for patients with residual aortic
disease. Close surveillance is important to pick up complications of aortic dissection
such as aneurysmal degeneration, visceral malperfusion or persistent false lumen. In
select cases where there is residual thoracoabdominal aortic disease, we implement
the branch first technique to replace the descending aorta via a thoracolaparotomy
[72]. This is usually performed as a combined procedure with our vascular surgery
colleagues at our institution.

5. Phase 3: The endovascular era

The next generation of evolution in the surgical management of ATAAD is
primarily on endovascular techniques. At the cusp of the twenty-first century, two
landmark papers published in the New England Journal of Medicine described the
earliest clinical experiences with managing aortic dissection with entry tear beyond
the left subclavian artery using endovascular stenting, with compelling clinical data
TEVAR might surmount the gold-standard open surgical approach that has been
established since the 1950’ [73, 74]. The first experience in treating ATAAD via
endovascular techniques was in cases with the primary intimal tear in the descending
aorta and retrograde extension into the arch and ascending aortic. The primary tears
were occluded by stent-graft placement which led to thrombosis of the false lumen,
restoration of distal perfusion, and lower early procedural mortality compared to
open repair [74].

In contrast, stent deployment in the ascending aorta on the other hand poses
significant technical anatomical challenge. In 2000, Gerald Dorros and his team in
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Wisconsin described the first stent deployment in the proximal ascending aorta for
ATAAD. The team were presented with a patient post emergency coronary bypass
operation which was complicated with ATAAD and was surgically repaired with a
prosthetic graft. Five months later, the patient remained symptomatic, and imaging
showed that she had a residual entry tear proximal to the innominate artery. A balloon
expandable covered stent was deployed with a transseptal guidewire stabilization
which resulted in resolution of the patient’s symptom. Unfortunately, she passed
away three weeks after the procedure; however, postmortem found that the stent was
expanded and in good opposition to the aortic wall [75].

Subsequent use of TEVAR in the ascending aorta, particularly in cases of
ATAAD, remained largely experimental and was limited to a select group of
patients with favorable anatomy [76]. The largest single-centre experience till date
was reported by Caisheng Ye et al. from Guangzhou. A total of 45 patients were
managed with TEVAR from the year 2001 to 20009. In their series, the patients
were categorized based on the anatomical locations of the entry tears: ten (22.2%)
in the ascending aorta, 14 (31.1%) in the aortic arch, and 21 (46.7%) in the distal
aortic arch or proximal descending aorta. The latter groups all had retrograde
extension involving the ascending aorta. Ye’s paper described different endovas-
cular approaches based on the anatomical location of the entry tears. For those
located in the ascending aorta, stents were introduced via either the left common
carotid artery (LCCA) or the right common femoral artery. The former neces-
sitates a preceding left subclavian artery (LSA)-LCCA bypass whilst in the latter,
only patients with “at-risk” anatomy underwent LSA-LCCA-right common carotid
artery (RCCA) bypass procedure. For entry tears in the arch, it is technically
challenging to achieve adequate landing zone without compromising blood flow
to the arch vessels. Resultantly, a hybrid approach with arch vessel debranching
was necessary to facilitate safe deployment of TEVAR grafts across the arch. For
entry tears in the distal arch or the descending aorta, most patients were treated
with TEVAR alone, except for those with a non-dominant right vertebral artery
or non-intact Circle of Willis, who required an LSA-LCCA bypass. The overall
surgical success rate was 97.8%, with a 30-day mortality was 6.7%. Despite the
heterogeneity of the patient group, comprising 30 (66.6%) ATAAD cases (onset
up to 14 days) and 15 patients presenting beyond 14 days since symptom onset,
the study sets a strong precedent with optimistic results demonstrated in a high-
volume specialized center [77].

For half a century, the dogma of surgical treatment of ATAAD was to resect
the dissected ascending aorta and to reestablish aortic continuity with a graft
conduit to prevent immediately fatal sequalae of the disease itself. The procedure
improves the prognosis of the patient and is ultimately lifesaving. It is however
a palliative procedure in principle. As operative techniques evolved, the focus
has shifted to improving late survival rate and freedom from reoperation from
subsequent aneurysmal changes of the residual dissection in the aortic arch and
descending aorta.

In 2002, the birth of the first hybrid procedure for the treatment of ATAAD
was described by Masaaki Kato and associates in Osaka attempted to address the
shortcoming of the conventional ascending aortic replacement. They described a less
invasive total arch graft implantation aimed to achieve complete closure of intratho-
racic entry sites for ATAAD compared to the conventional total arch replacement.

In the procedure, the aortic arch is transected and a 30F curved catheter sheath is
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advanced under transesophageal echocardiography guidance to the target landing
zone, which was described as a point of tight contact between stent graft and vascular
wall. The deployment of an open-style self-expandable stent obviates the need for a
distal anastomotic suture which is technically less challenging, whilst providing non-
inferior survival outcomes [78].

The hybrid arch repair and later the invention of the frozen elephant trunk
technique is an attractive option that provides a comprehensive single-stage repair in
patients with extensive dissection involving both the aortic arch and the descending
thoracic aorta. However, extensive preoperative comorbidities and limited physi-
ological reserve in certain patient subgroups preclude an invasive surgical approach.
The ascending aorta and aortic arch pose unique challenges for the endovascular
surgeon, often considered the final frontier in the treatment armamentarium of the
entire aortic organ. The curvature of the aortic arch is challenging to navigate and
in the case of dissection, aggressive oversizing would result in radial tension exerted
on the true lumen, resulting in stent graft-induced new entry (SINE) or catastrophic
aortic rupture. The proximity to the aortic valve and the coronary ostia presents
significant challenges in planning endovascular therapies for the ascending aorta. In
2014, Bartosz Rylski and associates from the University of Pennsylvania introduced
a novel composite endovascular valved graft. It involves a single piece of device with
three distinct portions: (1) a prosthetic aortic valve, (2) an uncovered graft portion
which allows for unobstructed diastolic coronary perfusion, and (3) a covered graft
portion. Compared to converntional TEVAR, this composite graft has three landing
zones: the aortic annulus, the sino-tubular junction and the distal ascending aorta or
the proximal arch [79].

Although the composite graft was initially designed for patients with concomit-
tant aortic stenosis and post-stenotic ascending aortic anerusym, in 2023, Mehrdad
Ghoreishi et al. at the University of Maryland adapted this concept for repairing
ATAAD. They developed the “Endo-Bentall” device, which incorporates a self-
expanding transcatheter aortic valve (TAVR) sewn circumferentially to a TEVAR
graft. This graft includes two nitinol-reinforced fenestrations for coronary artery
stenting, all contained within a modified TEVAR delivery system. In cases where
endoleak is detected, the coronary ostia can be accessed through the fenestrations and
stented using a covered balloon-expandable stent. This system was deployed in two
patients with prohibitive surgical risks, yielding satisfactory medium-term out-
comes with complete false lumen thrombosis and adequate coronary perfusion [80].
However, the long-term patency of the stented coronary ostia remains uncertain.
Additionally, the transapical deployment of composite graft in ATAAD has also been
proposed in setting of haemopericardium, as cardiac tamponade could be rapidly
relieved whilst it circumvents the steep aortic curvate at the arch and facilitate wire
placement into the true lumen. [80]

The evolution of endovascular techniques represents a significant advancement in
the management ATAAD. The transition from traditional open surgical approaches to
innovative hybrid and endovascular solutions highlights the ongoing quest to improve
patient outcomes, reduce procedural mortality, improve freedom from reintervention
and enhance long-term survival.

Imaging review of a 74 year old female with acute type a aortic dissection and
left leg pain with compressed true lumen and obstruction of left common iliac
artery. Previous CABG x 3 in 2001 (LIMA - LAD, RIMA y graft to diag and OM)
(Figures 6-13).
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Figure 6.
Large false lumen in ascending aorta.

Figure 7.
All 3 arch vessels dissected.

Figure 8.
Renal artery off false lumen.

Figure 9.
Occluded left common iliac artery.
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Figure 10.
Sagittal view showing Type A and Type B dissection.

Figure 11.
Patient presenting with true lumen collapse following acute Type A Aortic Dissection and persistent occlusion of left

common iliac artery - managed with Brach First Total Arch Replacement. Imaging shows completion STABILIZE
technique. As the common stem of the trifurcation graft is now located proximal on the ascending aortic graft second
stage endovascular treatment is simplified in even the most complex of cases, including dissections. A: Covered stent graft
in arch, B: Uncovered stent graft in descending thoracic aorta down to aortic bifurcation, C: Left renal artery — covered
stent, D: 2 uncovered stents in vight common and right external iliac artery.
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Figure 12.
Ct aortogram 12 months following branch first arch replacement followed by STABILIZE TEVAR with full

expansion of the residual trye lumen and complete remodeling of the residual dissected thoracoabdominal aorta.

Figure 13.
A-D: Ct aortogram 12 months following branch first arch replacement followed by STABILIZE TEVAR with full
expansion of the vesidual true lumen and complete remodeling of the residual dissected thoracoabdominal aorta.
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6. Conclusions

The evolution of aortic dissection surgery has seen a shift from high-mortality
open surgeries to more effective, refined and occasionally less invasive methods with
the advent of endovascular techniques. There have been newer classification systems
to help diagnose and manage aortic dissections better. This evolution has significantly
improved survival rates, reduced complications, and enhanced long-term recovery.
As surgical and diagnostic technologies continue to advance, the outlook for patients
with aortic dissection continues to improve. The extent of replacement at the index
operation remains up for debate and is mostly decided based on the institution’s
experience and patient factors. We believe having a dedicated aortic team with robust
aortic MDMs would immensely improve outcomes for these patients.
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Abstract

Marfan syndrome is a common monogenic disorder of connective tissue, which
primarily affects the cardiovascular, skeletal, and ocular systems, with an incidence
of 1in 10,000. Recent advances in studies on genetic aortic disorders, Marfan, and
related disorders have clarified the genetic factors underlying these conditions. Such
knowledge will help to develop diagnostic strategies, preventive approaches, and
precision medicine. Clinical and genetic studies with Marfan syndrome and related
disorders have deciphered the complexities of genetic determinants and their clinical
relevance by interpreting the diverse findings including variants of uncertain signifi-
cance (VUS). Cutting-edge diagnostic techniques and next-generation sequencing
facilitate the identification of pathogenic and/or predisposing factors, which signifi-
cantly increase the potential for early intervention and personalized treatment. By
summarizing current research, this review provides valuable insights into the patho-
physiology and management of genetic aortic disorder, paving the way for future
research and clinical advancements in cardiovascular medicine.

Keywords: genetic landscape, Marfan syndrome, diagnostic strategies, preventive
strategies, precision medicine, variants of uncertain significance

1. Introduction

The recent innovation of genetic technology has allowed us to clarify the role of
genetic factors in the pathogenesis of aortic dissection and life-threatening cardiovas-
cular conditions. Marfan syndrome is related to genetic disorders primarily affecting
the connective tissues. The prototypic, most common form is Marfan syndrome, 70%
of which is caused by the dominant mutations in the Fibririn 1 (FBN1) gene, encoding
the elastic fibers particularly enriched in the aortic walls and ciliary bodies. The cardinal
clinical features of Marfan syndrome are cystic dilation in the aortic outlet, lens disloca-
tion, and skeletal deformities of the spine and extremities (Ghent Criteria) (Figure1
and Table1). Recent studies have unveiled a broader genetic landscape underlying aortic
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b)

d)

Figure 1.

Clinical features of Marfan syndrome. (a) Aortic root aneurysm, (b) ectopia lentis, (c) Scoliosis, chest wall
deformities, (d) thumb sign, wrist sign. Images are referved to: MAYO CLINIC. https://www.mayoclinic.org/
diseases-conditions/marfan-syndrome/symptoms-causes/syc-20350782, with permission.

disorders and their diverse clinical phenotypes beyond those traditionally described for
Marfan syndrome. This review aims to better understand the multifaceted nature of
aortic dissection, exploring the complex interplay between genetic predisposition, diag-
nostic modalities, preventive strategies, and precision medicine. Based on the up-to-date
evidence, this chapter will provide a comprehensive overview of the current understand-
ing of aortic dissection and its implications for clinical practice.

2. Unraveling the genetic landscape
2.1 Genetic factors of Marfan and related syndromes

About 70% of the Marfan syndrome was caused by the mutations in Fibririn-
1(FBN1) gene. Recent studies have elucidated the role of diverse genetic factors in
predisposing individuals to aortic dissection, other than the classic causative genes of
Marfan syndrome, Fibrilin-1 (FBN1) (Table 2). These factors encompass mutations in
genes involved in vascular smooth muscle function, extracellular matrix remodeling,
and inflammatory pathways (Figure 2).

* ACTA2 Mutations: Alpha-actin-2 (ACTA2) mutations have emerged as culprits
for familial thoracic aortic aneurysms and dissections (FTAAD: MIM 607086).
These mutations disrupt the contractile function of vascular smooth muscle
cells, leading to arterial wall fragility and predisposition to dissection [5].
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In the absence of family history

1.Ao (Z22) +EL— MFS

2. Ao (Z=2) + Bonafide FBNI mutation — MFS
3.Ao (Z22) + Systemic features (72 pts) — MFS’
4. EL + FBN1 with known Ao — MFS

* EL with or without Systemic features AND with an FBNI not known with Ao or no FBNI — ELS

* Ao (Z<2) AND Systemic features (5= pts with at least one skeletal feature) without EL — MASS
* MVP AND Ao (Z<2) AND Systemic features (<5 pts) without EL — MVPS

In the presence of family history

5. EL+ FH of MFS (as defined above(1)-(4)) — MFS’

6. Systemic features (7> pts) + FH — MFS’

7.Ao (Z 22 above 20 yearsold, =3 below 20 years) FH of MFS (as defined above(l)-(4)) — MFS’

Ao: Aortic diameter at the sinuses of Valsalva above indicated Z-score or aortic voot dissection, EL: Ectopia lentis, MFS:
Marfan syndrome, ELS: Ehlers-Danlos syndrome, MASS: myopia, mitral valve prolapse, borderline (Z<2) aortic

root dilatation, striae, skeletal Endings phenotype, MVPS: mitral valve prolapse syndrome, FH: Family history. "Where
aortic root dilatation (Z =2) or dissection is present but ectopia lentis is absent and the FBN1 genetic vesults status is
either unknown or negative, an MFS diagnosis is confirmed by the presence of sufficient systemic findings (=7 points,
according to the proposed scoring system) [1]. However, MS-velated conditions features such as Shprintzen-Goldberg
syndrome(SGS), Loeys-Dietz syndrome (LDS) or vascular EDS must be excluded by performing appropriate alternative
genetic testing (TGFBR1/2, COL3A1, and other relevant genetic testing) as well as biochemical collagen study.

The Ghent criteria are worldwide used in helping physicians to diagnose MFS appropriately. New NGS techniques
allow the detection of FBN1 variants in up to 97% of Marfan patients who fulfil the Ghent criteria. The current Ghent
criteria have excellent specificity to predict individuals with FBN1 variants. Ref. [1].

Table 1.
Revised Ghent criteria for diagnosis of Marfan syndrome and related conditions.

Systemic features Score
Wrist AND thumb sign (wrist or thumb sign) 3(1)
Pectus carinatum deformity (pectus excavatum or chest asymmetry ) 2(1)
Hindfoot deformity (plain pes planus) 2(1)
Pneumothorax 2
Dural ectasia 2
Protrusio acetabuli 2
Reduced upper segment/lower segment ratio + increased arm/height + no severe scoliosis 1
Scoliosis or thoracolumbar kyphosis 1
Reduced elbow extension 1
Facial features (3/5) : dolichocephaly, enophthalmos, downslanting palpebral fissures, malar 1
hypoplasia, retrognathia

Skin striae 1
Myopia > 3 diopters 1
Mitral valve prolapse (all types) 1

Maximum total: 20 points; score 27 indicates systemic involvement

A systemic score calculator and a complete description of each component evaluation can be found at the Marfan
Foundation website.

Table 2.
Scoring for systemic features of Marfan syndrome.
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Figure 2.

The TGFp signaling pathway in genetic connective tissue disorders. Altered TGEp signaling plays a major role

in the pathology of Marfan syndrome (MFS) and related diseases. Connective tissue diseases are associated

with specific TGFp signaling effectors (black boxes). The effects of TGFp signaling pathways in elastic fiber
remodeling are compared under normal and the disease status of genetic connective tissue disorders, including
Marfan syndrome (MFS) and Loeys-Dietz syndromes (LDS). Under normal conditions, the large latent

complex LTBPE, which is covalently cross-linked to fibrillin, sequesters the small latent TGF-p complexes into the
fibrils. Tissue injuries induce the release of active TGF-f from latent complex and/or conformational change
activating the TGF-p receptor binding site. Binding of active TGF-p with the TGF-p receptor type II leads to the
phosphorylation and recruitment of TGF- veceptor type I into a heteromeric veceptor complexes. The serine/
threonine kinase activity of the activated complex phosphotylates Smad2 and Smads that both bind to Smad4 and
translocate into the nucleus to enhance gene transcription of Pro-inflammatory factor, for example, MMP MFS:
Marfan syndrome, LDS: Loeys Dietz syndrome, TADD: thoracic aortic aneurysm/dissection, vEDS: Ehlers-Danlos
syndrome, vascular type, SGS: Shprintzen-Goldberg syndrome. Refs. [2-4].

* MYH11 Mutations: Mutations in the MYH11 gene, encoding the smooth muscle
myosin heavy chain, are associated with familial thoracic aortic aneurysms
and dissections (FTAAD: MIM 607086). These mutations impair smooth
muscle contractility, compromising the structural integrity of the aortic
wall [6].

* TGFBR1/TGFBR2 Mutations: Defects in the transforming growth factor-beta
(TGF-B) receptor genes, TGFBR1 and TGFBR2, have been identified in individu-
als with Loeys-Dietz syndrome (609,192, 610,168) characterized by thoracic
aortic aneurysms and dissections., as well as skeletal defects. Dysregulated
TGF-p signaling contributes to abnormal extracellular matrix remodeling and
vascular smooth muscle cell proliferation [7].

In our Clinical Genetics Center of the KMU hospital, the genetic testing panel
for these 15 genes causative of genetic aortic disorders is provided in collaboration
with the Kazusa DNA laboratory (KMU homepage; https://hp.kmu.acjp/treatment/
departments/clinical_genetics/marfan/). The results will be returned to the patients
and referral doctors within 2 months and will be explained to the patient and family
in aid of genetic counseling.
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2.2 Importance of genetic risk assessment

Genetic risk assessment allows the identification of individuals at risk for aortic dissec-
tion and guiding clinical management. Comprehensive genetic evaluation includes thor-
ough family history assessment, genetic testing, and interpretation of genetic variants.

* Family history assessment: A taking of detailed family history helps clarify the
transmission patterns suggestive of hereditary connective tissue disorders or
familial clustering of aortic diseases. Individuals with affected relatives may
benefit from targeted genetic testing and surveillance [8].

* Genetic testing modalities: Advances in genetic testing technologies, including
next-generation sequencing (NGS) and whole-exome sequencing (WES), enable
the comprehensive analysis of genes associated with aortic dissection. These
modalities facilitate the identification of pathogenic variants and variants of
uncertain significance (VUS) [9], according to the American College of Medical
Genetics and Genomics (ACMG) criteria (Table 3).

Gene Phenotype Hereditary OMIM #
FBN1 Marfan syndrome AD 134797
TGFBR1 Loeys-Dietz syndrome 1 (LDS1) AD 190181
TGFBR2 Loeys-Dietz syndrome 2 (LDS2) AD 190182
SMAD3 Loeys-Dietz syndrome 3 (LDS3) AD 603109
TGFB2 Loeys-Dietz syndrome 4 (LDS4) AD 190220
TGFB3 Loeys-Dietz syndrome 5 (LDS5) AD 190230
SMAD?2 Loeys-Dietz syndrome 6 (LDS6) AD 601366
FBN2 Congenital Contracturai Arachnodactyly (Beals syndrome) AD 612570
COL3A1 Ehlers-Danlos syndrome, vascular type (VEDS) AD 120180
COL1A1 Ehlers-Danlos syndrome, arthrochalasia type (aEDS) AD 120150
ACTA2 Familial thoracic aortic aneurysm/dissection (Familial TAAD) AD 102620
MYHI11 Familial thoracic aortic aneurysm/dissection (Familial TAAD) AD 160745
MYLK Familial thoracic aortic aneurysm/dissection (Familial TAAD) AD 600922
PRKG1 Familial thoracic aortic aneurysm/dissection (Familial TAAD) AD 176894
PMEPA1 Familial thoracic aortic aneurysm/dissection (Familial TAAD) AD 606564
EFEMP2 EFEMP2-Related Cutis Laxa AR 604633
FLNA X-Linked Otopalatodigital Spectrum Disorders XL 300017
SLC2A10 Arterial Tortuosity Syndrome AR 606145

A list of 18 genes of Marfan and related syndrome, for which ave sequenced in the Marfan sequence panel (Kazusa DNA
Research Institute), are shown.
FBNI1: Fibrilin-1, TGFBRI: Transforming Growth Factors beta receptor 1, TGFBR2: Transforming Growth Factors beta
receptor 2, SMAD3: SMAD family member 3, TGFB2: Transforming Growth Factors beta 2, TGFB2: Transforming
Growth Factors beta 3, SMAD2: SMAD family member 2, FBN2: Fibrilin-2, COL3A1: collagen type III alpha 1
chain, COL1A1 : collagen type I alpha 1 chain, ACTA2: Actin alpha 2 smooth muscle, MYHI11: Myosin heavy chain
11, smooth muscle, MYLK: Myosin light chain kinase, PRKGI.. protein kinase cGMP-dependent 1, PMEPA1: prostate
transmembrane protein, androgen induced 1, EFEMP2-. EGF containing fibulin extracellular matrix protein 2,
FLNA: filamin A, SLC2A10: solute carrier family 2 member 10.

Table 3.
Genes involved in genetic aortic diseases.
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* Interpretation of genetic variants: The interpretation of genetic variants, partic-
ularly VUS, poses challenges in clinical decision-making. Multidisciplinary col-
laboration involving geneticists, cardiologists, and genetic counselors is essential
to contextualize genetic findings and allow an accurate risk assessment [10].

2.3 Variants of uncertain significance (VUS)

Variants of uncertain significance (VUS) represent genetic alterations whose
pathogenicity is not definitively proven (Figure 3 and Table 4). The pathogenic
relevance of VUS must be carefully evaluated, considering various parameters,
including population allele frequency, evolutionary conservation, functional studies,
and phenotype-genotype cosegregation.

* Challenges in interpretation: VUS may pose a significant challenge for clini-
cians when making therapeutic decisions due to the uncertainty surrounding
their clinical significance. These variants often show ambiguous or conflicting
evidence regarding their pathogenicity, necessitating the collection of more
phenotype-genotype data and additional functional assay [13].

* Clinical implications: The identification of VUS prompts the patients to undergo
regular surveillance and genetic counseling. Patients harboring VUS may require
regular clinical follow-up and examination to monitor disease progression and
complications and reassess the significance of the variants regularly by searching
the updated database [14].

* Research efforts: Ongoing research efforts aim to elucidate the clinical signifi-
cance of VUS through functional studies (transfection of variants in mam-
malian cells, generating the animal model by use of genome editing technology,
CRISPR-Cas9), large-scale sequencing initiatives, and data-sharing platforms.
Collaborative endeavors are essential to generate robust evidence and refine the
pathogenicity of VUS [15].

(disease causing) (variant of uncertain significan (neutral)

Pathogenic VUS Benign

® VUS does not currently gather sufficient information to determine
whether it is associated with disease.

® Based on symptoms and family circumstances, future health care will be
discussed.

@ As future research progresses, interpretations may change.

@ If you want to know whether the interpretation has changed, consult your
doctor at the medical center, where you had the genetic test.

Figure 3.

Interpretation of variant of uncertain significance (VUS). Variants of uncertain significance (VUSs) exist along
a spectrum between the benign and suspected pathogenicity. Judgement of UVS may alter to the either category,
depending upon the accumulating data about genotype-phenotype, and functional expression. Ref. [11].
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Sequence variant interpretation Resources for interpretation
Pathogenic * Population data
Likely pathogenic * Computational and predictive data

Variant of uncertain significance (VUS) Functional data

Likely benign Segregation data

De novo data

Allelic data

Benign

other database (Reputable source)

other data (Found in case with an alternate
cause. Patient's phenotype or family history
highly specific for gene.)

The genetic variants ave classified into five classes of interpretation based upon the resources from interpretations.
Interpretations need an integrative, multidisciplinary collaboration with experts in clinical phenotypes, family and
population genetics, in silico and experimental studies. Systematic assessment for the relevance of VUS is discussed on
a regular basis in expert panel of international consortium in Clin-Gen (FBN1 Variant Curation Expert Panel FBN1
Variant Curation Expert Panel—ClinGen—Clinical Genome Resource Ref. [12] ).

Table 4.
Interpretation of sequence variants.

3. Novel gene identification and analytical techniques
3.1 State-of-the-art mutation identification

Advanced genetic sequencing technologies, WES or Whole-genome sequencing
(WGS), have revolutionized the identification of genetic variants causing aortic
dissection. These techniques offer unparalleled sensitivity and specificity in detecting
rare and novel pathogenic variants.

* Next-generation sequencing (NGS): NGS platforms enable the rapid and cost-
effective sequencing of large genomic regions, facilitating the identification of rare
variants implicated in aortic dissection. Whole-genome sequencing (WGS) and
whole-exome sequencing (WES) are particularly valuable for uncovering novel
disease-causing genes [16]. The limitations of the technology we have so far are only
able to sequence a short fragment (150-200 base-pair). Recently, a single molecule,
long-read sequence will read 5 to 10 Mega bases all at once become available
(NovaSeqXPlus, Pac-Bio, GridION, PromethION, Nanopore) (Figure 4).

* Functional genomics approaches: Functional omics approaches, including tran-
scriptomics, epigenomics, and proteomics, provide insights into the molecular
mechanisms underlying aortic dissection. These techniques could elucidate gene
expression patterns, regulatory networks, and protein interactions, which are
implicated in the pathogenesis of aortic disorders [18].

3.2 Clinical applications of genetic analysis

The integration of genetic analysis into clinical practice has translational implica-
tions from bed-sed to bedside to improve the diagnosis, prognosis, and management
of aortic dissection. Genetic testing informs risk stratification, guides therapeutic
decision-making, and facilitates personalized medicine approaches.
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short read sequence(SRS)
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Disease gene  — —
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sequence gap

Missing sequence data reads to
B gaps in genome coverage and
limits variant detection

long read sequence(LRS)

"EaEm am

"L T

LR N L L
Disease gene

Long reads map uniquely and span large
variants providing comprehensive variant
detection. LRS holds various advantages over
short-read approaches as (1)-(4).
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Figure 4.

Comparison of NGS technology of short read sequence vs. long read sequence. A, short read, B, Ling read, C,
advantage of the long reads. The predominant difference between LRS and the conventional SR-NGS approaches
is a significant increase in vead length. In contrast to short reads (150-300 bp), LRS allows much longer sequence
on average over 10kb in one single vead, theveby requiring less read depth to cover the target gene. Ref. [17].

* Risk stratification: Genetic testing enables the identification of individuals at
increased risk for aortic dissection based on their genetic profile. High-risk indi-
viduals may benefit from enhanced surveillance, early intervention, and targeted
preventive measures [19].

* Therapeutic decision-making: Identification of specific genetic variants will help
therapeutic decision-making, particularly in the selection of pharmacological
agents and surgical interventions. For example, aortic disease patients who have
the pathogenic FBNI variants are recommended to replace the dissected aortic
lesions by the vascular graft rather than by stent implantation to avoid recurrent
rupture of the genetically fragile aortic wall. Moreover, asymptomatic carriers of
FBN1 variants would be better to take regular check-ups (CT or US) to prevent
or earlier intervene in aortic diseases. Precision medicine approaches will allow
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tailored treatments based on personal molecular defects and will thus improve
patient outcomes [20].

* Family screening and counseling: Genetic analysis will allow a risk assessment
for their family members beyond the proband, leading to better family health
care by offering cascade screening and genetic counseling. Family members who
are found to carry pathogenic variants can benefit from early detection, proac-
tive management, and informed reproductive planning [21].

4. Diagnosis and early intervention
4.1 Role of imaging techniques

Advanced imaging modalities play a crucial role in the early diagnosis and risk
stratification of aortic dissection. Computed tomography angiography (CTA), mag-
netic resonance imaging (MRI), and transesophageal echocardiography (TEE) offer
high sensitivity and specificity in detecting aortic lesions.

* Computed tomography angiography (CTA): CTA is a cornerstone of imaging
for aortic dissection, providing detailed visualization of the aortic locations,
expansion, and nature of pathology. Multidetector-row CT scanners offer rapid
acquisition times and high spatial resolution, enabling accurate diagnosis and
characterization of dissection morphology [22].

* Magnetic resonance imaging (MRI): MRI is valuable for assessing the locations,
extent, and complications of aortic dissection, particularly in patients with con-
traindications to iodinated contrast agents or radiation exposure. MRI provides
multiplanar imaging, tissue characterization, and functional assessment, aiding
in treatment planning and follow-up [23].

* Transesophageal echocardiography (TEE): TEE offers real-time imaging of the
aorta with high spatial resolution and sensitivity, making it indispensable for
intraoperative and perioperative monitoring of aortic dissection. TEE-guided
interventions facilitate the accurate placement of endovascular stent grafts and
assessment of aortic valve function [24].

4.2 Clinical evaluation

Clinical evaluation is of fundamental importance for the initial assessment of
patients with suspected aortic disorders, guiding diagnostic workup, risk stratifica-
tion, and therapeutic decision-making. Key clinical features suggestive of aortic
dissection include severe chest or back pain, pulse deficits, neurologic deficits, and a
widened mediastinum on chest radiography.

* Diagnostic algorithms: Clinical practice guidelines, such as the 2022 ACC/
AHA Guideline for the Diagnosis and Management of Aortic Disease, provide
evidence-based algorithms for the diagnosis and management of aortic dissec-
tion, emphasizing the importance of integrating the clinical findings, imaging
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studies, and biomarkers. These algorithms facilitate timely decision-making and
optimize patient outcomes [25, 26].

¢ Risk stratification models: Risk stratification models, such as the Stanford and
DeBakey classifications, categorize aortic dissections based on spatial expansion
and anatomical involvement of branch vessels. These models help treatment
decisions and prognostication, guiding the selection of surgical or conservative
management strategies [27].

* Multidisciplinary approach: A multidisciplinary approach involving cardiolo-
gists, cardiothoracic surgeons, vascular surgeons, and radiologists is essential
for the comprehensive evaluation and management of aortic dissection.
Collaborative care ensures timely diagnosis, risk assessment, and coordinated
treatment planning [28].

5. Advancements in treatment
5.1 Surgical techniques

Surgical intervention remains the cornerstone of treatment for acute and chronic
aortic dissection, aiming to prevent complications, relieve symptoms, and restore
aortic wall integrity. Evolving surgical techniques and devices continue to improve
outcomes and expand treatment options.

* Open surgical repair: Traditional open surgical repair involves excision of the
dissected aortic segment and replacement with a prosthetic graft, often com-
bined with aortic valve repair or replacement. Despite the recent advances in
endovascular therapy, open repair remains a gold standard for complex dissec-
tions and connective tissue disorders [29].

* Endovascular stent grafting: Endovascular stent grafting offers a less invasive
alternative to open surgery for select patients with aortic dissection, particu-
larly those with distal or limited disease. Thoracic endovascular aortic repair
(TEVAR) provides rapid hemostasis, reduced perioperative morbidity, and
shorter hospital stays compared to open repair [30].

* Hybrid approaches: Hybrid approaches combine open surgical techniques
with endovascular stent grafting to address complex aortic pathology. These
procedures allow customized treatment strategies, improving the postoperative
outcomes in patients with challenging anatomy or comorbidities [31].

5.2 Evidence-based algorithms

Clinical practice guidelines provide evidence-based algorithms for the diagnosis
and management of aortic dissection, summarizing the up-to-date research evidence
and expert consensus recommendations. These guidelines could offer structured
approaches to risk assessment, diagnostic evaluation, and treatment selection,
promoting standardized care and improved patient outcomes.
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* American College of Cardiology/American Heart Association Guidelines: The
ACC/AHA guidelines 2022 provide comprehensive recommendations for the
diagnosis and management of thoracic aortic diseases, incorporating input from
multiple specialty societies and expert panels. These guidelines emphasize risk
stratification, imaging protocols, and treatment algorithms tailored to personal-
ized patient’s demands [32].

* European Society of Cardiology (ESC) Guidelines: The european society of
cardiology guidelines offer evidence-based recommendations for the diagnosis
and management of aortic diseases including aortic dissection, thoracic aortic
aneurysms, and aortic valve disease. These guidelines advocate for a multidis-
ciplinary approach to patient care, highlighting the importance of risk factor
modification, genetic counseling, and long-term surveillance. By promoting
adherence to standardized protocols and best practices, these guidelines aim
to optimize patient outcomes and reduce the burden of aortic disease-related

morbidity and mortality [33].

6. Perspective and emerging trends
6.1 Harnessing genomic data

The integration of genomic data into clinical practice holds immense promise to
deepen our understanding of aortic dissection and improving patient care. Large-
scale genomic studies, such as genome-wide association studies (GWAS) and col-
laborative consortia, are elucidating the genetic architecture of aortic disease and
identifying novel disease-causing genes and pathways.

* Precision medicine approaches: Precision medicine approaches leverage genomic
data to tailor treatments to the underlying molecular defects, optimizing thera-
peutic efficacy and minimizing adverse effects. Targeted therapies, gene editing
technologies, and regenerative medicine strategies offer innovative avenues for
personalized medicine in aortic dissection [34].

* Predictive modeling: Computational modeling and machine learning algorithms
analyze genomic, clinical, and imaging data to predict disease onset, progres-
sion, and response to therapy. These predictive models would enable risk strati-
fication, treatment selection, and prognostication, guiding precision medicine
interventions and improving patient outcomes [35].

6.2 Advancements in preventive medicine

Preventive medicine strategies play a crucial role in mitigating the risk of aortic
dissection and improving the public health outcomes. Lifestyle modifications,
pharmacological interventions, and genetic screening programs offer opportunities

for primary and secondary prevention of aortic diseases.

* Risk factor modification: Targeted interventions aimed at modifiable risk factors,
such as hypertension, smoking, and dyslipidemia, can attenuate the progression
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of aortic disease and reduce the incidence of a life-threatening aortic dissection.
Comprehensive risk factor management, including lifestyle modifications and
pharmacotherapy, is essential for primary prevention [36].

* Genetic screening programs: Population-based genetic screening programs
identify individuals at increased risk for hereditary connective tissue disorders
and familial aortic diseases, facilitating early detection and intervention.
Cascade screening of at-risk family members enables proactive management
and preventive strategies, reducing the burden of aortic dissection on affected
families [24].

6.3 Patient-centered care

Patient-oriented care emphasizes shared decision-making, personalized treatment
plans, and holistic support for patients and their families. Encouraging patients with
knowledge, resources, and psychosocial support enhances treatment adherence,
improves health outcomes, and fosters resilience in the face of chronic illness.

* Patient education and empowerment: Comprehensive patient education pro-
grams provide individuals with the information, skills, and resources needed
to actively participate in their care. Health literacy, self-management strategies,
and shared decision-making tools will guide patients correctly to make informed
choices and advocate for their health needs [37].

* Psychosocial support services: Psychosocial support services, including counsel-
ing, peer-support groups, and community resources, address the emotional,
social, and practical needs of patients with aortic diseases and their families.
These services promote resilience, coping skills, and quality of life, fostering
holistic well-being across the disease continuum [38].

7. Precision medicine approaches
7.1 Personalized therapeutic strategies

Precision medicine approaches aim to tailor therapeutic strategies to the respective
patient’s genetic profile, clinical characteristics, and disease phenotype. Personalized
interventions optimize treatment efficacy and minimize adverse effects.

* Genotype-guided therapy: Genotype-guided therapy involves selecting pharmaco-
logical agents and surgical interventions based on the patient’s genetic mutations
and molecular pathways implicated in aortic dissection. This approach enhances
therapeutic precision and efficacy.

* Biomarker-guided management: Biomarker-guided management utilizes specific
biomarkers to monitor disease progression, assess therapeutic response, and
guide treatment adjustments. Biomarkers of vascular inflammation, extracellular
matrix turnover, and hemodynamic stress offer insights into the disease state and
therapeutic efficacy.
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7.2 Future directions and innovations

The field of precision medicine in aortic disorders continues to evolve, driven by
ongoing research and technological innovations. Future directions will include the
integration of multi-omics data, the development of novel therapeutic targets, and
the implementation of advanced diagnostic tools.

* Multi-omics integration: Integrating multi-omics data, including genomics, transcrip-
tomics, proteomics, and metabolomics, offers a comprehensive understanding of
the molecular underpinnings of aortic dissection. Multi-omics approaches facilitate
the identification of novel biomarkers, therapeutic targets, and disease pathways.

* Gene editing and therapy: Genome editing technologies, such as CRISPR-Cas9,
hold promise for correcting pathogenic mutations and restoring normal cellular
function. Gene therapy approaches aim to deliver therapeutic genes or modulate
gene expression to mitigate the effects of deleterious mutations.

o Artificial intelligence and machine learning: Artificial intelligence (AI) and
machine learning (ML) algorithms have the potential to revolutionize the
diagnosis, risk stratification, and management of aortic dissection. These
technologies enable the analysis of complex data sets, identification of predictive
patterns, and development of personalized treatment algorithms.

8. Conclusion

The unrevealing of the genetic landscape in common aortic diseases expands our
view of Marfan syndrome, encompassing a diverse array of genetic mutations and
molecular pathways. Advances in diagnostic strategies, including genetic testing
and preventive strategies, have improved our approach to managing this condition.
Precision medicine will open a promising avenue for improving patient outcomes,
although challenges still remain, particularly in cases involving variants of uncertain
significance (VUS). Addressing these challenges is crucial for optimizing patient care
and extending life expectancy. Ongoing research and multidisciplinary collabora-
tion are essential for further elucidation of the complexities of aortic dissection and
translating scientific discoveries into clinical practice.
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Chapter 5

Role of Transesophageal
Echocardiography in Surgical
Treatment of Aortic Dissection

Kazumasa Orihashi

Abstract

Acute type A aortic dissection is a life-threatening condition frequently complicated
by rupture and/or malperfusion, which can occur at any time. While computed tomogra-
phy (CT) is the gold standard for preoperative diagnostic imaging to develop the optimal
surgical strategy, transesophageal echocardiography (TEE) is invaluable in the operating
room. TEE compensates for the limitations of CT by providing real-time informa-
tion, enabling timely and accurate management of unexpected events such as rupture,
perfusion-related dissection, or new malperfusion in the coronary, cerebral, and visceral
arteries. These critical events, often occurring out of sight of the surgical field, can go
unrecognized by surgeons, anesthesiologists, or perfusionists. TEE acts as a navigational
radar in an airport control tower, guiding experienced pilots through complex situations.
However, the effectiveness of TEE depends on the operator’s ability to use it at the optimal
timing and target the correct anatomical structures. This chapter aims to elucidate the
methodology, timing, and specific assessments required for TEE to optimize intraopera-
tive management of aortic dissection, ensuring the best possible outcomes for patients.

Keywords: acute aortic dissection, transesophageal echocardiography, perfusion,
extracorporeal circulation, complications

1. Introduction

Acute type A aortic dissection (ATAAD) is often complicated by rupture and/
or malperfusion, significantly worsening the prognosis of patients. According to
the “Annual Report” published annually by the Japanese Association for Thoracic
Surgery, the operative mortality of ATAAD was as high as 18.4% in 2000. However,
by 2020, this figure had decreased to 5.7% [1]. This improvement is attributed to
advancements in computed tomography (CT)—the gold standard for diagnostic
imaging—refinements in surgical strategies, and the development of endovascular
interventions [2]. The advent of 320-row CT has revolutionized diagnostic imaging by
enabling the acquisition of whole-body images within seconds. It allows for the visu-
alization of any plane, the creation of three-dimensional images, and the extraction
of particular structures such as the aorta. These capabilities facilitate surgical plan-
ning based on objective, technologist-independent information, thereby improving
surgical outcomes. However, there are situations where CT may not provide sufficient
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information for strategy formulation, particularly in cases of unstable hemodynamics
due to shock or cardiac arrest, or when only limited images from preceding institu-
tions are available. Furthermore, the definitive limitation of CT is that it becomes
impractical once surgical treatment has commenced.

Transesophageal echocardiography (TEE) can compensate for this limitation. TEE
provides not only morphological and kinetic information but also real-time hemody-
namic data without radiation exposure or the need for contrast agents. The surgical
strategies can be refined based on TEE-derived information [3]. However, the quality
of TEE assessment can vary significantly among examiners. To address this variation,
this chapter summarizes the standardized role of TEE in the management of ATAAD.

2. Flow of TEE assessment in the perioperative period

Figure1 illustrates the flow of TEE assessment in the perioperative period.
Initially, the surgeon formulates surgical and extracorporeal circulation (ECC) strate-
gies based on CT-derived information. Incorporating additional data obtained from
TEE—such as entry position, presence of bleeding, aortic regurgitation (AR), and
malperfusion—the surgeon then finalizes the surgical plan. TEE-derived information
is invaluable not only for strategy formulation but also for intraoperative assessment
in the event of unexpected complications such as rupture or new malperfusion.
Although such incidents are rare, data acquisition becomes extremely challenging
once they occur. Therefore, it is advisable to complete a comprehensive TEE assess-
ment beforehand. Given the unpredictability of such events, the author typically
completes this assessment as quickly as possible, usually within 10 minutes.

Various events can occur in the perioperative period. One common event is sudden
hypotension before ECC is established, often caused by vasodilation due to anesthesia

fime course assessment process / procedures
arrival
— surgical / ECC strategies designed
induction of entry site
anesthesia rupture: pericardial tamponade, hemothorax ) . )
AF.E: mec%anism and segerity — surgical / ECC strategies determined
incision malperfusion: coronary, cerebral, mesenteric
initiation i i : )
of 'F_CU Fﬁ‘;g?:;g‘r'f’“ —= perfusion route altered, if needed
aortic repair organ perfuion —— additional revascularization, if needed
weaning organ perfuion —— additional revascularization, if needed
of ECC
new event: rupture, malperfusion —— additional intervention as needed
chest closure
ostoperative ricardial tampon: malj i " " "
P ‘ﬁl J it LR L B i — additional intervention as needed
Y

Figure 1.
Time Course of Assessments and Consequential Processes or Procedures. CT: computed tomography, ECC:
extmcorporeal circulation, ICU: intensive care unit.
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induction, but it can also result from myocardial ischemia, rupture, or dissection exten-
sion to the subclavian artery, all of which should be evaluated by TEE. Another critical
event is the development of a new dissection or false lumen perfusion at the initiation

of ECC. New complications can also arise after weaning from ECC, as illustrated by two
cases later in this chapter. In the postoperative intensive care unit, pericardial tamponade
or new malperfusion events may occur. In each scenario, a definitive “0 or 1” judgment is
required. Even with extensive experience, decisions based on probability are not reliable;
thus, TEE is employed to make definitive “0 or 1” decisions.

3. Intraoperative hypotension and ECC management

In cases of unexpected hypotension or an unusual decrease in the ECC system’s
reservoir level, probable bleeding should be investigated. Before sternotomy, the
free spaces, including the pericardial and pleural cavities, should be examined
(Figure 2a). These areas can be assessed within seconds by rotating the TEE probe
90-120 degrees to the left and right.

Figure 2b depicts TEE images of a case where the patient’s blood pressure suddenly
dropped to 30 mmHg before the skin incision. The TEE image revealed marked pericar-
dial tamponade, prompting an urgent sternotomy. Although the heart was fibrillating on

|| at rupture

v

DAO

to-and-fro flow n aorta and hematoma

Figure 2.

Findings of Rupture in Acute Type A Aortic Dissection. a: Quick assessment of rupture. b: Pericardial tamponade
just before skin incision. c: Left pleural bleeding, with the bleeding point identified by TEE as an echo-free space.
d: Rupture to the mediastinum, presenting with to-and-fro flow to the aorta. DAO: descending aorta, LV: left
ventricle, RV: right ventricle.
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pericardiotomy, ECC was initiated while the heart was massaged. The surgical treatment
proceeded as planned, and the patient was discharged without complications.

Figure 2c presents the CT and TEE findings of an 86-year-old female patient
transferred in shock, associated with a left hemothorax [4]. CT was performed after
draining 500 mL of blood, but neither the cause nor the bleeding site was identified.
Due to recurrent shock, the patient underwent emergency open surgery. TEE revealed
atype B aortic dissection and an echo-free space in the mediastinum adjacent to the
aorta, indicating the bleeding site. Only 10 cm of the corresponding aorta was replaced.
Although stent grafting might be an option, the bleeding site might not be located via
aortography, necessitating broad stent graft placement, potentially leading to paraplegia.
TEE aids in minimizing the length of coverage. In another case, a 58-year-old male
patient (Figure 2d) presented with shock following mediastinal bleeding. TEE showed
a to-and-fro flow between the mediastinum and the aorta, with the entry site 3 cm distal
to it. Due to the rupture site’s proximity to the diaphragm and unknown Adamkiewicz
artery level, only the minimal aorta segment including the rupture site was replaced to
prevent paraplegia. Both patients had uneventful postoperative courses.

4. 1dentifying the entry site in aortic dissection with TEE

It is not uncommon for the entry site of an aortic dissection to be unidentified on CT
images. In such cases, TEE can be employed to locate the entry site. The characteristic
TEE finding for an entry site is an “interrupted intimal flap with blood flow through it.”
However, visualizing the distal portion of the ascending aorta or the infrarenal portion
of the abdominal aorta can be challenging. When the entry site is not visible, it is advis-
able to assess the direction of blood flow in the false lumen of the aortic arch. The loca-
tion of the entry site can be inferred based on the direction of this flow. If the blood flow
in the false lumen is antegrade, the entry site is likely in the ascending aorta (Figure 3a).

Figure 3.

Locating Entry Site by TEE Findings. a: An entry in the ascending aorta (AAO) generating antegrade flow in the
false lumen (FL) of the aortic arch. b: An entry in the descending aorta (DAO) causing retrograde flow in the FL
of the aortic arch. TL: true lumen.
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Conversely, if the flow is retrograde, the entry site is likely in the distal portion of the
aorta (Figure 3b). This approach can help pinpoint the entry site more accurately and
assist in the formulation of appropriate surgical strategies.

5. Aortic regurgitation
Acute aortic regurgitation caused by ATAAD significantly burdens the heart,
often leading to pulmonary edema even in young patients before they can be taken

to the operating room. There are three primary mechanisms of AR in this context
(Figure 4a) [5].

normal tethering 4 prolapse invagination

STJ enlarged suspension lost
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Figure 4.

Mechanisms of Aortic Regurgitation. a: Three types of mechanisms. b: Enlargement of the ascending aorta

and sinotubular junction (ST]) causing tethering of commissures, forming a triangular vegurgitant orifice. c:
Dissection of the Valsalva sinus wall loosening the suspension of commissures, leading to cusp prolapse. d: Highly
mobile flap with tear invaginating into the aortic valve causing incompetent valve closure.
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1. Tethering of commissures: This occurs due to the enlargement of the ascending
aorta and the sinotubular junction, preventing the cusps from coapting at the

center. This results in a triangular regurgitant orifice and a central regurgitant jet
(Figure 4b).

2. Prolapse of cusps: Prolapse occurs when the suspension of the commissures is
lost due to the dissection of the aortic wall, leading to an eccentric regurgitant jet
(Figure 4c).

3.Intimo-intimal intussusception: Rarely, a highly mobile intimal flap in the
ascending aorta results in intimo-intimal intussusception or invagination into
the aortic valve [6-10]. If there is a tear on the invaginated flap, regurgitation
ensues (Figure 4d). This type of AR can also be associated with myocardial
ischemia [6].

Even moderate-to-severe AR may be addressed with repair rather than valve
replacement. Repair strategies include resolving tethering by normalizing the size of
the sinotubular junction during stump reconstruction or correcting the prolapse of
the cusps by suspending the commissure to the reconstructed aortic wall.

6. Malperfusion

In ATAAD, any branch artery can be compromised by malperfusion. However,
TEE primarily assesses the coronary arteries, arch branch arteries, and visceral
arteries. The mechanism of malperfusion involves the “compressed true lumen by
an expanded false lumen,” influenced by the entry blood flow and the presence
of reentry (Figure 5a). There are two types of branch occlusion: aortic type and
branch type (Figure 5b). In the aortic type, the intimal flap is pressed against the
opposite wall, obstructing the branch orifice. This mechanism also affects the flap
in the proximal aorta, reducing blood flow in the true lumen. In the branch type,
the dissection extends into the branch artery, where the expanded false lumen
compresses the true lumen. While the mechanisms are similar, the site of obstruc-
tion differs.

TEE findings indicative of malperfusion include (1) a true lumen smaller than the
false lumen and (2) no flow in the false lumen.

Detectable blood flow in the false lumen suggests the presence of a distal reentry,
indicating that the target organ is perfused from either lumen and is not malperfused.
In the superior mesenteric artery (SMA), significant malperfusion occurs when the
true lumen is smaller than half of the entire lumen, likely because branch arteries
from the SMA become obstructed, similar to the aorta. New malperfusion can arise
at the initiation of ECC due to altered pressure gradients between the lumina. TEE’s
role is to detect these changes. While CT visualizes the entire pathway from the aorta
to the target organ, TEE has a limited visualization area. Therefore, intraoperative
assessment of perfusion status integrates TEE with other modalities to evaluate perfu
sion at four zones: (1) Aortic zone; (2) Branch zone; (3) Peripheral zone; and (4)
Tissue zone (Figure 5c).

As illustrated in this figure, the majority of the assessment is performed using
TEE.
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Mechanisms, Types, and Assessment of Malperfusion. a: Absence of veentry and predominant flow into the false
lumen (FL) causing malperfusion. b: Two types of malperfusion: aortic type and branch type, differentiated by
TEE findings. c: Four zones to assess perfusion and specific modalities for each organ. ECG: electrocardiogram,
NIRS: near-infrared spectroscopy, rSO2: regional oxygen saturation, SMA: superior mesenteric artery, TEE:
transesophageal echocardiography.

6.1 Malperfusion of coronary arteries

Malperfusion of the coronary arteries is initially assessed by examining ventricular
contraction (tissue zone) and subsequently by detailed examination of each coronary
artery. Unlike typical myocardial infarction, where obstruction occurs within the
coronary arteries, in ATAAD, obstruction typically occurs at the orifice and proximal
portions of the coronary arteries (aortic and branch zones), making TEE assessment
feasible. Figure 6a schematically illustrates the types of coronary artery malperfu-
sion. The horizontal row depicts the morphological changes in the coronary artery
and intima, while the vertical column shows the degree of dissection extension and
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the presence or absence of ischemia. When an entry tear is located in the ascending
aorta, dissection rarely extends into the coronary artery, typically remaining at the
orifice due to similar pressures in the true and false lumina. Conversely, if the entry is
distal to the aortic arch, the false lumen pressure increases, exceeding the true lumen
pressure, potentially leading to coronary artery dissection or orifice occlusion.

Figure 6b presents examples of left coronary artery dissection. In most cases,
the left coronary artery remains intact (left), but occasionally it is occluded at
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Figure 6.

Coronary Malperfusion. a: Types of dissection and occurrence of malperfusion. b: Findings in the left coronary
artery (LCA). c: Findings in the right coronary artery (RCA). FL: false lumen, LAD: left anterior descending
artery, LCX: left civcumflex artery, LMT: left main truncus, RCS: right coronary sinus, TL: true lumen.

100



Role of Transesophageal Echocardiography in Surgical Treatment of Aortic Dissection
DOI: http://dx.doi.org/10.5772/intechopen.1005684

the orifice (center), necessitating prompt perfusion restoration. If a flow signal

is detectable in the false lumen, distal perfusion is maintained (right). However,
branch-type dissections, shown in the lower row, may lead to subsequent malperfu-
sion onset.

Figure 6¢ illustrates right coronary artery dissection. Typically, the dissection
extends beyond the sinotubular junction but stops at the orifice. Due to the right coro-
nary artery’s small diameter and its location on the outer curvature of the ascending
aorta, dissection rarely extends into the artery, although the intima may be avulsed at
the orifice. In such cases, the coronary artery is perfused via the false lumen, compli-
cating cardioplegic solution infusion post-aortotomy. Hence, revascularization of the
right coronary artery before aortotomy is advisable. This crucial information should
be communicated to the surgeon. The rightmost figure shows an aortic-type occlusion
of the right coronary artery. Impaired perfusion in this scenario must be conveyed to
the surgical team.

There are reports suggesting that 3D-TEE is useful for coronary artery assessment
[11, 12]. However, the author prefers using 2D and xPlane modes, employing 3D
imaging only for understanding the spatial relationship of the coronary arteries.

6.2 Malperfusion of arch branch arteries

The treatment strategies for cases with occluded arch vessels remain contro-
versial. Direct cannulation and perfusion to the occluded right common carotid
artery have been attempted with fairly good results, as evidenced by meta-analyses
[13-16]. However, occlusion of the right common carotid artery does not necessarily
result in cerebral ischemia. Cerebral perfusion is supplied by the bilateral internal
carotid and vertebral arteries, which converge to form the basilar artery, and
subsequently the circle of Willis. This compensatory system can offset the occlusion
of a single vessel. Nonetheless, this system may not provide sufficient blood supply
under the conditions of pulseless perfusion with relatively low perfusion pressure
during ECC.

To address this challenge, the author has developed a three-stage monitor-
ing protocol for cerebral perfusion (Figure 7a) [17]. Near-infrared spectroscopy
(NIRS) is used for continuous monitoring of regional oxygen saturation in the
bilateral frontal lobes (rSO,), indicating perfusion from the carotid artery system
(tissue zone). If rSO, levels drop below 55-60% [18] or if inadequate perfusion
of the carotid artery system is suspected, orbital Doppler is employed (peripheral
zone). The orbital Doppler technique involves placing a linear probe on the eyelid
and visualizing the eye horizontally in a slightly inward direction. With the fundus
at the 6-oclock position, the blood flow signal in the optic nerve (central retinal
artery) can be detected. The velocity range below 10 cm/sec is suitable for this pur-
pose. Pulsed-wave Doppler provides information on pulsatility and velocity [19].
Detectable flow signal in the central retinal artery, despite occlusion of the
ipsilateral carotid artery, indicates effective collateral circulation via the circle of
Willis [20]. The ophthalmic artery, originating from the internal carotid artery,
reflects perfusion in the carotid artery system. This artery can usually be detected
even at perfusion pressures as low as 30 mmHg. A sustained absence of detectable
flow in the ophthalmic artery is associated with cerebral infarction, while a lack
of flow in the central retinal artery is linked to higher brain dysfunction such as
delirium [21]. Orbital Doppler scanning should be completed within
10 seconds under hypothermia to avoid potential heat injury to the cornea.
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Figure 7.

Cerebral Malperfusion. a: Cevebral perfusion system, normal and malperfused, and three-stage monitoring. b:
Balloon-like flap in the innominate artery (IA) with to-and-fro movement. c: Narrowed true lumen (TL) in the
IA leading to subclavian steal. d: New dissection in the right common carotid avtery (RCCA) after extracorporeal

circulation (ECC). AQ: ascending aorta, ACA: anterior cevebval artery, FL false lumen, LCCA: left common carotid

artery, LSCA: left subclavian artery, LVA: left vertebral artery, MCA: middle cerebral artery, NIRS: near-infrared
spectroscopy, PCA: posterior cerebral artery, RCCA: vight common carotid artery, RITA: right internal thovacic
artery, RSCA: right subclavian artery, rSO2: regional oxygen saturation, RVA: right vertebral artery.

102



Role of Transesophageal Echocardiography in Surgical Treatment of Aortic Dissection
DOI: http://dx.doi.org/10.5772/intechopen.1005684

If cerebral malperfusion is suspected based on orbital Doppler findings, perfusion
in the upstream branch arteries is examined using TEE (branch zone). One example
is the malposition of a cannula for selective cerebral perfusion [22]. Although visu-
alizing arch branch arteries with TEE can be challenging due to interference from
the trachea, techniques such as using a fluid-filled balloon placed in the trachea
have been reported [23]. However, most of these arteries can be visualized by lateral
bending of the TEE probe and scanning from the side of the trachea [24]. Despite
the need for specific manipulation techniques and anatomical knowledge, TEE pro-
vides valuable information on cerebral perfusion, particularly in treating ATAAD.
In cases with an entry tear in the ascending aorta, the dissection often extends to
the innominate artery, occasionally causing significant stenosis. Artificial perfu-
sion from the right axillary artery typically recanalizes the innominate artery,
although not always [25]. Real-time information on perfusion status is critical for
this assessment. Figure 7b shows a balloon-like flap in the innominate artery with
pulsatile to-and-fro movement. During systole, blood narrowly passes around it to
perfuse the distal region, a finding not detectable by CT. Figure 7c illustrates the
branch-type occlusion of the innominate artery, where antegrade flow in the right
subclavian and right internal thoracic artery is present, but flow in the right verte-
bral artery is retrograde, indicating “subclavian steal” syndrome. Following aortic
repair, all flows became antegrade. Figure 7d shows changes in the right common
carotid artery; while it was patent before ECC, the true lumen collapsed post-ECC,
likely due to dissection extension from the anastomosis site. Although this informa-
tion covers limited areas, integrating these small data points provides a comprehen-
sive understanding of the perfusion status.

6.3 Malperfusion of visceral arteries

Mesenteric ischemia remains a challenging problem, often characterized by
difficult diagnosis and the need for timely treatment [26, 27]. Real-time information
obtained at the bedside is crucial for addressing this issue, which prompted the author
to develop TEE visualization techniques for assessing visceral arteries (Figure 8a
aorta and branch zone) [28].

To visualize these arteries, the TEE probe is advanced with the short-axis view of
the descending aorta in sight. As the probe progresses, the vertebra, initially at the
4-oclock position, moves to the 6-oclock position around the level of the esophageal
hiatus (TH10). The celiac artery appears at about 2 inches below (TH12), followed by
the superior mesenteric artery (SMA) 1 inch further down (L1), and finally the renal
arteries at L2 (Figure 8a). Scanning at a 90-degree plane provides a sagittal section
of these arteries. The celiac artery branches perpendicularly from the anterior wall
of the aorta and quickly divides into three arteries, while the SMA courses dorsally
along the aorta. Although maintaining the image of the aorta on the screen requires
upper and lateral bending of the probe, this technique yields valuable information on
visceral perfusion [29-31].

Figure 8b depicts an aortic-type occlusion of the SMA with a patent celiac artery,
while Figure 8c shows both arteries occluded, suggesting potential hepatic ischemia.
Figure 8d illustrates a branch-type malperfusion with a flow signal only in the nar-
row true lumen. In all these cases, the intestine was necrotic. Given that the intestine
is a muscular organ, malperfusion can be suspected by observing its morphology
and kinetics (tissue zone). Figure 8e (left) shows ischemic intestines with a dilated
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Figure 8.

Visceral Malperfusion. a: TEE visualization of visceral arteries, scanned from the stomach posteriorly in the
horizontal or sagittal plane. b: Aovtic type malperfusion of superior mesenteric artery (SMA), with patent celiac
artery (CEA). c: Occlusion of both arteries. d: Branch type malperfusion of SMA with compressed true lumen (TL).
e: Intestinal ischemia presenting with dilatation, edematous wall and folds, and ascites. ABA: abdominal aorta, FL:
faluse lumen, IVC: inferior vena cava, LRA: left venal artery, LRV: left renal vein, RRA: vight renal artery.

lumen, thick edematous walls, and reduced peristalsis. Immediate evaluation of the
SMA is critical because the window for salvaging the intestine is only about 4 hours.
The right image shows a typical finding of a necrotic intestine with markedly dilated
loops and visible Kerckring’s folds in the presence of abundant ascites, indicating the
need for immediate laparotomy and resection.

These findings can also be obtained using surface ultrasonography. It is essential to
utilize every available modality to gather comprehensive information and accurately
assess the situation.
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7. Initiation of ECC

ECC-induced dissection is rare, with an incidence of less than 0.3%, but its
mortality is notably high, ranging from 20-48% [32, 33]. While ultrasound technolo-
gies can aid in rescuing patients [34], timely assessment is crucial. The author has
encountered two such cases, both of whom were successfully rescued likely because
the dissections were immediately detected with TEE and promptly treated. In the
first case, aortic arch dissection occurred following perfusion from the right axil-
lary artery. TEE revealed a linear image passing through the arch (Figure 9a) [35].
Despite the immediate cessation of the pump, the dissection had already extended
to the descending aorta, reducing the true lumen to a slit-like structure. There was
no unusual increase in perfusion pressure. In the second case, dissection appeared
in the descending aorta approximately 10 seconds after initiating femoral arterial
perfusion. TEE visualized the gradual prominence of a very thin intima at the 8-12
oclock position, with slightly echogenic fine dots in the false lumen, which eventu-
ally occupied the entire aortic lumen (Figure 9b) [36]. In both cases, perfusion was
redirected through an alternative route, perfusion in the individual branch arteries
was checked, and the aorta was repaired. Both patients were discharged without
significant sequelae.

If these occurrences had not been recognized, aortic-type malperfusion could have
led to multiple organ failure, potentially being diagnosed as “stroke or hepatic failure
of unknown reason.” The need for TEE assessment is apparent by the fact that no
one else had recognized these events. TEE is only useful if employed at the right time
and for the appropriate assessment. Importantly, dissection is difficult to recognize
on TEE images after it has passed, but capturing the decisive moment is critical.
Monitoring the downstream area of perfusion with TEE is essential.

Another significant event at this stage is false lumen perfusion, where perfused
blood predominantly enters the false lumen through a reentry, causing aortic-type
malperfusion due to increased pressure in the false lumen. Although there is an ongo-
ing debate about the best perfusion strategy to prevent false lumen perfusion [37-40],
the author believes there is no single “best” strategy as situations vary in individual
cases. The optimal approach is to “perfuse first and modify it as needed according to
the result” [41]. To ascertain the “result” of initial perfusion, it is necessary to moni-
tor the downstream area with TEE (Figure 9c).

This issue tends to occur in cases of retrograde type A dissection with the entry point
in the abdominal aorta. Figure 9d illustrates changes in the descending aorta in one such
case. The patient’s blood pressure suddenly dropped, and TEE clarified the reason. Before
femoral arterial perfusion, blood flow was present only in the true lumen with spontane-
ous echo contrast (SEC) in the false lumen. Upon initiating perfusion, the true lumen
collapsed, and the SEC in the false lumen moved upward and disappeared. Systemic
perfusion was established via the left subclavian artery, and the scheduled repair was
completed. Figure 9e shows TEE findings in the ascending aorta, which was filled with
SEC following systemic perfusion, without any changes in other monitors. This indicated
an enlarged false lumen. As coronary perfusion was maintained through the gap around
the thin flap and there was no decrease in rSO,, cooling continued and aortic replacement
was performed. Both cases had uneventful postoperative courses without complications.

Recently, cannulation to the dissected arch has been reported [42-45]. The author
used this technique in one ECC-induced dissection case, and TEE was instrumental in
detecting erroneous entry of the guidewire into the false lumen or unintendedly deep
placement.
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Figure 9.

Events at the Initiation of Artificial Perfusion. a: Perfusion-induced dissection in the arch, with the intimal flap
passing. b: New dissection in the descending aorta (DAO) with a very thin flap. c: Mechanism of false lumen (FL)
perfusion. d: FL perfusion detected in DAQ. e: FL perfusion detected in ascending aorta (AAQ), with perfusion to
the left coronary artery (LCA) detectable. RCA: right coronary artery, TL: true lumen.

8. After weaning from ECC

Two cases of unexpected events after ECC are presented. In one case (Figure 10a),
the patient experienced a sudden drop in blood pressure just before chest closure,
despite an otherwise uneventful course [46]. TEE revealed dyskinesia in the anterior
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wall of the left ventricle and no detectable blood flow in the left coronary artery.
Immediate re-initiation of ECC and revascularization of the left coronary artery with
a saphenous vein graft were performed. TEE showed a thickened Valsalva sinus wall,
indicating a newly developed dissection extending from the proximal anastomosis
site, leading to an occlusion of the left coronary ostium. The Valsalva sinus wall near
the anastomosis was reinforced with a pair of pledgets to prevent further extension of
the dissection (Figure 10b). Perfusion in the left coronary artery recovered, and the
patient had an uneventful postoperative course (Figure 10c). In another case, dissec-
tion initially extended into the left coronary artery, but the true lumen was predomi-
nant (Figure 10d). However, during weaning from ECC, the false lumen gradually
enlarged to nearly 50% of the lumen and then occupied more than half before chest
closure. Despite these changes, the left ventricle maintained normal contraction.

Due to the progressive changes in the coronary artery, coronary artery stenosis was
assessed via coronary angiography, which revealed more than 95% stenosis of the

left main trunk. Coronary revascularization was performed, and the patient had an
uneventful postoperative course. If the left coronary artery had not been monitored

a at weaning from ECC before chest closure

hematoma

b
1L ae
new ) |
dissection cutting
LMT
bypass 9 |
pledget
d

before ECC just before CAG

Figure 10.

Unexpected Events After Weaning from Extracorporeal Circulation (ECC). a: Occlusion of left main truncus
(LMT) before chest closure. b: Possible mechanism of occlusion and subsequent treatment. c: Restored flow in LMT. d:
Progressive compression of LMT lumen. AAO: ascending aorta, AV: aortic valve, CAG: covonary angiography.
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with TEE, the patient might have experienced sudden shock or cardiac arrest in the
ICU, with findings similar to those in the first case.

9. Conclusions

In this chapter, various applications of TEE for managing ATAAD are discussed,
including visualization techniques, assessment timing, and target structures.
Although TEE requires significant time and effort, the information it provides is cru-
cial for rescuing patients and avoiding complications. This parallels surgical training
where practice and experience lead to better outcomes. Despite recent improvements
in surgical outcomes, reported mortality rates only reflect patients who undergo
surgery. The real prognosis, including those who do not receive surgical treatment, is
likely worse, with many survivors suffering from sequelae. Future directions should
focus on the following: (1) prevention of ATAAD and (2) precision strategies in
surgical treatment. The latest guidelines have, for the first time, addressed the issue of
prevention [2]. The personal strategies described in this chapter are a work in progress
and will continue to be refined. The author hopes this chapter serves as a catalyst for
further advancements in the field.
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Chapter 6

Combined Ultrasound in Screening
for Aortic Dissection: The Fate of
the Residual False Lumen after
Surgery

Andyré Timdteo Sapalo

Abstract

Because of its frequency and unusual appearance, aortic dissection (AD) is a rare
and potentially fatal disorder marked by the dynamic progression of pressure loads.
Aortic dissection (AD) is a rare and potentially fatal disorder marked by the dynamic
progression of pressure loads. The diagnosis of AD can be challenging. This chapter
explores contemporary challenges in screening for aortic dissection using ultrasound
parameters. It discusses advancements in the TEM classification of dissection,
enhancing its robustness to provide more comprehensive information for surgeons,
cardiologists, and hemodynamicists regarding therapeutic strategies and predicting
the success of treatment approaches. Additionally, the chapter highlights the utility
of measuring peak systolic velocity, end-diastolic flow, pulsatility index (PI), resistiv-
ity index (RI), and cardio-ankle vascular index (CAVI) as reliable tools for assessing
vascular compliance and local and systemic hemodynamic changes both before and
after surgery. Emphasis is also placed on the importance of routine monitoring of the
patent false lumen with ultrasound to prevent the advancement of residual volume
into the intimal layers of the arteries post-surgery, thereby reducing the risk of aneu-
rysm formation, segmental growth of the distal aorta, and the need for subsequent
aortic reoperations.

Keywords: aortic dissection, aortic dissection surgery, classification of dissection,
hypothermic total circulatory arrest, cardiopulmonary bypass, transesophageal
echocardiography, transthoracic echocardiography, ultrasound

1. Introduction

Aorta dissection (AD), which is characterized by the rupture of the aorta wall’s
intimal layer, is a common condition but is still regarded as rare due to its prevalence
of 1-3%. Every 100,000 individuals experience an aortic dissection about three times
ayear [1]. With 5-year survival rates in acute cases of type A and type B dissections
ranging from 55 to 85% and surgical mortality rates as low as 12%, AD currently
represents a substantial clinical challenge [2-4]. The mortality rate is initially
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approximately 1% per hour without treatment, increasing to 50% by the third day
[5]. Even after successful surgery, complications related to AD contribute to 31-66%
of deaths in type B cases, which typically have a lower risk compared to type A aortic
dissection [6-9].

Consequently, clinical decision-making regarding the use of an endovascular
approach requires an understanding of the anatomical adaptations and hemody-
namic consequences in response to the pathophysiological changes observed in AD.
To achieve this, the disease is categorized based on the location of the intimal layer
rupture and the extent of aortic involvement within the segments. Currently, several
clinically accepted classification systems exist, with the DeBakey classification being
commonly employed, delineating the condition into four types [10, 11].

2. There hemodynamic alterations and pathophysiology of aortic
dissection

Our thorough understanding of the pathogenesis of this disease currently has sev-
eral gaps. Conditions that put more stress on the endothelium wall are assumed to be
linked to its beginning. Uncontrolled hypertension, pheochromocytoma, substance
abuse (drugs, cocaine, etc.), aortic coarctation, and various connective tissue disor-
ders, including Turner syndrome, familial thoracic aortic aneurysm and dissection
syndrome, Loeys-Dietz syndrome, Marfan syndrome, and Ehlers-Danlos syndrome
Type 1V, are among these conditions [12].

2.1 Pressure stress in the aorta

Most cases of AD are associated with pressure stress, particularly in older patients
[13]. It is crucial to keep in mind that systemic vascular resistance, intravascular
volume, and cardiac output (CO) all affect systolic blood pressure in order to com-
prehend this. In the meantime, venous compliance, intravascular volume, and right
atrial pressure control systemic venous pressure. These hemodynamic parameters are
significantly affected by sodium balance [14]. Expansion of the interstitial compart-
ment can directly reduce venous compliance, thereby impacting overall cardiovascu-
lar function [15].

In some cases, despite normal renal ultrastructure, patients exhibit persistent
sodium and water retention, possibly due to mechanisms termed ‘reverse failure’ or
‘direct failure’ Reverse failure is typically observed in patients with preserved ejection
fraction and left ventricular (LV) remodeling, where there is inadequate baroreceptor
sensing of elevated circulating volume [16, 17]. Conversely, hypovolemia can lead
to cardiac chamber overload, resulting in venous congestion and increased capillary
pressure. This promotes interstitial fluid accumulation along with plasma volume
depletion, stimulating renal sodium and water retention, thereby exacerbating
systolic blood pressure to the extent of inducing intimal dissection in the most vulner-
able regions affected by elevated pressure [18, 19].

Conversely, hypertension is associated with LV remodeling and reduced LV
end-diastolic volume. Consequently, many patients with chronic, poorly controlled
hypertension have preserved ejection fraction and reduced stroke volume. In these
instances, inadequate tissue perfusion, including renal blood flow, impairs normal
sodium excretion. Both theories of pressure emphasize the significant impact of
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elevated pressure on the aortic artery walls, reducing cardiac output and activating
neurohormonal responses [20].

Elevated intracardiac pressures, characteristic of chronic hypertension, usually
result in the production of natriuretic peptides, notably brain and atrial, which cause
diuretic and natriuretic responses [21]. Mechanosensitive nerve terminals in the heart
chambers and cardiopulmonary system, as well as malfunctioning baroreceptors in
the carotid sinus and aortic arch, can disrupt signaling at afferent sensing locations in
the cardiopulmonary system and affect natriuresis [22].

Both baroreceptors and cardiopulmonary arterial reflexes are compromised in
chronic hypertension, which results in improper tonic regulation of sympathetic
outflow and subsequent sympathetic nervous system (SNS) activation [23]. This
promotes renal retention of salt and water despite volume expansion by causing the
secretion of antidiuretic hormone (ADH) and the release of renin [24].

It is now well-established that when pressure stress on the aortic walls exceeds
their resistance, it is a strong indicator of eventual aortic dilation and dissection. To
further elucidate this, it is important to note that AD occurs when the layers of the
aortic wall separate due to the infiltration of high-pressure arterial blood. Therefore,
high shear stress in the aorta, combined with a defect in the aortic media, contributes
to this process.

Thus, shear stress is caused by the rapid increase in luminal pressure per unit
time (dP/dt) resulting from cardiac systole [25]. As the aorta extends from the heart,
an increasing proportion of the kinetic energy from left ventricular systole is stored
in the aortic wall as potential energy, which facilitates the forward propagation of
cardiac output during diastole. This conversion of kinetic to potential energy also
attenuates shear stress [26]. The ascending aorta is most vulnerable to dissection, also
known as type A dissection, since it experiences the most dramatic changes in pres-
sure. Aortic media degeneration is a typical aspect of aging, but it occurs more quickly
in people who have Turner syndrome, inflammatory arteritis, bicuspid aortic valves,
or hereditary connective tissue abnormalities [27].

Blood can propagate either proximally or distally through the aortic media when
the aortic intima is damaged, forming a false lumen that can potentially connect
with the aorta’s real lumen [28]. Blood may flow through the true lumen, the false
lumen, or both [29]. The propagation of the dissection significantly contributes to
the morbidity associated with AD by disrupting blood flow through branch vessels or
by directly affecting the pericardium or aortic valve. Over time, the dissection may
traverse the entire aortic wall, leading to aortic rupture and exsanguination [30].

2.2 Endothelial stress and reduced vascular compliance

The most well-established pathophysiological etiology for aortic dissection
is vascular dysfunction. Because the aorta is subjected to considerable pressure
stresses, there has been a hypothesis that comorbid disorders such as high blood
pressure, diabetes, obesity, and aging could produce various macro- and microvas-
cular alterations in the arteries [31]. As previously noted, these comorbidities could
be a component of a systemic proinflammatory state that shows up as increased
plasma levels of soluble ST2, pentraxin-3, and tumor necrosis factor-alpha (TNFa)
and interleukin-6 (IL-6) [32] (Figure1).

Thus, as circulating biomarkers become available in the bloodstream, mechani-
cal stimuli are engaged through the baroreflex (shear stress), and hormonal stimuli
are activated through the chemoreflex (vasoactive chemicals). This activation
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Figure 1.

A brief overview of the mechanisms underlying increased inflammatory responses during cardiopulmonary
bypass is presented. The closed-loop circulation is interfered with when the circulatory system is linked to
cardiopulmonary bypass. This disruption causes nitric oxide (NO) levels to rise and blood pressure to drop. It also
initiates mechanical stimuli through the baroreflex (shear stress) and hormonal stimuli through the chemoreflex
(vasoactive hormones). Elevated NO levels can react with oxygen to produce the potent oxidant peroxynitrite
(ONOO). Nitric oxide synthase is harmed by this mechanism, which reduces NO's bioavailability.

results in the release of vasodilatory substances such as prostacyclin, nitric oxide
(NO), endothelium-derived hyperpolarizing factor, and C-type natriuretic peptide.
Vasoconstrictor medications that are produced concurrently include angiotensin

IT (Ang II), thromboxane A2, endothelin, and reactive oxygen species (ROS).
Furthermore, NO, NF-xB, E-selectin, and vascular cell adhesion molecule (VCAM)
are examples of inflammatory modulators that control vascular homeostasis.
Additionally, the expression of VCAM and E-selectin promotes monocyte migration
to the subendothelial area by releasing transforming growth factor-beta (TGFp).

On the other hand, TGFp causes fibroblasts to mature into myofibroblasts and
promotes the build-up of collagen in the interstitial space. The primary cause of
oxidative stress is peroxynitrite (ONOO-), which is created when superoxide (O;")
and nitric oxide (NO) mix. Remember that ONOO is a strong free radical that can
harm nitric oxide synthase enzymes and the vascular endothelium, which lowers the
amount of accessible NO. Therefore, it is believed that increased levels of ONOO™ are
primarily responsible for the fragility of the aortic intima.

Protein kinase G (PKG) activity is lowered by soluble guanylate cyclase (sGC)
activity, which is lowered by decreased NO levels and ONOO production in cardio-
myocytes. This series of events results in hypophosphorylation of titin, which raises
the resting tension in cardiomyocytes. The subsequent activation of pro-hypertrophic
impulses causes cardiomyocyte hypertrophy.

Because of this, the aorta endothelium is more vulnerable to the cytotoxic effects
of relatively high amounts of reactive oxygen species (ROS). One of the primary
causes of aortic aneurysm and dissection is well recognized to be the inflammatory
response associated with increased production of reactive oxygen species (ROS),
such as superoxide and hydrogen peroxide. Leukocytes produce these dangerous
substances, which lead to vascular tissue deterioration and inflammation. Moreover,
superoxide is produced by the three main cell types of the aortic wall: fibroblasts,

116



Combined Ultrasound in Screening for Aortic Dissection: The Fate of the Residual False Lumen...
DOI: http://dx.doi.org/10.5772/intechopen.1007496

endothelial cells, and smooth muscle cells (SMCs). Furthermore, current studies have
demonstrated that ROS activates matrix metalloproteinases (MMPs), which in turn
causes vascular SMCs to die [33, 34].

2.3 The cascade of coagulation

A sequence of successive chemical processes that result in the creation of a blood
clot is referred to as the “coagulation cascade.” A number of coagulation factors, num-
bered from component I to XIII, essentially mediate this process. Each of these factors
is essential in initiating the next component in the sequence. Prolonged bleeding may
result from the lack or insufficiency of any of these components, which can have a
substantial influence on the ability and rate of coagulation [35, 36].

Prior to blood vessel damage, interactions between the vessel walls and circulat-
ing platelets, mediated by adhesive proteins, are activated. This interaction initiates
the formation of an initial platelet plug. The subendothelial region, which is rich
in thrombogenic molecules like collagen, tissue factor, von Willebrand factor, and
laminin, is crucial for initiating the coagulation cascade following arterial damage.

It is interesting to note that platelets adhere strongly to collagen and von Willebrand
factor that are present in the subendothelial region as opposed to the intact vascular
endothelium [37, 38].

There are three primary phases in the homeostatic regulation of the coagulation

cascade [39]:

1. Platelet adhesion: Von Willebrand factor (VWF) is exposed after vascular injury
and serves as a link between platelet surface receptors (GPIb) and endothelial
collagen. This interaction promotes platelet adhesion.

2. Platelet secretion: The three types of granules present in platelets are a-granules,
dense granules, and lysosomes. The widely dispersed a-granules include a vari-
ety of proteins, such as fibrinogen, coagulation factors, VWF, and growth fac-
tors. Calcium and other substances needed for platelet activation and subsequent
coagulation are released when the granules attach.

3.The stability and hardness of the platelet aggregation depend on thrombine A2
(TXA2), which is released by active platelets and enhances platelet activation.
Platelet aggregation is further enhanced by ADP, which binds to GpIIb/IIla re-
ceptors to facilitate fibrinogen deposition. This process results in the generation
of thrombin, which changes fibrinogen into fibrin, strengthening the original
platelet plug and designating the secondary hemostasis stage.

Nitric oxide (NO), a component that is fundamentally released by endothelial
cells, macrophages, and platelets, plays a regulatory role in hemostasis. With a short
half-life of 3 to 5 seconds, NO inhibits platelet activation and promotes vasodilation.
Similarly, prostacyclin, synthesized by endothelial cells, exerts inhibitory effects on
platelet function, contributing to vascular homeostasis and preventing excessive clot
formation [40, 41].

In the context of aortic dissection, there is a disruption of the coagulation cascade.
Antithrombotic medications are therefore frequently used in these patients to prevent
or manage common cardiovascular disorders, including coronary artery disease,
peripheral vascular atherosclerosis, and atrial fibrillation. Two main classes of oral
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antithrombotic drugs are available: antiplatelet agents and anticoagulants. Aspirin
and P2Y12 inhibitors, either alone or in combination with dual antiplatelet therapy
(DAPT), are commonly prescribed antiplatelet agents. Among oral anticoagulants,
vitamin K antagonists (VKAs) and direct oral anticoagulants (DOACs) are frequently
utilized [42].

Consequently, bleeding is a common and serious complication in patients with
aortic dissection, often necessitating extensive administration of blood products and
clotting factor concentrates. Notably, bleeding is associated with a high incidence of
perioperative coagulation disorders. In patients with coagulopathic aortic dissection,
hospital mortality rates of up to 20% have been reported [43].

3. Combined ultrasound and TEM classification in screening for aortic
dissection

Therefore, AD requires a comprehensive evaluation that extends beyond the ana-
tomical and geometric assessments of the aortic artery, as categorized by the Stanford
and DeBakey classifications [44]. Emerging evidence suggests that the site of rupture
can also lead to complex myocardial perfusion challenges and affect other target
organs. Consequently, the recently introduced TEM classification seeks to expand the
evaluation of dissection by not only considering the area of rupture but also assessing
cardiovascular involvement in the context of perfusion difficulties (Figure 2).

AD is a potentially life-threatening condition, underscoring the critical need for
prompt diagnosis to enhance patient outcomes and survival rates. Diagnostic imaging
techniques, such as computed tomography angiography (CTA), magnetic resonance
angiography (MRA), and ultrasound, are essential for achieving diagnostic accuracy
and facilitating follow-up.
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Figure 2.

TEM classification in terms of the rupture of the intimal layer of the aorta, they are classified as follows:
Eo—DNo entry tear identified; E1—Entry tear in the ascending aorta between the aortic valve and proximal
to the brachiocephalic trunk; E2—Entry tear in the aortic arch between the brachiocephalic trunk and the left
subclavian artery; E3—Entry tear in the descending aorta distal to the left subclavian artery.
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The surgical management of AD is heavily dependent on several factors, including
the extent of the dissection, the location of the primary inflow rupture, and the pres-
ence of compromised organ perfusion. There is a significant need for a precise clas-
sification system that integrates various imaging modalities with interpretation and
treatment strategies. The introduction of the TEM classification has notably advanced
these efforts, particularly by enhancing the utility of ultrasound in this context.

The primary therapeutic objective in AD is to exclude the primary lesion from
circulation, which can be achieved through surgical resection or alternative methods
such as transcatheter procedures. This decision critically influences the presence or
absence of malperfusion.

The TEM classification system was developed to provide a more accurate and
comprehensive assessment of the disease complexity and patient classification in AD.
This system not only enhances the understanding of disease mechanisms but also
aids in making informed decisions regarding the extent of surgical intervention and
prognosis prediction. As illustrated in Figure 1, the classification of malperfusion is
as follows:

* MO: No radiological or clinical evidence of malperfusion.

* M1: Cardiac malperfusion, characterized by dissection involving at least one
main coronary artery, with or without evidence of ischemia (M1+ or M1-), such
as electrocardiographic changes or elevated serum cardiac enzymes.

* M2: Supra-aortic malperfusion, involving dissection of at least one supra-aortic
vessel or collapse of the true lumen of the aortic arch, with or without clinical
symptoms of cerebral malperfusion (e.g., stroke) or upper limb malperfusion
(e.g., pulse deficit, pain, pallor, paresthesia).

* M3: Visceral or lower limb malperfusion, characterized by dissection involving
at least one visceral, renal, or iliac artery, or collapse of the true lumen of the
aorta, leading to functional closure of at least one descending visceral, renal, or
iliac artery. This may occur with or without clinical symptoms of cerebral (e.g.,
stroke) or upper limb malperfusion (e.g., pulse deficit, pain, pallor, paresthesia),
or symptoms related to descending iliac artery involvement, such as intestinal
ischemia (e.g., abdominal pain, ileus, bloody diarrhea), renal dysfunction (e.g.,
anuria, signs of renal failure), or poor perfusion of the lower limbs (e.g., pulse
deficit, pain, pallor, paresthesia).

In our most recent study, titled Correlation Between Echocardiographic Variables
and TEM Classification in Aortic Dissection, we demonstrated that the Global
Longitudinal Strain (GLS) echocardiographic myocardial deformation technique is a
reliable parameter for assessing myocardial malperfusion, providing greater accuracy
compared to electrocardiographic changes, which may not always be apparent. Our
findings revealed a strong correlation between GLS and poor perfusion in the E1 and
M1-, E1 and M1- Bi, and E2 and M2+ categories (Figure 3).

Similarly, we demonstrated a strong correlation between biomarkers of vascular
serum dysfunction, such as smooth muscle myosin heavy chain (smMHC) and
soluble endothelial cell adhesion molecule (sELAF), and the vascular Doppler ultra-
sound spectral profile, particularly through the pulsatility index. This index is a key
parameter for assessing malperfusion in target organs distal to the heart (Figure 4).
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E1 and Ma1-: Intimal layer rupture in the ascending aorta with cardiac malperfusion; E1 and M- Bi: Intimal
layer rupture in the ascending aorta with cardiac malperfusion and a bicuspid aortic valve; E2 and M2+: Aortic
arch rupture with evidence of supra-aortic malperfusion.
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Evaluation of flow in the descending aorta using spectral Doppler techniques includes measuring the following
parameters: Peak diastolic volume (PDV); Peak systolic velocity (PSV); Mean peak systolic velocity (MPSV);
End-diastolic velocity (EDV).
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Thus, this new finding underscores the value of the TEM classification as an
invaluable tool for the comprehensive assessment of aortic dissection. It extends
beyond simple anatomical evaluation and surgical feasibility studies to encompass
predictions of surgical outcomes and potential postoperative complications. Its
capacity to integrate various diagnostic modalities highlights its crucial role in guiding
clinical decision-making and enhancing patient management strategies.

3.1 Dop echocardiographic technique for assessing myocardial malperfusion in
aortic dissection

The following outlines a technique for assessing myocardial deformation using
speckle tracking. Given that aortic dissection is a rare and emergency condition, and
because ultrasound is inherently technique-dependent and susceptible to various
errors, it is crucial that all echocardiographic images are collected prospectively. This
approach ensures optimal image quality and consistency by having the same certified
ultrasound examiner conduct all assessments. In our study, images used to evaluate
deformation caused by myocardial malperfusion before and after surgical repair were
acquired using a GE Vivid E95 ultrasound system. The images were recorded with
electrocardiogram (ECG) tracings over at least three consecutive cardiac cycles. All
images were obtained at a frame rate of 55-90 frames per second and subsequently
reviewed offline using EchoPac software (version 112, GE Vingmed Ultrasound AS),
in accordance with the recommended guidelines [45].

Myocardial deformation in the presence of perfusion deficits was assessed using
two-dimensional deformation analysis based on the three apical views of the left
ventricle (LV). Whenever feasible, the second of the three cardiac cycles acquired
was selected for analysis. Strain measurements were derived from the “full thickness”
(or meso) of the myocardium, and final systolic values were recorded, excluding
post-systolic strain measurements. The reference time point was manually established
at the onset of the QRS complex. End-systole was defined as the moment of aortic
valve closure, identified through the Doppler velocity signal in the LV outflow tract
while measuring LV global longitudinal strain (GLS). The LV was segmented into 18
segments according to the methodology described by Voigt et al. [46].

3.2 Doppler vascular ultrasound

Recent advancements in vascular ultrasound technology now enable the assess-
ment of hemodynamic profiles using Doppler techniques. This capability facilitates
the documentation of blood flow quality, allowing for the identification of variables
indicative of potential hemodynamic impairment and arterial contractility [47-49].
This tool permits the comprehensive mapping of blood flow profiles, including peak
systolic velocity, end-diastolic flow, PI, and RI, thereby providing valuable insights
into both the quantity and quality of blood flow over specific time intervals [50, 51].

In our recent study, significant differences were observed in arterial compliance
following AD surgery when assessed distally in the region of the dissected artery.
Initially, Doppler spectrum images of these arteries displayed a triphasic morphol-
ogy with high pulsatility, characterized by narrow systolic peaks, flow reversal at
the onset of diastole, and the absence of flow at the end of diastole (Figure 5). After
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| Arterial flow before CPB

Figure 5.
Blood flow pattern. Before during and after aortic dissection surgery.

cardiopulmonary bypass (CPB), the flow pattern transitioned to a biphasic configura-
tion, marked by reduced pulsatility, broad systolic peaks, and the absence of end-
diastolic flow (Figure5).

It is crucial to note the impact of these flow patterns. Although patients initially
exhibited an arterial flow pattern, during CPB, the pump flow is continuous. During
the dissection procedure, with the induction of deep hypothermia, arterial compli-
ance, and hemodynamic functions must be preserved to facilitate the surgeon’s
activities in non-bleeding vessels (Figure 5).

For the sake of scientific reproducibility, vascular function ultrasound was
performed using the same equipment employed to assess myocardial deformation,
as previously described. Continuous wave Doppler spectral profile mapping was
acquired from the suprasternal window, enabling assessment of the flow profile
in the ascending aorta. To achieve this, the patient was positioned supine, and the
transducer was placed superior to the manubrium of the sternum. The probe’s index
marker should be oriented toward the left shoulder, with the face of the transducer
positioned nearly parallel to the neck. This approach provides an anatomical view of
the ascending aorta, the aortic arch, and the proximal segments of the descending
aorta. The subcostal window is optimal for analyzing the thoracic aorta.

In all cases, it is essential to correct the angle of incidence of the ultrasound beams.
Adjusting the angle to align the ultrasound beams with the flow direction is crucial
for accurately capturing and processing the signals. This facilitates the quantification
of blood flow parameters, such as peak systolic velocity (PSV), resistivity index (RI),
and pulsatility index (PI), along with temporal characterization.

4. Deep hypothermic circulatory arrest in aortic dissection surgery

Cooling the body, referred to as hypothermia, is a valuable technique in heart
surgery. There are four levels of hypothermia: mild, moderate, deep, and profound.
While deep hypothermia typically involves cooling the body to temperatures below
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28°C, in cardiac surgery, it is often achieved at temperatures below 20°C 50. Deep
hypothermia is employed not only to facilitate the surgical procedure but primarily to
protect the brain and vital organs from ischemic damage resulting from interrupted
blood flow. By slowing metabolic processes, deep hypothermia reduces the demand
for oxygen and energy, thereby making it safer to temporarily halt blood circulation
during cardiac surgery. Despite its long history, deep hypothermia remains a critical
component of certain heart surgeries [52].

Understanding the physiological and mechanistic complexities of hypothermia is
challenging due to the involvement of intricate systemic and cellular processes. The
benefits of hypothermia during CPB are based on the hypothesis that the duration
of safe circulatory arrest is inversely related to body temperature. In this context,
“safe” refers to a period of circulatory arrest during which no detrimental effects are
observed on the structure and function of internal organs, particularly the brain,
which is highly vulnerable to ischemia [53].
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Figure 6.

(a) Graphical summary depicting the temperature drop using different thermometers and the flow adjustment of
the centrifugal pump in liters (L). (b) Thermographic image showing body temperature before and after CPB.
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In our most recent study, we demonstrated a thermal disparity when comparing
different temperature measurement sites during the rewarming phase in patients
undergoing AD surgery. Specifically, esophageal, nasopharyngeal, and tympanic
thermometers exhibited significantly faster cooling and rewarming rates compared to
rectal and bladder thermometers (Figure 6a). This discrepancy can initially be attrib-
uted to the lower temperatures recorded by the latter, which may be influenced by
factors such as fecal matter in the rectal region, creating an inhomogeneous thermal
environment, and the humid conditions in the bladder due to urine excretion.

However, our results extend beyond the traditional analysis of temperature using
conventional parameters. Segmental mapping with a thermographic machine, as
depicted in Figure 6b, corroborates the temperatures observed in the bladder and
rectal regions, indicating that cooling and rewarming processes in these areas are
indeed slower. This slower response may be influenced by factors such as the density
of surrounding organs and tissues, vascular compliance, and the distance between
these deeper sites and the primary heat sources, such as the heart or the continuous
flow pump used in CPB.

5. The fate of the residual false lumen after surgery

The high mortality rate associated with surgical therapy has prompted research
into alternative approaches [54]. Endovascular therapy has emerged as a viable option
for patients with type B aortic dissection who are too unstable for traditional surgery
[55]. Recent studies indicate that 12% of patients experience mortality after aortic
AD repair due to the progression of a patent false lumen [56]. Consequently, advance-
ments in diagnostic imaging have underscored the importance of postsurgical patient
care, including monitoring for possible intramural hemorrhage, aneurysm formation,
and penetrating aortic ulcers [57, 58].

It is crucial to recognize that the clinical progression of the residual false lumen can
vary among different types of aortic dissection. Therefore, rigorous assessment using
echocardiography is essential to mitigate the risk of false lumen progression. This
highlights the necessity for stringent surveillance and long-term follow-up to evaluate
surgical outcomes and monitor the potential advancement of the patent false lumen.

Routine assessments of arterial compliance are imperative, not only due to the
presence of a patent false lumen but also because the AD surgery itself involves deep
hypothermic circulatory arrest (DHCA) and the use of CPB [59].

In one of our case reports, we observed that many patients undergoing surgery are
unaware of the extent of the false lumen, particularly when it is a chronic condition
that has been deferred. Consequently, some surgical strategies merely aim to replace
the ruptured vessel while relying on the natural thrombolization process of the
residual false lumen. Furthermore, there have been instances where cannulation was
performed in the false lumen rather than the true lumen.

Thus, the rupture region may remain undetected, as illustrated by the TEM
classification, where nomenclature EO indicates double ruptures. As a result, despite
extensive surgical repair, the residual false lumen may progress and potentially
develop into an aneurysm, as depicted in Figure 7.

Thus, CPB becomes a “necessary evil,” particularly in AD surgery involving deep
hypothermic circulatory arrest (DHCA). The most common alterations include
metabolic and respiratory changes induced by oxidative stress, which results from the
exposure of blood to non-endothelial surfaces, as well as the state of hyperexcitation
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Figure7.

(a) Bentall-De Bono aortic dissection surgery. (b) Six months latey; the patient was admitted with chest pain
and a suspicion of aortic aneurysms. Upon examination, it was discovered that the patent false lumen had not
thrombosed and remained active.

itself [60-62]. These metabolic and perfusion deficiencies during CPB typically mani-
fest at the vascular level. Consequently, variations in the expression and activity of
nitric oxide synthase (NOS) and cyclooxygenase (COX) can influence coronary and
peripheral vasomotor tone both during and after CPB [52, 63]. In addition to endo-
thelial mechanisms, blood flow regulation is also governed by metabolic, autonomic,
and myogenic mechanisms, which are primarily intrinsic characteristics of vascular
smooth muscle [64].

The standard surgical approach for repairing AD typically involves replacing the
aorta with a synthetic graft. This procedure often includes hypothermic circulatory
arrest and selective antegrade cerebral perfusion, along with non-pulsatile flow
provided by CPB pumps [65, 66]. These surgical interventions can potentially impact
systemic vascular compliance and wettability. Consequently, parameters such as the
PI and RI, along with the cardio-ankle vascular index (CAVI), could serve as alterna-
tive tools for monitoring patients following AD surgery.

The CAVTI is a relatively recent addition to diagnostic methodologies. Originally
characterized as a measure of arterial stiffness, it has evolved into a direct indicator
of arterial distensibility and is now used as an independent predictor of prognostic
outcomes in patients with cardiovascular disease. The CAVI enables assessment of the
arterial tree from the aortic origin to the ankle [67, 68]. The index is calculated based
on parameters related to arterial distensibility, which are assessed using 2D vascular
ultrasound images (intraluminal volemia) and the Bramwell-Hill formula. The heart-
ankle pulse wave velocity (haPWV) is determined by dividing the length (L) from the
aorta to the ankle by the time (T) the pulse wave takes to travel from the aortic valve
to the ankle, as illustrated in Figure 8.

5.1 Adverse postsurgical effects in aortic dissection

As previously highlighted, stress on the arterial walls is a defining feature of AD.
Consequently, CPB is often employed during AD surgeries. The term “CPB is a neces-
sary evil” underscores both the critical role and the inherent challenges associated with
this technique. Despite its necessity, CPB is linked to significant morbidity, including
complications in the pulmonary, renal, neurological, and gastrointestinal systems.
Although there have been notable advancements, the primary drawbacks of CPB per-
sist, mainly due to the adverse systemic effects triggered by inflammatory responses.

125



Advances in Vascular Surgery — From the Diagnostic Phase to the Use of Hybrid and Endovascular...

a . L . b

Diastolic phase Systolic phase

haPWV =L/T

_ Bramwell-Hill
| PWV 2 = AP/p x V/IAV

| AC B =In(Ps/Pd) x D/AD |

CAVI=a (AC P) + b=a [2(p/AP) xIn(Ps/Pd) * haPWV2] +b |

Figure 8.

(. a% Hllustration of pulse velocity measurement from the heart to the ankle and its vespective formula (pulse wave
velocity—PWYV) and the corresponding Bramwell-Hill formula used to calculate pulse wave velocity (PWV). (b)
Measurement of intraluminal volemia obtained by ultrasound, normally used in the aorta and cavotid arteries.
The combination of the two formulas makes the CAVI index a variable for screening systemic vascular resistance.

The substantial generation of reactive oxygen species (ROS) from the interac-
tion of blood with artificial surfaces leads to a pathophysiological reaction akin to
post-traumatic shock, known as post-perfusion syndrome [69, 70]. This syndrome
can evolve into systemic inflammatory response syndrome, adult respiratory distress
syndrome, sepsis, and ultimately result in multiple organ failure [71].

Furthermore, inflammatory responses during CPB are exacerbated by factors such
as hypothermia, ischemia-reperfusion injury, endotoxemia, and the inherent surgi-
cal trauma, which activate various cellular and humoral components of the immune
system [72, 73]. To address these issues, several strategies have been developed to
mitigate inflammatory responses following cardiac surgery. These strategies include
pharmacological interventions as well as modifications to surgical techniques and
equipment. In our most recent study, we demonstrated that the use of methylene blue
in patients undergoing AD surgery significantly reduces inflammatory responses,
with noticeable effects observed within 24 hours (Figure 9).

The cascade of systemic inflammatory responses observed during CPB resembles
that seen in sepsis. Patients undergoing CPB typically require prolonged ventilatory
support, experience elevated postoperative bleeding, and exhibit increased capillary
permeability. These conditions result in fluid shifts and the failure of multiple organs,
primarily affecting the lungs, kidneys, and central nervous system.

The complex inflammatory responses during CPB arise from various factors, includ-
ing the non-endothelial lining of the pump tubing, the detrimental effects of spilled
pericardial blood, the cardiotomy reservoir, and blood-air interfaces. Additional contrib-
utors include significant temperature fluctuations, ischemia-reperfusion injury, comple-
ment activation, neutrophil activation with degranulation and proteolytic enzyme
release, production of oxygen-derived free radicals, exposure to endotoxins, and the
release of cytokines, nitric oxide, endothelin, and platelet-activating factor. Collectively,
these factors contribute to a persistent and exacerbated inflammatory syndrome.

Although scientific evidence supporting the use of methylene blue (MB) is
limited, it is notable that this aniline-based organic dye was originally employed for
coloring and microorganism inactivation. By the late nineteenth century, it was rec-
ognized that high doses of MB could disrupt nerve fiber functions and was used as an
antimalarial, for rheumatic diseases, and as a neuroleptic. As research progressed, MB
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Effect of methylene blue on reducing inflammatory responses to blood washing Lyte plasma was used during zero
balance ultrafiltration.

was explored for its potential benefits in sepsis, shock refractory to vasoactive drugs,
Alzheimer’s disease, and as an antioxidant in cosmetics. Currently, its primary labeled
indication is the treatment of methemoglobinemia. Our latest study has demonstrated
its efficacy in mitigating sepsis following AD surgery.

6. Conclusions

In summary, AD is a life-threatening condition with severe complications.
Accurate diagnosis demands a high level of clinical suspicion, as symptom variabil-
ity can lead to dissection being missed in up to 39% of cases. AD is more common
among the elderly, particularly those with a history of chronic hypertension. This
chapter demonstrates that the TEM classification system is robust and serves as an
effective tool for identifying the anatomical location of aortic rupture and associated
malperfusion. This classification aids in predicting adjacent lesions related to reduced
myocardial and distal perfusion, thereby guiding intervention strategies, evaluating
intervention success, and anticipating potential post-intervention complications.

Doppler ultrasound of the descending aorta is presented as an excellent screening
method for assessing distal malperfusion. Transesophageal echocardiography should
be routinely performed in the operating room to prevent cannulation of the false
lumen, which can occur when the false lumen is cannulated instead of the true lumen.
Additionally, it should be included in the follow-up care of patients, particularly
those with chronic conditions such as diabetes and hypertension. Finally, our findings
indicate that surgery is associated with significant oxidative stress-related complica-
tions, and methylene blue appears to effectively mitigate these effects.
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Chapter7

Surgical Management of Aortic
Dissection with Aortic Arch
Involvement

Giulio Pellegrini, Lovenzo Terzano and Pier Luigi Stefano

Abstract

The extent of aortic resection for aortic dissection is still debated. Although the
resection and replacement of the aortic tract involved by the intimal tear remains
the gold standard treatment, the fate and the evolution of the distal false lumen are
hardly predictable. In recent years, several techniques and devices have been intro-
duced to reduce the patency of the false lumen with consequent improvement of the
positive remodeling of the true lumen, allowing the surgeon to perform a surgical
strategy that is the most patient-tailored possible. This chapter aims to discuss hybrid
strategies and new devices with related surgical techniques, with a brief literature
review, to suggest a management protocol fitting each clinical and anatomical
scenario.

Keywords: aortic dissection, hybrid approach, cerebral perfusion, malperfusion
syndrome, aortic arch, false lumen fate

1. Introduction

Acute aortic dissection is a life-threatening condition that can represent a chal-
lenging situation for cardiac surgeons all around the world [1, 2]. Diagnosis, surgical
treatment, and management of possible complications related to aortic dissection
have always been the key points of this pathology. Above all, surgical treatment and
management of aortic arch dissection represent the most challenging situation [3]. In
this chapter, we propose a review of the recent literature on surgical treatment of the
aortic arch. We described our experience with aortic arch dissection and evaluated a
possible diagnostic and surgical protocol to use for the treatment of this disease.

1.1 Epidemiology and classification

Epidemiological data upon aortic dissection is not well defined. The majority
of studies published are based on small populations or autoptic data [4]. For this
reason, the true incidence of aortic dissection is not yet known [5, 6]. Looking at the
International Registry of Aortic Dissection (IRAD), we can assume that the mean age
of patients presenting with type A acute aortic dissection is 62 +/— 14.6 years with a
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significant difference between men and women (two-thirds of patients were men),
a proportion that did not change over 17 years [7]. If we want to focus our attention
on the aortic arch, described as the anatomical region identified between Ishimaru’s
zones 0-2 [8, 9], few studies have been published.

Historically, aortic dissections have always been classified upon two differ-
ent classification systems: The DeBakey classification and The Stanford clas-
sification. DeBakey and his colleagues identified four different types of aortic
dissections. Both types I and II originate from the ascending aorta, with Type
Il remaining confined to the ascending tract, while Type I extends into the arch
and distal aorta. Type III dissections originate after the left subclavian artery, in
the descending aorta, and run toward the diaphragm for type IIIA and type IIIB
extending below it in the abdominal tract [10]. The Stanford classification made
by Daily and colleagues classifies aortic dissections regardless of the anatomical
location of the intimal tear. The focus is represented by the involvement of the
ascending tract. If the ascending aorta is affected, we are talking about type A
dissection. All other dissections, where the ascending tract of the aorta is not
affected, as type B. This classification system has been most widely used due to
its role in clinical decision-making process. Usually, type A dissections are treated
in emergency with surgical procedures on ascending aorta. On the other hand,
type B dissections usually need medical treatment focused on stabilization of the
pathology and surgery is confined on treatment in case of emerging complications
on the dissected tract of aorta [11, 12]. In both of previous classification (Stanford
and De Bakey), the presence of an intimal flap engaging both the aortic arch and
the descending aorta, without intimal disruption of the ascending aorta, has not
been considered (Figures1and 2) [8].

Figure 1.
De Bakey classification system.
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Figure 2.
Stanford classification system.

Recent literature and the most recent guidelines on the aorta tried to surpass these
two systems and evaluate new ways to classify aortic dissection on a more clinical-
based system [8]. Recently, the TEM (Tear, Entry, Malperfusion) classification,
proposed by Sievers and colleagues, has been published. It differentiates from other
classification systems by adding non-A non-B aortic dissection, first introduced by
Von Segesser et al. [13] (Figure 3). Non-A Non-B dissections, which represent 10% of
all acute aortic dissections [14], are defined as dissections with entry tear located in
the descending aorta with retrograde progression into the aortic arch [13]. The loca-
tion of the primary entry tear (E), which has a direct correlation with early clinical
outcomes [2], and malperfusion (M) is a key point that needs to be considered in the
decision-making process [15]. Different studies described that the location of entry
intimal tear has a direct correlation with early surgical outcomes [14]. TEM classifica-
tion has proved to be useful in clinical and surgical decision-making processes, giving
additional anatomical information of the dissected tract, and focusing on organ
malperfusion. These characteristics of the TEM classification system should help to
decide the best surgical management of the patient and permit a correct prediction
of early and late clinical outcomes. Because TEM clearly defines non-A non-B asa
main category, it helps make quick clinical decisions in patients with acute dissections
[15, 16]. There is currently no consensus regarding the best management of acute or
subacute non-A non-B aortic dissection. In acute aortic dissection, isolated diseases
of the aortic arch of any kind in adults are infrequent, as isolated surgical replacement
[8]. Furthermore, if the surgical treatment of the dissected ascending aorta has been
mostly standardized, the correct surgical management of the aortic arch, needed in
13-32% of ATAAD patients due to primary entry tear in Ishimaru’s zones 1-2, is often
center-related [17].
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Figure 3.
TEM classification of acute aortic dissection [16].

1.2 Cerebral perfusion

Talking about aortic arch surgical treatment, a discussion about cerebral perfusion
is needed. Different possibilities and techniques for cerebral protection have been
proposed since the introduction of aortic arch procedures [17]. Surgical replacement
of the aortic arch has become a surgical possibility, thanks to the implementation of
hypothermia during circulatory arrest. The reduction of oxygen demand and meta-
bolic activity guaranteed by lower body temperatures allows surgeon to temporarily
stop circulation [14].

Referring to hypothermic circulatory arrest, the most recent EACTS guidelines
on surgical treatment of the aorta redefined the correct terminology of hypothermic
circulatory arrest. As it stands today, we must talk about (as reported in Figure 4):

* Deep hypothermia for temperature below 20°C

* Low-moderate hypothermia for temperature between 20.1 and 24°C
* High-moderate hypothermia for temperature between 24.1 and 28°C
* Mild hypothermia for temperature above 28°C [8]

Deep hypothermia permits a longer period of safe circulatory arrest, proved
to be around 30 minutes, if compared to higher temperatures. In response to this
longer safe period, several studies have shown that DHCA is correlated to a greater
inflammatory response, greater risk of neurological damage, and higher mortality
rates [18]. The first successful series of aortic arch surgical procedures using deep
hypothermic circulatory arrest (DHCA) was reported in 1975 by Griepp et al. [19].
Since then, improvements and modifications have been made worldwide, rang-
ing from Kazui [20], Bachet [21], and colleagues, who first introduced antegrade
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TABLE 6 Writing Committee 2023 Consensus on
Hypothermia Classification in Aortic Surgery

Core Temperature

Category (Rectal/Bladder)
Deep hypothermia <20°C
Low-moderate hypothermia 20.1-24°C
High-moderate hypothermia 24.1-28°C
Mild hypothermia >28°C

Figure 4.
Definition of correct nomenclature for hypothermic circulatory arvest made by EACTS guidelines [8].

cerebral perfusion during the period of circulatory arrest, to the use of more
moderate levels of hypothermia used nowadays. As it stands today, an optimal

and consistent approach worldwide is still missing [20, 21]. For example, in 2017,
the Society of Thoracic Surgeons reported that DHCA used to be the most com-
mon technique for circulatory arrest [22]. Nowadays, the general trend is moving,
especially in Europe, toward the association of cerebral protection and warmer
temperature of circulatory arrest [22]. Several studies and meta-analyses demon-
strated the superiority of these surgical techniques in terms of lower early mortality
and lower adverse events (Figures 5-7) [18, 22, 23].

1.2.1 Retrograde cevebral perfusion (RCP) and anterograde cevebral perfusion (ACP)

Retrograde cerebral perfusion, first introduced for treating air cerebral embolism,
used to be the first technique that was implemented to guarantee correct cerebral
protection in association with DHCA [23]. Established by cannulation of the superior
vena cava (SVC), without manipulation of supra-aortic vessels, RCP guarantees
cerebral perfusion through the vein system [25]. Clinical and animal trials suggested
that RCP provides a small percentage of cerebral flow (10-30%) compared to baseline
flow characteristics [26]. During the years, numerous concerns about RCP arose from
the literature in association with the diffusion of selective anterograde perfusion.

DHCA MHCA+SACP 0Odds Ratio 0Odds Ratio
Study or Subgroup _ Events Total Events Total Weight M-H,R 95% Cl_Year M-H, Rand 95% Cl
Kazul 1 10 0 1 1.0% 3.63[0.13,99.85] 1989
Di Eusanio 16 128 1 161 17.5% 1.95(0.87,4.36] 2003 T
Tan 4 19 1 13 21% 3.20[0.31,32.53] 2003 —
Miller ] 12 3 30 1.2% 0.31[0.02,655 2008 —/———— 1
Harrington 2 22 0 20 1.2% 5.00(0.23,110.71] 2004 —_—1TF
Sundt 20 220 4 74 9.3% 1.75[0.58,5.30] 2008 =
Halkos 3 66 8 205 6.2% 1.17[0.30,4.55] 2009 —
Misfeld 31 220 33 365 41.8% 1.65[0.98,2.78] 2012 -
‘Wiedemann 27 118 1" 91 196% 221[1.03,4.73] 2012 sl
Total (95% CI) 813 970 100.0% 1.80 [1.28, 2.52] L 2
Total events 104 K
Heterogeneity: Tau®= 0.00; Chi*= 2.80, df= 8 (P = 0.94); F= 0% -0 0 0:1 1"0 100;
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Figure 5.

Incidence comparison of postoperative stroke events during aortic arch replacement using deep hypothermic
circulatory arrest alone (DHCA) or with moderate hypothermic circulatory arvest with selective antegrade
cerebral protection (MHCA + SACP) made by Tian et al. [23].
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Figure 6.

Incidence comparison of postoperative temporary neurological deficit between deep hypothermic circulatory
arrest alone (DHCA) and moderate hypothermic circulatory arrest with antegrade cevebral protection
(MHCA+ACP) made by Tian et al. [23].

Figure7.
Illustration of anterograde cevebral perfusion with divect cannulation of left common carotid artery as first
described by Kazui et al. [24].

Several animal studies supposed that, during RCP, oxygen perfusion is not guaranteed
through the cerebral parenchyma, assuming the inefficacy of this perfusion technique
[27]. On the other hand, several studies with animal models challenged these con-
cerns, defending the utility of RCP [27]. A recent meta-analysis conducted by Takagi
etal. including a total of 15,365 reported no statistically significant differences in the
postoperative incidence of stroke (17 studies enrolling a total of 9421 patients) and
mortality (16 studies including a total of 14,452 patients). Contemporarily, a reduc-
tion in temporary neurological dysfunction (TND) was found during ACP [28].

Today, anterograde cerebral protection is the most common way of cerebral perfu-
sion during surgical treatment on the aortic arch. Ghoreishi et al., analyzing the STS
database including more than 7000 cases of Type A acute dissection, described how
71% of patients were treated using cerebral perfusion. Of these, two-thirds were ACP
[28]. Several studies identified a satisfactory safe time of circulatory arrest of 80 min-
utes using anterograde cerebral perfusion [24].

Anterograde cerebral perfusion may be performed in different ways (unilateral
cerebral perfusion and bilateral cerebral perfusion) based on the anatomical struc-
ture of the patient and possible involvement of the supra-aortic vessels by the aortic
dissection. An important analysis of the eventual presence of an incomplete circle of
Willis should be made based on preoperative CT to evaluate the possible necessity of
direct cannulation of the left subclavian artery. Several studies found no significant
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differences in terms of early clinical outcomes depending on the cannulation site [29].
Ghoreishi et al. reported that, on the other hand, axillary cannulation was associ-
ated with a lower incidence of stroke, whereas femoral cannulation significantly
increased the risk of stroke regardless of the cerebral perfusion strategy or the degree
of hypothermia [28]. Aortic surgery centers have adopted different cerebral perfusion
strategies to optimize operative results and minimize adverse neurologic outcomes
[30]. Recently, the issue of using unilateral (u-ACP) or bilateral (b-ACP) ACP has
been one of the most important concerns [31]. Similar results have been reported
regarding mortality, stroke, TND, and renal failure rates between the two types of
ACP in proximal aortic arch replacement [31]. Still debated is the effectiveness of
u-ACP in total arch replacement, with b-ACP permitting longer circulatory arrest
periods in safe conditions, as reported by Zierer and colleagues [32]. On the other
hand, several studies found no statistical differences between unilateral and bilateral
ACP upon organ perfusion [33].

2. The arch problem

Open surgery for aortic arch replacement is a challenging procedure and requires
a great surgeon’s experience to be performed. Moreover, aortic arch surgery is charac-
terized by a higher operative risk with a higher rate of systemic and cerebrovascular
complications, increasing early mortality. It is well known that the gold standard
for the treatment of type A aortic dissection is the resection and replacement of the
aortic tract with the intimal tear. Although the most frequent localization of the pri-
mary entry tear is within the ascending aorta, finding it in the distal aorta and the
aortic arch is not so infrequent. When this happens, resection and replacement of
the aorta must be extended to the portion where the intimal tear is located. Despite
that, controversies exist about the management of the dissected aortic arch, wherever
the intimal tear is located. Some authors suggest a more conservative approach, such
as hemiarch replacement, to reduce procedure complexity, postoperative complica-
tions, and mortality [34]. This option improves early outcomes in terms of periopera-
tive morbidity and mortality but does not assure similar long-term results. For this
reason, other surgeons prefer a more invasive and aggressive management (e.g. total
arch replacement with or without Frozen Elephant Trunk technique), regardless of
the intimal tear location, to obtain a more complete result, accepting the increased
procedural complexity and postoperative mortality [3].

However, some authors demonstrated similar short- and long-term outcomes of
both aggressive and conservative approaches for selected patients, suggesting a more
aggressive approach to treat complex arch lesions like arch aneurysms >4 c¢m or aortic
dissection with an intimal tear at the arch unable to be excluded by hemiarch replace-
ment [35]. It is reasonable to claim that such results are not simply reproducible
because, as previously discussed, some procedures require to be performed by expert
surgeons in high-volume centers to provide early and late outcomes comparable to less
aggressive strategies. [36]

Whatever the strategy of choice, the aim of the surgical procedure is to save the
patient’s life and to achieve a regression of the dissecting process with a less invasive
approach and a more complete as possible treatment of the aortic dissection, to
give the patient a durable result. For this reason, although the primary strategy is to
replace the aortic tract with the intimal tear, the extension of the aortic replacement is
often based on institutional experience or the preferences of the surgeon.

141



Advances in Vascular Surgery — From the Diagnostic Phase to the Use of Hybrid and Endovascular...

3. Malperfusion syndrome

Acute type A aortic dissection can clinically manifest, in addition to the classic
symptoms, with systemic signs due to peripheral malperfusion syndrome. We can
distinguish between a static and a dynamic malperfusion. The first one could be the
result of the propagation of the dissection flap into the branch vessel with resultant
false lumen protrusion into the branch vessel with associated thrombosis and obstruc-
tion. Dynamic obstruction is more often the cause of malperfusion syndrome than
static obstruction and is responsible for approximately 80% of cases [37].

The diagnosis of malperfusion syndrome is made, first of all, thanks to clinical
manifestations of mesenteric, renal, and lower extremities ischemia (impaired solute
clearance, rising creatinine, refractory hypertension, lactate elevation, peripheral
pulses deficits, pain, pallor, paresthesias, poikilothermia, or paresis). Computed
Tomographic Angiography, which is needed almost always to diagnose acute aortic
dissection, is useful for identifying radiological signs of systemic malperfusion
together with clinical signs.

This clinical entity is not only a collateral finding in the case of type A aortic
dissection, but it has relevance in terms of postoperative results and patient survival.
Mesenteric ischemia has been clearly identified as the second cause of death in the
case of acute aortic dissection after aortic rupture [38]. For this reason, the identifica-
tion of preoperative malperfusion syndrome helps the “dissection team” to decide the
operative strategy and optimize the postoperative management of the patient.

4, Fate of false lumen

As discussed previously, the main target in the treatment of the aortic dissection
is to replace the interested tract of the aorta to eliminate the entry tear and improve
the perfusion of the true lumen, with a progressive decompression of the false lumen.
But what happens distally, even if the primary entry tear has been eliminated? There
is no consensus about the management of the dissected aortic tract (arch, descend-
ing aorta) without an entry tear: some surgeons prefer to limit the treatment to
the tract of the aorta interested by the intimal tear; other surgeons support a more
aggressive and complete treatment that involves the distal tract of the aorta as well.
Nowadays, it is well known that secondary tear or reentry tear, which can supply the
false lumen even after surgical correction, could be present distally to the replaced
aorta (distal aortic arch, descending aorta, supra-aortic vessels), and these lesions are
not so simple to identify. Furthermore, several minimal communications between
the true and the false lumen have been found at the level of the distal anastomosis, as
the result of micro-lacerations in the fragile tissues of a dissected aorta made by the
suture line or by the needle. This phenomenon, called distal anastomosis new entry
(DANE), is not so infrequent, as well as the postoperative false lumen supply by small
tears in the supra-aortic vessels (Figures 8 and 9).

From the early postoperative period to a mid- and long-term follow-up, the
presence of communication between the two lumina has been seen to be the cause
of late patency of false lumen with subsequent growth of the aortic dimensions,
leading to the need for reoperation with a higher operative risk and perioperative
mortality [39].

An interesting study from Tamura et al. investigated the influence of patent false
lumen (PFL) caused by DANE on long-term outcomes. PFL caused by DANE showed
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Kaplan-Meier curves of freedom from the dissection-related event of the distal aorta between thrombosed FL,
patent FL without DANE, and patent FL with DANE (A); Kaplan-Meier curves of overall survival rate between
thrombosed FL, patent FL without DANE, and patent FL with DANE (B) [40].
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a greater aortic growth rate of the descending aorta, and DANE was found to be a
significant risk factor for distal aortic events, as we can see from the Kaplan-Meier
curves of freedom from dissection-related events (Figure 10) [40].

5. Surgical and hybrid strategies

We describe below the most performed techniques for aortic arch management. We
will not treat perfusion strategies because this is not a specific topic of this chapter and,
moreover, they are dependent on each surgeon’s preference. Furthermore, only the “dis-
tal procedures” will be described; the order of the anastomosis and the management
of surgical times are strictly surgeon-dependent: some prefer to perform the “proximal
procedure” before and during the cooling process; others support a distal-first approach
just after cooling. In our center, we prefer the distal-first approach. Antegrade bilateral
cerebral perfusion is preferred, with cannulation of the subclavian artery (for systemic
perfusion as well) and selective cannulation of the left carotid artery.

5.1 Hemiarch replacement

Cerebral perfusion starts, supra-aortic vessels are clamped, and aortic clamp is
removed. The distal ascending aorta is resected including the lesser curvature of
the aortic arch in an oblong fashion, preserving the convexity of the aortic arch. A
Dacron graft is cut in order to have a prosthesis tongue matching the distal aspect of
the lesser curvature of the arch. A single polypropylene running suture is started with
the first bite on the Dacron graft and then through the arch on the assistant side in the
lower half of the lesser curvature; then the suture continues clockwise. When aortic
tissue fragility is present, a PTFE strip could be included externally in the suture line.
After completing the suture, the Dacron graft is de-aired and clamped, and cerebral
perfusion is switched to systemic perfusion.

This technique is recommended when the intimal tear is located in the lesser
curvature of the arch. Despite encouraging short- and long-term results are widely
described, distal false lumen patency, as the result of a distal anastomosis new entry
(DANE), is a common occurrence of hemiarch replacement, with an incidence

between 39 and 70% [39].
5.2 Total arch replacement

Differently from the hemiarch technique, the total arch replacement is performed
with an extended resection to the first tract of the descending aorta. Cooling, CPB,
and cerebral perfusion setup do not differ between the two techniques. After cerebral
perfusion starts, the aortic arch is opened, and a cannula is inserted in the left carotid
artery to achieve bilateral perfusion. Then the resection is extended to the descend-
ing aorta. An appropriate 4-branched prosthesis is sutured to the descending aorta
with a single polypropylene running suture, with or without Teflon reinforcement.
Systemic perfusion is restarted from the side branch of the prosthesis together with
cerebral perfusion, while supra-aortic prosthesis branches and the vascular prosthesis
proximal to the reperfusion branch are clamped. Body temperature is progressively
restored, and proximal anastomosis is performed at the desired level of the ascending
aorta with a single polypropylene running suture, with or without PTFE reinforce-
ment. Then supra-aortic vessels are selective anastomosed to the graft branches.

144



Surgical Management of Aortic Dissection with Aortic Arch Involvement
DOI: http://dx.doi.org/10.5772/intechopen.1005781

The described technique allows the surgeon to resect the full extension of the arch,
but it is not free from technical difficulties due to the awkward position of the distal
anastomosis.

5.3 Frozen elephant trunk

The Frozen Elephant Trunk (FET) technique represents an evolution of the
Elephant Trunk technique, in which the ascending aorta and aortic arch are replaced
with a Dacron prosthesis that is extended into the descending aorta. Since its first
description in 2003 by the Hannover group [41], the FET has become the technique
of choice for the treatment of complex arch lesions. It is performed with a hybrid
prosthesis that has a covered stent portion to be released in the descending aorta and
sutured with a special collar to the edge of the distal resection and a standard Dacron
portion to replace the arch and the supra-aortic vessels.

The FET procedure allows to achieve a blood-tight seal in the descending aorta and
permits to perform a dual treatment on the arch and the proximal descending aorta
[42]. Furthermore, the stented portion of the prosthesis with its radial force facilitates
the negative remodeling of the false lumen and allows the exclusion of small reentry
tears in the descending aorta. Prosthesis supra-aortic branch configurations fit all the
surgical strategies, allowing the surgeon to perform the distal anastomosis between
the aorta and prosthesis collar in an arch zone more proximal than zone 3 or 4.
Indeed, a trifurcated configuration is particularly indicated when a zone 0 or 1 distal
anastomosis is preferred. This is a huge advantage for the surgeon who can perform a
more comfortable distal anastomosis with fewer technical difficulties. Furthermore,
a FET prosthesis can be easily relined for subsequent endovascular completion of
descending and abdominal aorta treatment, offering a stable landing zone.

The resection of the dissected aortic arch is made according to the treatment
strategy and the surgeon’s preference because specific kinds of FET prosthesis are
suitable for distal anastomosis from zone 0 to zone 3. Cooling and cerebral perfu-
sion are achieved in a standard fashion. After aortic resection to the desired zone,
the stented portion of the FET graft can be released in the arch/descending aorta
and then the collar between stented and non-stented portions is sutured to the
distal edge of the aorta. Once the distal anastomosis is completed, systemic perfu-
sion can be restored through the reperfusion branch of the graft, after proximal
prosthesis and supra-aortic branches clamping. During rewarming, supra-aortic
vessels are anastomosed with each specific branch and proximal anastomosis can
be performed.

The FET technique is particularly indicated when a hybrid approach is desired, as
described previously, permitting at the same time to treat the arch, the descending
aorta, and the abdominal aorta with an endovascular strategy.

In Europe, two hybrid prostheses are available: the E-vita Open Neo (Artivion,
JOTEC GmbH, Hechingen, Germany) and the Thoraflex Hybrid (Terumo Aortic
UK). Both prostheses have a distal stented portion and a proximal conventional
Dacron portion, separated by a sewing collar that facilitates distal anastomosis.

Thoraflex Hybrid prosthesis is available in two configurations, with the distal
stented portion that does not differ between the two variants:

* Straight configuration: different from the branched version, the straight config-
uration is made only with the reperfusion branchy; it is chosen when supra-aortic
vessels are reimplanted with the island technique.
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* Branched configuration: the Dacron portion is made with four branches, three
of which for supra-aortic vessels separate anastomoses. The fourth branch is
used as a reperfusion branch at the end of the circulatory arrest surgical time
(Figure11).

This hybrid graft is particularly suitable when distal anastomosis in zone 2 or 3 is
preferred.

E-vita Open Neo graft has three possible configurations, with the stented por-
tion that does not differ from each other. As the Thoraflex prosthesis, the difference
between each configuration in the supra-aortic branches:

* Straight configuration: only a reperfusion branch arises from the Dacron
portion as a reperfusion line. This configuration is suitable for supra-aortic
vessel reimplantation with island technique and distal collar anastomosis in
zone 2 or 3.

* Branched configuration: as well as Thoraflex branched configuration, it has
three branches for separated supra-aortic vessels and one reperfusion branch.
This configuration allows distal collar anastomosis in zone 2 or 3 and, in specific
situations, in zone 1.

* Trifurcated configuration: a single branch arises more proximally from the
Dacron portion with a trifurcation for supra-aortic vessels separated anastomo-
ses and a lateral reperfusion branch is still present. This configuration represents
a great option for a more comfortable distal anastomosis because its more
proximal trifurcated branch allows to perform collar anastomosis in zone 0 or
1 for the particular angulation of the head vessels branches, reducing technical
problems related to a more distal anastomosis. Furthermore, zones 0-1 are better
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Figure 11.
Terumo Thoraflex configurations.
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exposable, especially in minimally invasive accesses. It is also dutiful to consider
that a less uncomfortable distal anastomosis could reduce circulatory arrest,
cardiopulmonary bypass, and cross-clamp times (Figure 12) [43, 44].

5.4 AMDS device: a new paradigm?

As previously discussed, the primary target of aortic dissection treatment is
the removal of the primary entry tear, the sealing of the false lumen at the distal
anastomosis with false lumen, and pressurization of the true lumen to resolve and
avoid further malperfusion. Unless the necessary treatment is FET/total arch replace-
ment, with a more conservative treatment, the sealing of the false lumen at the distal
anastomosis cannot be guaranteed, and this can lead to a distal anastomotic new
entry. The DANE allows the antegrade flow in the false lumen leading to FL patency
in 70% of cases and subsequent malperfusion, early mortality, reinterventions, and
decreased long-term survival [45, 46].

Artivion AMDS is a novel, partially uncovered arch stent made with a proximal
Teflon graft sewn to a tubular Nitinol stent with a low radial force, which aims to
improve malperfusion and promote positive remodeling of the aortic arch and distal
dissected aorta, by the active pressurization of the true lumen (Figure 13) [45, 47].

As previously described, this device has a proximal PTFE stent-supported cuff to
strengthen the aortic tissue and reduce the tension on the suture during conventional
graft to aorta anastomosis on a friable tissue, reducing the risk of DANE. The uncovered
Nitinol wire braided stent expands and supports the true lumen across the aortic arch
and descending aorta, thereby stabilizing the aortic wall and promoting remodel-
ing, without compromising the supra-aortic vessels flow. Preliminary results by the
Canadian group suggested that the AMDS is a safe and reproducible adjunct to current
surgical strategies for acute DeBakey I aortic dissection repair [47]. The efficacy of the
AMDS stent is supported by other studies in terms of clinical results, true lumen expan-
sion, false lumen reduction, and aortic growth stabilization [45, 48, 49]. Furthermore,
preliminary results from the DARTS trial seem to suggest that the AMDS device is
promising as a technology that not only facilitates the repair of the arch or proximal
descending aorta but also allows to achieve positive remodeling in the early to midterm
period (Figure 14) [50].

AMDS device has a simple delivery system, with a pigtail tip. Sizing of the device
(available in four different sizes) is very simple and does not require an advanced
DICOM viewer: in a standard axial view, the first aortic measure must be taken

Figure 12.
Artivion e-vita open neo configurations.
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Figure 13.
The fully expanded ascyrus medical dissection stent outside of its delivery system [47].
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Figure 14.
Preliminary results of AMDS devices (derived from Artivion website). (A) Clinical results. (B) False lumen
status at 3 yeays. (C) Aortic diameter changes at 3 years [45, 48-50].
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Figure 15.
AMDS device released (left) and on its delivery system (vight). The red dot indicates the proximal protective
sheath; the blue dot indicates the green cap to remove for stent releasing (green dot).

between the innominate artery and the left carotid artery; the second aortic measure
must be taken at the level of the pulmonary artery bifurcation. Then, using a sizing
table, the right device size can be easily identified. After the aortic arch resection
(most commonly in zone 0) and circulatory arrest, the delivery system is inserted
into the aorta, and the proximal protective sheath is removed to release the proximal
stented cuff on the edge of the resected aorta; four stitches are placed at the four
cardinal points to fix the stent to the aorta and then a continuous suture is performed
to stabilize the aorta-cuff sealing. The green cap is removed to release the suture
constraining the stent. The special Nitinol stent configuration facilitates the inser-
tion of a cannula for the carotid artery through it. Distal conventional Dacron-aorta
anastomosis can be performed in a standard fashion with the interposition of the
AMDS cuff (Figure 15).

6. Discussion and outcomes

Aortic dissection with aortic arch involvement is still a challenging condition to
deal with, especially if its systemic implications are considered. Outcomes of each
kind of surgical treatment strictly depend not only on the immediate surgical result
or the early mortality but on the “distal” effects of the treatment. Indeed, it is well
known that a malperfusion syndrome represents an important cause of death before
and after treatment [37]. Furthermore, even if the immediate results could seem
satisfying, it has been noticed that a more conservative procedure may leave a residual
pressurized false lumen with growth, rupture of the distal aorta, as well as pseudoan-
eurysms originating from fragile aortic tissue [51, 52].

Results about each surgical strategy suggest that appropriate surgical manage-
ment should be found for each clinical presentation of type A dissection to achieve
a satisfactory outcome, but the choice of optimal procedure is still controversial.
Although some authors claim that both conservative and aggressive strategies have
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similar outcomes [35, 53], the incidence of a patent false lumen and its prognostic
impact cannot be ignored [39, 40], if we consider the rate of reoperation for distal
aortic events and its operative risk.

With the advent of new surgical and hybrid devices [45, 48-50, 54], aggressive
strategies, despite their operative complexity, seem to have better long-term outcomes
than a more conservative approach, in terms of survival rate and freedom from
reintervention (Figure 16) [55, 56].

The lack of randomized studies could justify the controversies existing about the
best surgical strategy to obtain good anatomical and clinical results, both on short-
and long-term follow-up. The only data we have are derived from non-randomized
studies and meta-analyses.

It seems to be clear that a standardized protocol is needed to choose the better
surgical strategy for each clinical scenario. In our institution, we are retrospectively
analyzing all the aortic dissection operated from 2013. Preliminary results, regarding
303 consecutive patients admitted to our Cardiac Surgery Department for acute type
A aortic dissection from 2013 to 2021, seem to confirm that, despite a lower survival
rate during the first 24 months, FET patients have better long-term survival if
compared to hemiarch patients with a survival rate at 8 years of 75 versus 92% in the
FET group. This could be related to the lower incidence of distal aortic events in FET
patients, as previously discussed (Figure 17).
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Figure 16.
(A) Kaplan-Meier survival curves comparing FET (ved) vs. proximal repair (blue) at 10-year follow-up. (B)
Kaplan-Meier curves for the need for reintervention comparing FET (ved) vs. proximal repair (blue) at 10-year
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Figure 17.
Oup institution (cavdiac surgery unit AOU Careggi, Florence) Kaplan-Meier survival estimates comparing the
FET group (orange) vs. hemiarch group (blue) vs. partial arch (purple) vs. elephant trunk (green).
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As shown in Table 1, our preliminary results seem to confirm that a more complete
procedure is associated to a lower rate of false lumen patency with a concomitant true
lumen positive remodeling.

From March 2023, we implanted 23 AMDS devices. The small population cohort
does not allow us to have statistically significant results, but our clinical evidence sug-
gests that this new hybrid prosthesis can improve arch and abdominal aorta results.
We had 13% postoperative mortality (2 patients with preoperative critical mesenteric
malperfusion, 1 patient with an unknown secondary tear in the innominate artery)
and 86.9% false lumen decompression with progressive true lumen positive remodel-
ing. All the surviving patients were discharged in good clinical status. Recently, we

Parameters Ascending aorta + Partial arch Elephant FET p-value
hemiarch (n=234) (n=23) trunk (n =25) (n=21)
FL thrombosis 60 (30.5%) 13 (59.1%) 7 (38.9%) 8 (50%) <0.05*
FL partial 25 (12.7%) 2 (9.1%) 3 (16.7%) 5 (31.3%) <0.05*
thrombosis
FL patency 104 (52.8%) 7 (31.8%) 8 (44.4%) 3 (18.8%) <0.05*
p < 0.05.
Table1.

Oup institution (cardiac surgery unit AOU Careggi, Florence) about false lumen fate at follow-up
(mean 36 * 32.95 months).

Figure 18.

A recent case admitted to our unit for aortic dissection (A) and treated with aortic valve replacement, ascending
aorta veplacement, and AMDS implantation. (B) 3-month follow-up CTA that shows a partial obliteration

of false lumen. (C) 5-month follow-up CTA that shows a complete expansion of true lumen with the negative
remodeling of false lumen.
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Figure 19.
Ouy institution (cardiac surgery unit AOU Careggi, Florence) protocol for the management of aortic dissection.

implanted 3 AMDS through IV intercostal space ] ministernotomy, with no technical
differences if compared to full sternotomy and with optimal results (see Figure 18).

On these bases, we elaborated an internal protocol that aims to standardize the
surgical strategy, without any improvisation (Figure 19).

The advent of the new AMDS hybrid prosthesis, according to our direct experi-
ence and on the literature data, seems to offer a promising new surgical strategy to
allow the surgeon, even without a deep expertise, to perform an arch procedure, with
all its well-known advantages, without increasing procedural complexity and peri-
operative complication rate. In selected patients, when intimal tear is only proximal
to the aortic arch but the intimal flap is extended distally, we suggest always using
this aortic stent, considering it as an instrument to achieve the complete recovery
from the dissecting pathology, as suggested by several studies reported above and by
our results. Moreover, the superiority of an uncovered descending aorta stent over
the covered stent of FET prosthesis should be mentioned and analyzed, in terms of
risk for spinal cord ischemia. More studies are needed to clarify long-term outcomes
of this new device, but as previously discussed, it could be, in the next future, a
real change in the paradigm of aortic arch dissection treatment, bringing with it the
“paradox” of aless invasive and complex procedure for a more complete, safe, and
long-term durable treatment.

In conclusion, nowadays, we have new generation devices that could simplify a
challenging procedure, lower the learning curve of young surgeons, and make aortic
arch intervention more reproducible as possible.
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Chapter 8

Cerebral Protection during Repair
of Type A Aortic Dissection

Thierry Carrel

Abstract

Surgical repair of type A aortic dissection includes most often a period of
hypothermic circulatory arrest to allow inspection of the disease within the aortic
arch and perform the most appropriate distal repair. Clinical methods of cerebral
protection have considerably evolved during the last decades, starting with isolated
hypothermic circulatory arrest without or with medicamentous protection and
combined later with different methods of cerebral perfusion. One category aims at
significantly reducing or suppressing the metabolic demands of the cerebral tissue.
The second provides the brain with some metabolic requirements despite the exclu-
sion of the supra-aortic branches from the aortic arch and can be summarized as
perfusion of the brain through the arterial or venous network, in either an antegrade
or a retrograde fashion. Numerous clinical studies have reported excellent results
following antegrade perfusion of the brain. This represents most probably the best
method to preserve the integrity of the senso-motoric functions and cognitive facul-
ties, particularly in frail patients and in those requiring a more complex surgical
procedure in the setting of acute type A dissection.

Keywords: aortic dissection, surgical repair, cerebral protection, selective antegrade
cerebral perfusion, stroke

1. Introduction

The history of hypothermic circulatory arrest (HCA) started with the first
attempts at surgical repair of the aortic arch by Cooley in 1955, while DeBakey
described in 1957 a technique using cardiopulmonary bypass (CPB) and cerebral
perfusion [1]. In addition to the usual CPB circuit, the system included four pumps
and perfusion lines for both carotid and coronary arteries. Despite fair results, this
technique did not receive much attention because of the complex configuration of the
CPB. Later, Borst used deep hypothermia and circulatory arrest for the surgical repair
of a rare pathology of the aortic arch, namely an arteriovenous fistula [2].

A complete resection of the total arch with consecutive prosthetic replacement
was performed in 1966 in France [3]. In 1975, Griepp published four cases of aortic
arch aneurysms successfully operated on using deep hypothermia associated with
total circulatory arrest [4]. His technique represented a breakthrough in the concept
of aortic arch surgery because it aimed at reducing as much as possible the need for

159 IntechOpen



Advances in Vascular Surgery — From the Diagnostic Phase to the Use of Hybrid and Endovascular...

oxygen and metabolites during the period of the circulatory arrest while the absence
of clamps and blood in the operative field greatly simplified the procedure. The
concept of cold cerebral perfusion of the brain combined with moderate hypothermia
of the body was attempted by the group of Guilmet while Kazui published a similar
method in which the cerebral perfusion and the main CPB were performed both at
moderate hypothermia [5, 6]. At a pretty similar time, Ueda proposed a technique of
retrograde perfusion of the brain through the superior vena cava and right jugular
vein using deep hypothermia [7].

Since these first steps, a remarkable development has been made and HCA com-
bined with cerebral perfusion can now be considered as a routine procedure with
reliable and reproducible results in experienced institutions. A large scientific activity
was necessary to understand the protective characteristics of hypothermia and the
methods of cerebral protection to reduce the period during which the brain is not
perfused [8-13].

Despite the growing research and clinical experience, there is still only scarce
evidence for neuroprotective strategies yet. The most recent ACCF and EACTS
guidelines recommend (class II) deep HCA and selective anterograde cerebral perfu-
sion (SACP) as reasonable strategy while emphasizing the importance of institutional
experience in selecting the most appropriate technique [14, 15].

2. Cerebral perfusion and autoregulation

The main goal of cerebral protection, whatever the technique is used, is to pre-
serve the most physiological characteristics of cerebral function. In the adult, the
brain weighs around 1400 g; this means 2-3% of the total body weight. In contrast,
the mean cerebral flow is about 750 ml/min which represents about 15-16% of the
total cardiac output. This relationship demonstrates the huge metabolic demand of
the brain and the importance of preserving its metabolic activity. Along the cerebral
circulation, there is a constant drop in intravascular pressure, with a mean pressure
of 80 mmHg in the common carotid arteries, 60 mmHg in the intracranial carotid
artery, and 20mmHg in the middle cerebral arteries. It is around 15 mmHg in the
cortical veins and 5-7 mmHg in the longitudinal sinus.

Autoregulation of the cerebral blood flow plays a major role in preserving the
integrity of the cerebral metabolism; in general, autoregulation is maintained for
a spectrum mean arterial pressure values between 50 and 150 mmHg [16-18]. This
means that there is no linear not exponential relationship between cerebral blood
flow and the mean arterial pressure within these values. However, regulation of
cerebral blood flow varies according to the central temperature, with a more or less
constant reduction of flow of 7% for each degree Celsius of hypothermia. Cerebral
autoregulation nearly disappears when the brain temperature is below 15°C [19].
Cerebral oxygen consumption is approximatively 2.9 ml/min/g at 37°C and reduced to
0.90 ml/min/g at 25°C while at 20°C, it is only 20% of its physiological value. At 8°C,
metabolic status is still 10% of the normal value [20].

Any sudden interruption or major reduction of the cerebral blood flow occur-
ring at normothermia results in a dramatic drop of the oxygen and glucose supply
which results in a loss of active phosphorylation of the cells and rapidly empties the
adenosine triphosphate (ATP) reserves indispensable to normal brain activity. The
intracellular pH rapidly collapses, while the transmembrane exchanges are inter-
rupted. The electrical polarity is rapidly reduced, and potassium gets out of the
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cells. At the same time, the calcium and natrium channels open widely and lead to a
massive flow of both calcium and natrium into the intracellular space. Together with
the ongoing tissue acidosis, several enzymes are activated and will accelerate degrada-
tion of proteins, while peroxynitrite acidotic radicals and endonucleases induce DNA
fragmentation. Altogether, these biochemical processes rapidly lead to cellular death.
This process of neuronal necrosis may be considerably increased in case of blood flow
restoration and ends in additional reperfusion injuries.

Cooling and rewarming processes are also of major importance to avoid addi-
tional injury due to inhomogeneous temperatures within the brain. The relationship
between cerebral blood flow and metabolism may be analyzed using transcranial
Doppler sonography which is able to demonstrate peak flow velocity depending on
the respective actual cranial temperature. At normothermia and mild hypothermia,
the maintenance of coupling means that blood flow velocity and temperature remain
in a linear relationship. However, when deep hypothermia is targeted, autoregula-
tion will be lost. Cerebral blood flow becomes pressure-dependent [21]. In case of
rapid cooling under the condition of alpha-stat acid-base management, transcranial
Doppler ultrasound will demonstrate a significant drop of flow velocity. This may end
in inhomogeneous thermal distribution which means that brain structures located
deeper in the skull are less efficiently cooled than those located at the surface [22].

In the past, pH-stat acid-base management and slow cooling have been considered
as the best strategy to obtain the most uniform cooling of the brain together with the
maintenance of the most optimal perfusion [23]. Hypothermia-related disruption of
the normal relationship between cerebral blood flow and metabolism is even more
important during rewarming. Greeley described a phenomenon where a transient dis-
ruption of cerebral vascular reactivity occurs during rewarming following a period of
deep hypothermia [24]. As a consequence, flow (and therefore also velocity) remains
at a lower level, while the metabolic demand of the brain increases together with the
brain temperature. Greeley used the wording ‘cerebral vasoplegia’ to describe the loss
of the relationship between flow (velocity) and metabolism. This uncoupling may
result in relative hypoperfusion and, more dramatically, in ischemic brain injury.

3. Physiology of hypothermic circulatory arrest

The metabolism of the brain is generated by adenosine triphosphate that is
produced during aerobic glycolysis. The metabolic rate of the cerebral tissue is seven
times higher than that of the body. Anaerobic glycolysis, unlike in liver or muscle,
cannot sustain the required energy demands of the brain. Therefore, a short anaerobic
period with consecutive rise in lactate concentration will rapidly be deleterious for the
cerebral cells.

Since the brain does not have glucose reserves, a constant supply through a con-
tinuous blood flow is mandatory, although changes in metabolic demands can be met
by appropriate changes of blood blow upon a certain limit (cerebral autoregulation).

Experimental and clinical research has demonstrated that cerebral blood flow
autoregulation can be affected by patient’s factors such as age, diabetes, and arte-
rial hypertension but also by conditions associated with specific changes during
such surgical procedures (anesthesiologic management, pressure changes during
extracorporeal perfusion, hemodilution, loss of pulsatility, as well as hypothermia).
Depending on how reduction of cerebral flow occurs, two different types of periop-
erative cerebral injury may happen during aortic and/or cardiac procedures. The most
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devastating one is the classical stroke which is caused by localized cerebral ischemia
(through embolization of corpuscular or gaseous particles). The other type of injury
may be the result of global ischemia and is related to interrupted or temporarily inad-
equate perfusion [25]. In contrary to the frank stroke that is usually easily detectable
through CT-scan and MR-imaging, temporary neurological dysfunction is a much
more subtle form of global ischemia that manifest clinically under various symptoms
(disorientation, delirium, amnesia, restlessness, and others).

Since it is not possible to completely turn off the energy demands of the brain
while maintaining cellular viability, the strategy of cerebral protection includes
methods to prevent cerebral anoxia and acidosis during interruption of the cerebral
blood flow or to provide some cerebral perfusion during a planned period of circula-
tory arrest while limiting its duration to a strict minimum.

Nevertheless, hypothermia (even at different temperature levels) remains the
principal method of brain protection while additional strategies were developed later
as a solution to avoid a “complete” circulatory arrest or to make the arrest safer (e.g.,
extending its duration without additional risks). Independently of these develop-
ments, the basic questions about circulatory arrest, namely how cold and how long is
safe, remain crucial.

According to numerous experimental and clinical studies, a circulatory arrest
period is considered to be safe for up to 30 minutes at 15°C and 40 minutes at 10°C
[8, 10, 26, 27]. In the pediatric literature, there are sufficient data that hypothermic
arrest over 40 minutes is associated with significantly poorer neuro-developmental
outcomes. In adults, a decline in neurocognitive performance has been observed when
the duration of arrest exceeds 25minutes in the absence of additional neuroprotective
strategies.

3.1 Levels of hypothermia

With increasing surgical experience and rising numbers of procedures on the
aortic arch, the concept of hypothermia has considerably developed. When refer-
ring to “hypothermia”, some precisions may be necessary, namely the real level of
temperature as well as the location where the temperature is assessed. Several papers
have tried to define the different levels of hypothermia—they are summarized in
Table 1 [15, 29, 30]. These classifications differentiate between deep, moderate,
and mild hypothermia and based on the belief that the reduction of the suppression
of brain metabolism is the main determinant of a successful arrest temperature.
Nasopharyngeal (alternatively esophageal) temperature was selected as the reference

Profound <14°C
Deep 14-20°C <20°C <20°C

20-24°C Moderate low
Moderate 20-28°C 20-25°C

24-28°C Moderate high
Mild >28°C >25°C >28°C
(28] [29] [15]
Table 1.

Different classifications of hypothermia.
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because it closely corresponds to the brain temperature during cooling and rewarm-
ing. However, no publication has studied in detail whether the spinal cord and the
abdominal organs are sufficiently protected with moderate hypothermia, especially
during prolonged HCA duration.

Whether or not repair of type A aortic dissection with either an open distal
anastomosis at the level of the proximal arch or with total arch replacement can be
performed under moderate hypothermia in patients receiving SACP is still a matter of
actual clinical research. To be accepted and generalized into regular surgical practice,
the resulting stroke and mortality rates should probably be less than 5-10%, respec-
tively and 10-15% in the acute setting.

3.2 Deep hypothermic circulatory arrest (DHCA)

Lowering the temperature of the whole organism to 18°C has been considered in
the past as a safe technique for complex aortic arch procedures, especially in dissec-
tion patients because of the uncertainty concerning the expected duration of circula-
tory arrest to safely perform the distal anastomosis will be performed.

To improve the safety of DHCA, additional points have been worked out to avoid
gradients of temperature between different areas and organs as well as within the
brain itself; smooth cooling and rewarming process and assessment of both the rectal
(or urinary bladder) and nasopharyngeal temperatures while packing the patient’s
head in ice should help to maintain the most homogeneous level of cerebral hypother-
mia during the arrest duration.

DHCA is rather simple that does not require any special equipment other than the
regular circuit with a high-performance heat exchanger. Its benefits include a blood-
less field and no need for any cannula or additional aortic manipulation. However,
it may be associated with some drawbacks. DHCA requires a long time to lower the
patient’s temperature to the targeted level and to rewarm as well, with all side-effects
on the coagulation and inflammatory systems. The absence of clear criteria that indi-
cate that circulatory arrest is safe—some consider that CPB can be discontinued as
soon as the temperature reaches 18 or 20°C while others consider that the circulatory
arrest can be initiated only when the electroencephalography (EEG) is completely flat
or when oxygen saturation of the venous return in the jugular vein is higher than 95%.

The maximal duration of DHCA without neurological dysfunction remains
unclear but the upper safe limit at 12-20°C is considered to be 25-30 minutes [31].
The risk of neurologic disturbance raises significantly when DHCA exceeds 40 min-
utes and the risk of mortality when it is over 65 minutes. DHCA without any addi-
tional protective adjuncts has been progressively abandoned by most groups in favor
of more moderate hypothermia active cerebral perfusion methods. A meta-analysis
by Manoly et al. with nearly 6000 patients showed significantly lower mortality and
incidence of stroke with moderate hypothermia with SACP compared to deep hypo-
thermia alone [32].

4. Institutional cannulation and perfusion technique

Different sites of cannulation (ascending aorta, iliac/femoral, or subclavian/axil-
lary) have been used and successfully described as potential approaches for the arte-
rial return of CPB during repair of acute type A aortic dissection. All of them have
advantages and disadvantages that have been extensively described in the literature.
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Therefore, I would like to focus on the technique we adopted more than 25years ago at
the University Hospital in Bern, Switzerland and I would like to summarize the main
principles in the following lines.

Although surgical preparation and access to the right subclavian artery need more
time than exposure of the femoral artery, several publications have demonstrated
excellent outcomes compared to the historical series in which arterial return was
performed via femoral cannulation. Subclavian artery cannulation may attenuate the
possibility of brain malperfusion which can occur at the beginning of CPB in case
of pressurization of the false aortic channel, or when a cross-clamp is placed on the
ascending aorta. Personally, I am not in favor of a routine direct aortic cannulation
strategy, however, in case of any unexpected technical difficulty, I would accept it for
rapid institution of CPB. Two additional smaller roller pumps are used, one for instil-
lation of cardioplegia, the other, placed beyond the oxygenator for cerebral perfusion.
Continuous running through a recirculation tubing is recommended during the
period of systemic circulatory arrest.

Our strategy has been to avoid cross-clamping the aorta because this maneuver
may lead to additional injuries of the already dissected aorta and the supra-aortic
branches. This means that the procedure usually starts with distal repair once the
target temperature has been reached and that proximal repair is performed during
rewarming. This sequence has the additional advantage of shortening the time period
the patient is kept cool. The logic for this approach has become evident at our institu-
tion with a yearly number of 50-60 type A aortic dissections.

Once the targeted temperature of 26-28°C has been obtained, CPB is interrupted,
and the aortic arch is opened. Two flexible thin perfusion catheters (Le Maitre,
Burlington, MA, USA) are introduced in both common carotid arteries, and SACP
is started with a flow between 10 and 15 ml/kg/min (total usually 500-800 ml/min)
with a temperature of the perfusate between 22 and 24°C and a pressure around
50-70 mmHg. The balloons of these perfusion catheters are inflated smoothly once
perfusion has started to de-air the supra-aortic branches. Another very important
feature in patients with type A aortic dissection is to cannulate the true lumen after it
has been clearly distinguished from the false lumen by visual inspection from within
the aortic arch. Following cannulation, the balloons are gently inflated until back-
ward pulling cannot displace the catheters (Figures 1-3).

=

Figure 1.

Schematic drawing of unilateral antegrade cevebral perfusion through the right subclavian artery with clamping
of the supra-aortic branches. (Reproduced with permission from Ref. [33]).
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Figure 2.
Schematic drawing of bilateral antegrade cevebral perfusion through both common carotid artery with
endovascular occlusion of the left subclavian artery using a Fogarty. (Reproduced with permission from Ref. [33]).

Figure 3.
Thin LeMaitre Vascular© perfusion catheter for selective antegrade cerebral perfusion with an inflatable balloon
to block the backflow. (Reproduced with permission from Ref. [33]).

In the majority of cases, the left subclavian artery is occluded with a small Fogarty
catheter from inside the vessel, except when the right vertebral artery is occluded. The
right radial artery pressure as well as the pressure at the tip of both carotid catheters is
maintained at 50 mm Hg.

To ensure true luminal perfusion after confection of the distal anastomosis and to
minimize false luminal pressurization at all, reperfusion is started in an orthograde
way via the side-arm graft of a Vascutek Anteflo prosthesis. During rewarming,
proximal repair is performed while decannulation and reconstruction of the right
subclavian artery can be performed safely.

5. Review of cerebral perfusion

The most optimal type of cerebral perfusion in the setting of acute type A aortic
dissection repair remains a matter of preference/debate while different opinions are
reported in the literature. Basically, there are several options:
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* Unilateral antegrade cerebral perfusion via the right subclavian artery as it is
cannulated for the arterial return of the CPB circuit,

* Bilateral SACP with two or three perfusion catheters introduced in the innomi-
nate artery (and pushed further into the right common carotid artery), the left
common carotid artery, and eventually into the left subclavian artery,

* Retrograde cerebral perfusion (RCP) via the superior vena cava.
5.1 Antegrade cerebral perfusion (ACP)

The technique consists of perfusing one or several supra-aortic vessels with
oxygenated blood in a physiological way at a flow and pressure compatible with the
maintenance of a proper metabolic supply, providing equal distribution of the perfus-
ate to both cerebral hemispheres while maintaining the core temperature at a moder-
ate level. From the historical perspective, there are two different methods of ACP that
differ regarding the temperature of the perfusate, the complexity of the CPB circuit,
and the mode of cannulation of the supra-aortic branches.

The French technique uses perfusion with cold blood at a temperature of 10-12°C
while the patient’s core temperature is maintained at 25-28°C. The intention is to
provide a homogeneous distribution of the cold perfusate to both hemispheres with
significant reduction of the metabolic demand, although the cerebral blood flow
regulation is not preserved. A regular circuit is modified through the addition of a
heat exchanger beyond the oxygenator. The flow rate is maintained at 7-10 ml/min/
kg, a pressure between 60 and 70 mmHg. No adjuncts are used to enhance cerebral
protection [5].

The Japanese technique perfuses the brain and the body at the same temperature
level. For this purpose, the CPB equipment is somewhat modified, with an additional
arterial line that originates from the main arterial perfusion line. A separate pump
is dedicated to brain perfusion. This technique has the advantage that a single heat
exchanger is used because both, the CPB and the cerebral perfusion are performed
at the same temperature. A total flow of 10 ml/kg is given through both cannulas.
Because of its simplicity and the easy cannulation of the cerebral vessels, this tech-
nique of SACP has gained large acceptance [6].

Antegrade cerebral perfusion presents several advantages compared to hypo-
thermic arrest alone or in combination with retrograde cerebral perfusion. It
provides the most physiological type of perfusion - mimicking the normal blood
flow to the brain, and obviates the need for deep hypothermia, thereby reducing
the required time for cooling and rewarming and the risk of complications associ-
ated with a prolonged pump run like coagulopathy and pulmonary dysfunction.
The suggested risks and drawbacks of antegrade perfusion include the risk of
embolization of particles and air into the cerebral vessels during the introduction
of the perfusion catheters, malperfusion through kinking of the catheters or false
positioning, and finally the somewhat cumbersome procedure with additional
manipulations of the supra-aortic branches. Nevertheless, these potential draw-
backs can be rapidly eliminated with growing experience. Once the catheters have
been introduced in the corresponding supra-aortic branches, they can be gently
retracted to the head of the patient and do not obscure the view in the operative

field.
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5.1.1 Uni- or bilateral antegrade cerebral perfusion?

The rationale for one-, two-, or even three-vessel perfusion represents a matter of
discussion. The debate was initiated following the publication of two clinical studies in
which only unilateral perfusion from the right subclavian artery was used with excellent
results regarding postoperative neurologic disorders [34, 35]. For this reason, unilateral
perfusion technique has been adopted broadly in the clinical practice. In some studies,

a decreased rate of permanent neurologic deficit following unilateral perfusion was
observed, but not in the rate of transient neurologic disorders. Those in favor of unilat-
eral perfusion concluded that the technique offers at least similar protection of the brain
and the abdominal organs than bilateral SACP and that it may reduce the incidence of
embolism arising from surgical manipulation on the supra-aortic branches [36].

However, equality of cerebral protection through unilateral or bilateral perfusion
assumes that the circle of Willis provides enough blood flow on the contralateral brain
hemisphere. Clinical studies have demonstrated that completeness of the circle can
be expected in approximately 60% of patients. During unilateral cerebral perfusion,
the flow velocity in the contralateral middle cerebral artery varies considerably, but
the flow itself never disappears. From these observations, one can conclude that the
anatomical particularities of the circle of Willis—with a broad range of variations—do
not automatically correlate with its functional achievements when examined intra-
operatively [37-39]. Meanwhile, both types of cerebral perfusion are largely accepted
by the surgical community but it seems that bilateral SACP may be safer in case the
circulatory arrest time is over 40 min [40—43]. In practice, the decision to use unilateral
or bilateral perfusion is largely dependent on the institutional preference and experi-
ence, and the expected duration of the circulatory arrest plays a major role as well.

5.1.2 Clamping, snaring, or occlusion of supra-aortic branches with balloon
catheters?

I personally consider the handling of the supra-aortic branches in the setting of
aweakened arterial wall as it is the case in aortic dissection to be crucial [33]. For
this purpose, we have used intraluminal occlusion with customized small and very
smooth perfusion catheters with balloon occlusion (Figure 1). I see three potential
advantages:

* Neither clamping nor snaring of any of the supra-aortic vessels is necessary. This
is probably more important than generally considered, especially in the setting
of a fragilized vessel wall through acute dissection. In this situation, there is an
additional risk for a manipulative injury because of the dissection and this may
cause obstruction or even complete occlusion is high.

* The introduction of a perfusion catheter into the true channel of the vessel with
subsequent inflation of the balloon may favor the expansion of the dissected
layers from inside and bring the dissected layers together, especially when they
have been treated with biological glue.

* An additional benefit of balloon inflation may be the avoidance of downstream

embolization of biological adhesive to glue the dissected layers of the vascular
wall [44].
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I had the privilege to recently work at another institution, where a strategy of
unilateral ACP through the right subclavian artery was used routinely in patients
operated on because of type A aortic dissection. All patients received an open distal
anastomosis during which the innominate artery was clamped. In a consecutive series
of 55 patients, I observed five cases of postoperative occlusion of the innominate
artery, most probably due to a clamp injury. In four patients, the dissection process
already involved the innominate artery on a preoperative CT scan. Postoperatively
ipsilateral stroke was observed in all patients, in one patient it was associated with a
lethal outcome. One patient underwent surgical revascularization with an interposi-
tion graft between the ascending aorta and the innominate artery and the other was
treated with an endovascular stent of the innominate artery [33].

5.1.3 Should the left subclavian artery be perfused?

In the majority of reports of SACP, only the right subclavian and the left common
carotid arteries have been perfused. No clinical consequences seem to be related to
absence of left subclavian artery perfusion. Nevertheless, some groups, particularly
in Japan perfuse systematically the left subclavian artery, especially in case the preop-
erative investigations have demonstrated occlusion of the right vertebral artery or a
dominant/single left vertebral artery. In case of acute dissection without preoperative
information, no or very weak backflow through the left subclavian artery may be
considered as an indication to perfuse it antegradely. Independently of the previous
considerations, it has been well demonstrated that the left subclavian artery may play an
important role for the spinal cord perfusion through the anterior spinal artery [45, 46].
If the left subclavian artery is not selectively perfused, it may be important to occlude it
to avoid steal syndrome and consecutive ischemia of the posterior cerebrum.

5.2 Retrograde perfusion

Retrograde cerebral perfusion has been first described by Mills and Ochsner in
1980 for another indication than aortic arch surgery, namely massive air embolism
during CPB to flush out the arterial cerebral circulation on a retrograde way [47]. This
technique was then described by Ueda as an adjunct to hypothermia during repair
of aortic arch pathologies and is based on the idea that the brain could be perfused
retrogradely through the venous and capillary systems on the analogy of retrograde
cardioplegia [48]. The technique for retrograde cerebral perfusion may vary from
institution to institution but the basics are similar; it includes a standard bi-caval
cannulation with caval snaring. A simple modification to the normal CPB circuit is
required with an additional connection between the arterial line and the superior
vena cava line. This “shunt” remains closed during perfusion throughout CPB and
once the targeted temperature is reached, the circulation is arrested. The arterial
cannula is occluded, and the circuit is drained into the venous reservoir. The superior
vena cava is snared at the entrance to the right atrium and the connection to the arte-
rial line unclamped. Blood is then perfused retrogradely via the superior vena cava
and returns to the opened aortic arch via the arterial system; this can be easily seen
in the operative field when dark venous blood comes out of the supra-aortic branches
(wash out of ischemic metabolites?) [49-51]. The latter can be returned into the cir-
cuit through cardiotomy suction. The perfusion pressure is kept around 20-25mmHg.

Among the most important potential benefits of RCP are maintaining cerebral
hypothermia and flushing out atherosclerotic or gaseous emboli. However, this may

168



Cerebral Protection during Repair of Type A Aortic Dissection
DOI: http://dx.doi.org/10.5772/intechopen.1005803

not be the major problem in aortic dissection. On the other side, RCP may cause
cerebral edema due to high venous flow rates and perfusion pressure.

Currently, there are no prospective randomized studies that show RCP has an
advantage over HCA alone. Hagl analyzed the risk factors for stroke in a large collec-
tive of 700 patients [52]. RCP had no beneficial effects on outcome, but antegrade
perfusion led to a decrease of temporary neurological events. Similar results were
found by Okita who compared RCP to SACP in a prospective study [53]. Bonser has
demonstrated that retrograde cerebral perfusion is unable to attenuate the metabolic
changes induced in the brain by deep hypothermia [54].

From the current scientific evidence, it is actually not justified to support a strat-
egy in favor of RCP. However, it is not excluded that RCP may somehow contribute to
homogeneous cooling to the brain, and thereby makes prolonged duration of circula-
tory arrest safer than HCA alone.

6. Drugs

Several drugs have been used in the past and some of them are still administered
today but the evidence to support this strategy is scarce. The most common sub-
stances used are lidocaine, thiopental and steroids, even though the mechanisms of
protection are not fully elucidated. There is some evidence suggested that prophylac-
tic use of dexmedetomidine for postoperative sedation reduced the rate and duration
of postoperative delirium [55].

Diuretics like mannitol and furosemide are also interesting substances for adju-
vant pharmacological protection during HCA—they work mainly through a reduction
of cerebral edema [56]. Mannitol, besides reducing cerebral edema and intracranial
pressure, has an important effect as a free radical scavenger and is administered
both during the cooling and rewarming period. In Bern, our anesthesiologists have
supported the use barbiturates 20years ago, but we have abandoned their use mainly
because a net benefit could not be demonstrated so far. The results without barbitu-
rates but instead with moderate hypothermia and SACP were even better. In addition,
the potential myocardial depressant effect can be avoided. Others continue to incor-
porate high-dose thiopental in their protective regimen [57].

7. Intraoperative monitoring

Despite significant improvements in field of cardiovascular surgery (anesthe-
sia, intensive care medicine, perfusion technology, and surgical technique itself),
cerebral damage remains a fastidious complication of aortic dissection repair
irrespective of the technique used for brain protection. Ideally, intraoperative
monitoring should help to detect any global hypo- and hyperperfusion, significant
regional perfusion deficits, and sudden changes in the perfusion characteristics.
Nevertheless, there is no evidence so far that intraoperative monitoring reduces
the risk of neurological injury. In the following, I will briefly review methods
of intraoperative monitoring.

Classical electroencephalography (EEG) provides information on the whole corti-
cal and subcortical structures in real time. EEG becomes totally flat when the cerebral
temperature reaches a level below 20°C. Unfortunately, EEG does not give any
information on deeper cerebral structures. The bi-spectral index (BIS) is a simpler
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surrogate of EEG. It provides reliable monitoring and is quite simple to use in any
circumstance [58, 59].

Bilateral transcranial Doppler allows assessment of a symmetrical flow in the
middle cerebral artery and detection of embolic phenomena but is limited to the ante-
rior cerebral circulation [60]. Similarly to EEG, it requires a specialized technician in
the operating theater. Transcranial Doppler is the only method to continuously assess
changes in cerebral hemodynamics during CPB. It may be of particular interest dur-
ing repair of acute ascending aortic dissection, for instance in case of malperfusion
of the carotid arteries. This potentially catastrophic condition may be immediately
recognized when sudden loss of Doppler signal may signify severe cerebral ischemia.

Serial determination of jugular venous bulb oxygen saturation allows continuous
assessment of cerebral metabolism and may be used to detect intraoperative cerebral
ischemia [61]. The method is easy to implement. A central venous catheter is used to
cannulate the jugular bulb. Two punctures and two guidewires are necessary—the
first is directed cephalad and the second is directed into the central circulation. A pul-
monary artery catheter is placed in a standard fashion and the jugular bulb catheter is
then advanced towards the jugular bulb using the Seldinger technique.

Near-infrared spectroscopy (NIRS)—also known as transcranial cerebral oxim-
etry—is probably the most popular method of cerebral monitoring [62]. It is simple,
noninvasive, and highly reproducible. It assesses regional cerebral oxygen saturation
within the brain through the skull by absorption of infrared beams and may allow
detection of cerebral hypoperfusion. It requires two or three adhesive electrodes to
be placed on the forehead of the patient. The oxygen saturation of the underlying
cortical structures appears directly on the monitor screen. A decrease in the regional
saturation to values inferior to 60% of the baseline is a sign of severely altered brain
perfusion, while a drop to 55% or less for of duration of 5 min means a high probabil-
ity of a permanent neurologic lesion. Similarly to EEG, NIRS does not allow assess-
ment of posterior and deeper structures of the brain.

A very simple method of monitoring is the recording of bilateral radial artery
pressure that may give useful information about the perfusion pressure in the contra-
lateral subclavian artery. Pressure should be maintained between 50 and 80 mmHg
throughout the procedure.

In summary, monitoring of the brain function should be performed at least using
BIS and regional NIRS of forehead even though there is few randomized evidence to
support one technique over the other. A multimodal monitoring strategy may increase
the sensitivity of detecting cerebral ischemia.

8. Clinical experience with cerebral protection in Europe: the result
of a single survey

Because a definitive consensus has not yet been reached and many different
approaches regarding site of cannulation, core and perfusate temperature, flow,
monitoring methods as well as visceral protection, a survey was sent to 450 cardiac
surgery units across Europe to evaluate the methods used for cerebral protection
during aortic arch surgery and answered by 141 centers [63]. In the following, I will
summarize the answers concerning the current handling of acute aortic dissection.

The right subclavian/axillary was the favorite site for arterial cannulation. Bilateral
SACP was the most frequent method of brain protection in acute presentation.
Unilateral perfusion was used in approximately 1/3 of the cases, while deep HCA
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and RCP are very rarely used in Europe and almost exclusively in patients with acute
dissection.

In acute cases, 2/3 of centers perform distal anastomosis at a core temperature
between 22 and 26°C, while 1/3 still use deeper temperature (down to 15°C in occa-
sional cases). Only a few cardiac units use temperatures around 30-32°C. Flow and
pressure of the are fairly similar among all centers (10-15 ml/kg), respectively around
60 mmHg, while average temperature of the perfusate is 22°C. At that time, barbitu-
rates were used in 60% of centers, however, with a decreasing tendency since then.

The survey shows that the majority of the participating centers proceed within
reasonable ranges published in the literature. Unilateral perfusion is still a broadly
accepted method; however, if circulatory arrest duration is expected to be over
30-40 min, a bilateral SACP is preferred. Cerebral monitoring is part of the routine
intraoperative strategy while NIRS associated with bilateral monitoring of perfusion
pressure seems to be the preferred method of a majority of institutions. Hypothermia
is always used, while circulatory arrest at warmer temperatures is being adopted more
frequently.

9. Conclusion

Brain protection has been a major issue since the early period of aortic arch
surgery [32, 64-69]. With improvements in surgical techniques, operative technol-
ogy, and methods of blood management, the risk of stroke following repair of type
A aortic dissection can be reduced to less than 5-10%, also with a mortality risk of
less than 10%. This corresponds to the actual standard to which any innovation in the
field of aortic dissection repair must be compared, including less invasive endovascu-
lar procedures.
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Chapter 9

Unilateral Antegrade Cerebral
Perfusion during Aortic Arch
Repair

Boris Koglov and Dmitri Panfilov

Abstract

Circulatory arrest is one of the most crucial timeframes during aortic arch surgery
due to the increased ischemic risk for inner organs, including the brain. In this regard,
the issue of intraoperative cerebral protection is of great importance. Despite the fact
that antegrade cerebral perfusion is the preferred neuroprotective strategy during
aortic arch surgery, including the frozen elephant trunk procedure, the choice of the
best perfusion technique for cerebral protection is still a matter of debate. We con-
ducted a comprehensive analysis of cerebral status in 97 patients who underwent total
arch repair using the frozen elephant trunk technique under moderate hypothermia
and unilateral cerebral perfusion via an innominate artery. Our analysis, including
intraoperative monitoring of cerebral oximetry, the incidence of postoperative neuro-
logical deficit and cognitive impairment, and added assessment of a neuronal injury
marker level (neuron-specific enolase), demonstrates the high efficacy and safety of
unilateral antegrade cerebral perfusion via an innominate artery.

Keywords: unilateral cerebral perfusion, innominate artery, neurological deficit,
neuron-specific enolase, cognitive impairment

1. Introduction

It is known that aortic arch surgery requires temporary interruption of cerebral
circulation [1]. However, the safe period of such a maneuver is only 4-5 minutes,
which is not enough to perform an adequate aortic arch reconstruction. Therefore,
certain measures are required to ensure cerebral protection during aortic arch surgery.
The main components of neuroprotection include systemic hypothermia leading to
a decrease of cerebral metabolism, and cerebral perfusion during circulatory arrest
(CA), allowing the delivery of energy substrates, oxygen, and, at the same time, the
removal of metabolites.

1.1 Hypothermic circulatory arrest

Systemic hypothermia is distinguished into several degrees with the following
temperature ranges: mild (28.1-34°C), moderate (20.1-28°C), severe (20-14°C), and
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deep (< 14°C) [2]. The degree of hypothermic protection is still a highly controversial
issue. In fact, with a hypothermia level deeper by 10°C, cellular metabolism slows
down by 5-7% [3]. Consequently, neuronal activity decreases proportionally to body
temperature. Thus, with hypothermia at 15-17°C, cellular metabolism decreases
approximately by six times (to 12-25% of the metabolic rate at normothermia), and at
a temperature of 10-12°C, it shows electrocerebral silence. However, numerous stud-
ies found that the absence of electrical cerebral activity can also be observed at higher
temperatures (up to 27°C) [3, 4].

Despite all the advantages, including cerebral protection, avoidance of clamp-
ing, a bloodless and motionless operative field, and no need for additional perfu-
sion equipment, the safe time provided by hypothermia is limited [5]. Thus, deep
hypothermia protects from cerebral ischemia for a period of up to 30-40 minutes
[2, 3, 6]. Hypothermia of longer than 40 minutes was found to lead to increased
neurological complications, and in cases of over 65 minutes, the risk of mortality
was significantly higher [7, 8]. Additionally, with deep hypothermia, there is an
increased risk of bleeding, as well as cardiac, respiratory, and renal complications
due to the development of endothelial dysfunction caused by prolonged cardiopul-
monary bypass (CPB) [4-6].

The necessity to reduce complications required altering the strategy for protect-
ing from ischemia. Di Eusanio et al. [9] analyzed their own surgical experience
performed under deep and moderate hypothermia amplified with antegrade cerebral
perfusion (ACP). The authors noted that the postoperative rate of deaths and strokes
decreased in moderate hypothermia. Vallabhajosyula et al. and Gong et al. made
similar conclusions [10, 11]. Thus, increasing body temperature during aortic arch
surgery was found to reduce the number of complications related to deep hypother-
mia. However, moderate hypothermia alone does not provide safety due to the time
limit, which does not exceed 10-20 minutes, because of increased cerebral oxygen
consumption. As a result, there is a need for additional perfusion support during
aortic arch operations [2].

1.2 Cerebral perfusion

To date, there are several neuroprotective strategies during aortic arch repair:
retrograde cerebral perfusion (RCP) as well as uni- and bilateral antegrade cerebral
perfusion [5, 6, 12].

1.2.1 Retrograde cerebral perfusion

Retrograde cerebral perfusion provides cerebral protection by perfusing cold
oxygenated blood into the superior vena cava, maintaining a flow rate of 500 ml/
min and a pressure of no lower than 25-30 mm Hg. The opening of internal jugular
vein valves, which are the primary venous drain for the human brain, is ensured only
under these conditions [13, 14]. There is compelling evidence that retrograde cerebral
perfusion may provide neuroprotection not only through the support of cerebral
metabolism but also by expelling emboli from the cerebral vasculature [15, 16].
According to Rylski et al. [15], retrograde cerebral perfusion is superior in the preven-
tion of focal neurological deficits during “short” aortic arch procedures (<40 min).
However, some data demonstrate opposite outcome. Thus, temporary neurological
deficit (agitation, delirium) with retrograde cerebral perfusion has been reported in
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12.8-25.1% and the incidence of permanent neurological events (stroke) was observed
in 2.8-13.5% of cases [17, 18]. Moreover, a number of papers did not reveal significant
differences in neurological complication rates between isolated hypothermic circula-
tory arrest and retrograde cerebral perfusion [19, 20].

The relatively low degree of cerebral protection during RCP is due to some of
its peculiarities. Thus, up to 90% of blood is shunted through arterio-venous and
veno-venous shunts into the inferior vena cava, the functionality of which increases
during hypothermia [5, 21]. Cerebral edema is another negative factor resulting
from conditions of high perfusion pressure [6, 16, 17]. Fluid extravasation due to
high hydrostatic pressure leads to increased perivascular pressure and compressed
parenchymal arterioles, causing cerebral edema followed by delirium development
[13, 14]. Attempts to reduce perfusion pressure in the experiment have demonstrated
the ineffectiveness of such perfusion. It has been shown that in primates, RCP for up
to 60 minutes duration with the maintenance of perfusion pressure around 20 mm Hg
provides only 1% of the cerebral flow from antegrade values [13].

Additionally providing of RCP is limited in patients with occlusive disease of
supra-aortic vessels. This entity causes cerebral edema development due to positive
(even residual) pressure in the arterial system. For this reason, RCP is less effective
and even dangerous in these patients [22].

Thus, the role of retrograde perfusion in cerebral protection during aortic arch
repair is still controversial, mostly due to the high risk of neurocognitive disorders (up
to 40%) [1, 23]. To date, most clinics have abandoned the use of this type of cerebral
protection and have focused their efforts on antegrade cerebral perfusion [24, 25].

1.2.2 Antegrade cerebral perfusion

Antegrade cerebral perfusion was popularized by Bachet and Guilmet in Europe
and Kazui in Asia. The fundamental difference between ACP from RCP is in the
cerebral blood supply via a physiological route, namely through supra-aortic ves-
sels instead of the superior vena cava. A significant advantage of ACP is a longer
safe period of circulatory arrest (up to 90 minutes) at a higher body temperature.
Antegrade cerebral perfusion allows for better elimination of metabolites as well as
lower biomarker levels of cerebral damage [5, 7, 26], consequently reducing hospital
mortality and stroke rate [27]. To date, uni- and bilateral approaches are proposed for
ACP during aortic arch surgery.

Bilateral antegrade cerebral perfusion is the most physiological approach, pro-
viding blood supply to the brain through both carotid arteries. On the other side,
unilateral ACP possibility is based on cerebral multiple ways of cross-perfusion. An
important role in collateral cerebral circulation is played by the ophthalmic artery,
leptomeningeal vessels, and external carotid arteries [28-31]. Alongside this, the role
of the Circle of Willis remains unclear. Thus, Urbanski et al. [32] revealed that up to
40% of patients have abnormalities in the Circle of Willis. However, in these cohorts,
flow velocity was recorded in the contralateral middle cerebral artery during unilat-
eral ACP. This indicates collateral pathways function that ensures adequate perfusion
of both cerebral hemispheres.

Taking these circumstances into account, the choice of the best strategy is still
debated. Malvindi et al. [33] analyzed the results of 3548 patients and concluded
that bilateral perfusion provides greater safety during prolonged circulatory arrest
(> 50 minutes) compared to unilateral perfusion. Others consider it mandatory to
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provide bilateral ACP during complex aortic arch repair, ensuring the most physi-
ological cerebral perfusion [34, 35].

Meanwhile, a meta-analysis (6788 patients) conducted by Angeloni et al. [36]
demonstrated the superiority of unilateral perfusion over bilateral perfusion in
terms of the incidence of postoperative neurological complications (5.8 versus 6.9%,
p = 0.53) and mortality (7.6 versus 9.8%; p = 0.19). A possible explanation of the
increase of temporary and permanent neurologic deficit in patients with bilateral ACP
related to additional manipulations with supra-aortic vessels that lead to increased
risk of embolism. At the same time, unilateral ACP may prevent neurological compli-
cations by high-velocity retrograde flow from the supra-aortic vessels.

Zierer et al. [37] showed a comparable 30-day mortality rate and two times
higher stroke rate after bilateral ACP compared to unilateral cerebral perfusion (4
versus 2%, p = 0.06). Supporting the theory of unilateral ACP superiority, Ozatik
etal. [31] showed that the levels of cerebral damage markers (S-100 protein and
neuron-specific enolase), as well as lactate, pH, glucose, and blood oxygen, do not
differ significantly between different hemispheres with unilateral cerebral perfusion.
Moreover, it has been shown that prolonged unilateral perfusion, even more than
60 minutes, is not accompanied by a significant increase either in early mortality or
cerebral complications [38, 39].

However, Tong et al. [40], comparing outcomes of bilateral and unilateral ACP,
did not reveal any advantages of one technique over the other regarding 30-day
mortality and neurologic complications. Moreover, the findings of a meta-analysis
conducted by Tian et al. [41] served as additional evidence for the adequacy of
unilateral perfusion. They found that both unilateral and bilateral cerebral perfusion
techniques do not significantly differ in neurological outcomes or mortality.

To sum up, currently, the effects of uni- and bilateral ACP remain controversial
and require further investigations.

1.2.3 Arterial cannulation

A number of arterial cannulation sites for antegrade cerebral perfusion have been
described in the literature. The optimal site depends on thoracic aortic pathology,
including anatomical features of the patient, surgical conditions, and the experience
of the surgical team.

In the mid-90s, Sabik et al. [42] were the first who suggested subclavian artery for
arterial cannulation site during thoracic aortic surgery. Subclavian artery cannulation
allows to provide antegrade flow during cardiopulmonary bypass, as well as adequate
antegrade cerebral perfusion within circulatory arrest [43, 44]. The disadvantages
of this approach include the impossibility of initiating cardiopulmonary bypass if
the artery diameter is too small or has subclavian stenosis or thrombosis [15, 43, 45].
Overall, the incidence of complications related to inadequate perfusion, vascular
complications, and brachial plexus injuries is up to 14%. Moreover, the need to
replace the arterial cannula with an alternative site is required in 11% of cases [46].

Cannulation of the common carotid artery is considered another option, especially
in emergency cases. According to Rylski et al. [15], the common carotid artery has an
advantage over the subclavian artery, primarily due to its larger diameter and conve-
nient anatomy. In addition, a cannula placed into the carotid artery allows for lower
pressure from the pump of the heart-lung machine. On the other hand, obstacles in
the aortic arch lead to an increase in blood flow and pressure in the arterial system.
This, in turn, can cause over-perfusion and cerebral damage. Hence, it necessitates
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additional cannulation, which eliminates all the advantages of common carotid artery
cannulation.

An alternative option to central aortic cannulation is the cannulation of the
innominate artery (IA), which allows for antegrade cerebral perfusion within circula-
tory arrest, avoiding high pump pressure due to the larger size of the vessel [47-49].
IA cannulation does not require an additional skin incision, which enables good visual
control of the cannulation site. Additionally, there is no risk of neural plexus injuries
[50]. Nevertheless, the IA is not suitable for cannulation when dissected or if its arte-
rial wall is severe atheromatous [51].

The body of evidence regarding the efficacy and safety of cerebral perfusion via
the innominate artery is sparse. Thus, we conducted a comprehensive analysis of cere-
bral status in 97 patients who underwent total arch repair using the frozen elephant
trunk (FET) technique under moderate hypothermia and unilateral cerebral perfu-
sion via the innominate artery.

2. Surgical techniques
2.1 Technique of unilateral cerebral perfusion via innominate artery

After median sternotomy IA up to its bifurcation is mobilized. After the admin-
istration of a 1 mg/kg heparin dose, the artery is side-clamped. The IA is opened to
decrease the arterial pressure in the right radial artery by no more than 50% and to
decrease the right hemisphere cerebral oximetry not lower than 20% compared to the
baseline values. Then, an anastomosis is performed using a continuous 5-0 Prolene
suture with an 8-10 mm vascular graft in an end-to-side fashion. After washing off
possible debris and eliminating air from the vascular graft, it is connected to the arte-
rial line of the CPB circuit (Figures1and 2).

Very rarely, when the side clamp of the IA is considered technically impossible or
unsafe, IA was cross-clamped with flow interruption.

During the entire procedure, cerebral oximetry is carefully monitored using the
near-infrared spectroscopy (NIRS), while maintaining mean arterial pressure at
50-60 mmHg in both radial arteries.

Figure 1.
Side clamp of the IA in a schematic diagram (left image) and intraoperative image (right image).
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Figure 2.
The arterial line of the CPB circuit connecting to the innominate artery in a schematic diagram (left image) and
intraoperative image (right image).

Mannitol and hydrocortisone are administered intraoperatively to prevent cerebral
edema, which can ensue due to temperature gradient.

Unilateral cerebral perfusion is carried out through the IA while the left common
carotid artery and left subclavian artery are clamped. The flow rate is 8-10 ml/kg/
min maintaining the mean blood pressure at 50-70 mm Hg under 25-28°C degrees.
Based on an experimental study of cerebral metabolism and histopathologic findings
in dogs, Tanaka et al. [52] assumed that the aforementioned values provide about
50% of the physiologic flow rate, which is sufficient for intraoperative cerebral
protection.

However, taking into account the unilateral cerebral perfusion, which directly
supplies blood to only one hemisphere, a decrease in the NIRS values in the opposite
hemisphere of more than 10% from the baseline forced us to increase the flow to
13-15 ml/kg/min.

Technically, connecting the arterial line to the IA using a side graft has several
advantages: (i) no additional arterial cannulation site for CPB; (ii) visual control of
the graft inside the surgical field promotes bleeding control from the anastomosis;
(iii) ensuring the correct measurement of arterial pressure in the right radial artery
since there is no cannula in the lumen of the vessel.

The strategy of IA cannulation for aortic arch pathology has always been used in
our practice and is considered to be safe and effective since no serious complication
has been encountered when using the IA as an arterial port for either CPB or ACP.
Cannulation of the IA with a side graft allows for eliminating artery lumen occlusion
with a cannula, turbulent flow around the cannula, as well as reducing unnecessary
trauma to the fragile wall of the IA.

Other groups have also obtained excellent results with IA cannulation. Huang
etal. [53] used cannulation of the IA with a side graft. The authors reported five
(10.9%) patients with diagnosed temporal neurological deficit (TND) in the early
postoperative period, without any stroke. Di Eusanio et al. [54] used a similar
technique for IA cannulation for either CPB or ACP. In 55 patients, only 1 (1.8%)
patient had TND. Preventza et al. [55] analyzed the results of aortic arch procedures,
including those performed with IA cannulation with a graft sewn in an end-to-side
fashion. Postoperatively, 3 (4.4%) patients had a stroke. It is worth noting that only
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one patient had an irreversible neurological deficit; the other two patients under-
went partial neurological recovery. Additionally, 7 (10.3%) patients had postopera-
tive delirium.

Meanwhile, Ji et al. [56] cannulated the innominate artery directly in 68 patients.
The cannula tip was oriented toward the aortic arch during the period of CPB, and
it was turned cranially during lower body circulatory arrest with ACP. The authors
reported no neurologic events after the surgery.

Svensson et al. [23], analyzing results of 1336 operations, diagnosed only 1 (4.2%)
case of stroke using direct IA cannulation. The authors noted that IA cannulation
with a side graft can be considered a more preferable option for preventing neurologic
complications compared to direct arterial cannulation. Moreover, this technique is
considered easier and safer to use than direct artery cannulation.

Taking into account the aforementioned features of different arterial cannula-
tion sites for uACP, we adopted IA cannulation on a regular basis during aortic arch
surgery, regardless of the condition of alternative arteries. From our point of view,

IA cannulation is more advantageous compared to other arterial sites in light of the
benefit-risk ratio. Specifically, the innominate artery, as a relatively large brachio-
cephalic vessel, provides a higher volumetric blood flow rate without high blood
pressure compared to other arterial cannulation sites (subclavian, carotid artery, or
axillary artery) additionally to the technical advantages listed above.

2.2 FET implantation technique

The FET procedure was performed according to a surgical management procedure
adopted in our clinic [57]. The sequence of the surgical steps during the operation
was the same for all patients. In brief, surgical repair is conducted under moderate
lower body circulatory arrest (25-28°C) and unilateral ACP via the innominate artery.
A hybrid graft with a diameter of 24-30 mm is implanted in all cases. The length
of the stent graft was 150 mm only. After establishing CPB, body cooling is started.
Once the target temperature is achieved, lower body circulatory arrest with ACP is
initiated. Then the aortic arch is opened and resected. The stent graft is implanted in
the descending aorta, and fixed to the aortic tissue by continuous Prolene 4/0 suture
without oversizing. Cerebrospinal fluid drainage and pressure monitoring are not
performed. The distal aortic anastomosis is performed in Z2 or Z3 and depends on
the patients’ anatomical features and the technical possibilities encountered during
the operation. Subsequently, re-implantation of the supra-aortic vessels is performed
using one of the known techniques. After ACP is stopped, the CPB is reinstituted with
warming of the patient’s body. The proximal aorta is reconstructed during rewarm-
ing, and, if necessary, concomitant cardiac procedures are performed.

3. Study population

A retrospective single-center study was conducted. Between March 2012 and
December 2022, a total of 311 aortic arch repairs were performed in our center. In this
cohort, 97 patients underwent the FET procedure using the E-vita Open Plus hybrid
graft (Jotec GmbH, Hechingen, Germany) and MedEng (MedEng, Penza, Russia).
Detailed demographics and comorbidities of analyzed patients are shown in Table 1.

185



Advances in Vascular Surgery — From the Diagnostic Phase to the Use of Hybrid and Endovascular...

Variable

Patients (n=97)

Age, years

54.5 [51; 63]

Male, n (%)

68 (70.1%)

Height, cm 173 [166; 178]
Weight, kg 94 [64.5; 101]
BMI, kg/m’ 29.3[21.9; 33.1]
BSA, m® 21[1.8;2.2]
Aortic dissection, n (%) 80 (82.5%)
Degenerative aneurysm, n (%) 17 (17.5%)
Hypertension, n (%) 65 (67%)
Diabetes mellitus, n (%) 7 (7.2%)

COPD, n (%)

10 (10.2%)

Creatinine, mg/dl

10 [8.9; 12.2]

CAD, n (%) 15 (15.5%)
LVEF, % 61 [57.5; 66]
Redo surgery, n (%) 9 (9.3%)

BMI - body mass index, BSA — body surface avea, COPD — chronic obstructive pulmonary disease, CAD — coronary
artery disease, LVEF — left ventricle ejection fraction. Categorical variables ave presented as n (%). Continuous data
are described as median with the [25th; 75th] percentiles.

Table 1.
Demographics and comorbidities.

4. Neurological results of antegrade unilateral cerebral perfusion viaan
innominate artery

4.1 Cerebral oximetry

As known, regional cerebral oximetry (rSO,) is a safe, robust, and
operator-independent method for assessing the adequacy of cerebral oxygen
balance [58]. The method is based on a local measurement of the oxygemoglobin/
deoxyhemoglobin ratio (according to the modification of Beer-Lambert law)
mainly in venous blood [59]. Cerebral oximetry values in normothermic settings
ranged from 60 to 80%.

Changes in rSO; in the range of 5-15% were found to correlate with changes
in transcranial Doppler-measured cerebral blood flow velocity, electroencepha-
logram, and somatosensory evoked potentials [59]. A drop in saturation values
during CPB below 40-50% (or 65-85% of the baseline) is known to be associated
with high neurological complications, a rate confirmed by laboratory, instru-
mental, and histological findings [59, 60]. Hence, rSO; is considered as a simple
alternative to complex methods for assessing cerebral perfusion during aortic arch
surgery.

According to aforementioned statements, we use intraoperative cerebral
neuromonitoring of the right and left hemispheres with near-infrared spectros-
copy (Invos 5100, Somanetics Corp, USA). Cerebral oximetry values were recorded
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Figure 3.
Intraoperative vegional cevebral oximetry of the right and left hemispheres.

throughout the entire surgical procedure: (1) at anesthesia induction, (2) at the
initiation of CPB, (3) during CA, (4) after weaning from CPB, and (5) at the end
of the surgery.

Our analysis showed that the range of intraoperative rSO, values was from 60
to 70% in both hemispheres during surgery in normal arterial blood gas settings
(Figure 3). At different stages of the operation, the difference in rSO, between the
cerebral hemispheres did not exceed 3%. The maximum asymmetry was revealed
during circulatory arrest. Moreover, rSO, values of each hemisphere were stable dur-
ing the operation without significant differences.

In addition, mean blood pressure was monitored in both radial arteries throughout
the surgery (Table 2). It is worth emphasizing that blood pressure in the left radial
artery as a possible surrogate of efficacy assessment of cerebral perfusion indirectly
reflected the blood supply of the left hemisphere, which was derived from cross-
hemispheric extra- and intracranial cerebral blood flow during right-sided cerebral
perfusion.

Right-left asymmetry of intraoperative mean blood pressure (MBP) ranged from
1.4 to 46.3%. MBP asymmetry increasing was observed at the initiation of CPB (13%)
and reached a maximum during CA (46.3%).

Variable Baseline CPBstart CA CPB End of surgery p-value
stop

MBP right RA, mm Hg 72 46 475 64 70 <0.001
[67;80] [44;51] [41;51] [60;67] [64;73]

MBP left RA, mm Hg 71 40 25.5 63 69 <0.001
[68;79] [37;44] [22;30] [60;66] [63;72]

A, % 14 13 463 1.6 14

p-value 0.74 0.01 <0.001 0.90 0.94

CPB — cardiopulmonary bypass, CA — circulatory arrest, MBP — mean blood pressure, RA — radial artery.

Table 2.
Intraoperative mean blood pressure values.
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Comparing rSO, values and blood pressure asymmetry, there were differences
between analyzed parameters at different stages of the operation. During CA, the
difference in MBP values was 9.8 times higher (46.3%) than the difference in cerebral
oximetry (3%). Nevertheless, despite the MBP in the left radial artery being as low
as 25.5 mm Hg, left cerebral hemisphere oxygenation was within the normal range
due to adequate cerebral cross-perfusion. Our data are in line with Urbanski et al.

[61]. They observed that the MBP value in the radial arteries around 30 mm Hg is
considered sufficient for cerebral cross-perfusion during unilateral antegrade cerebral
perfusion.

4.2 Neurological deficit

A total of 10 (10.3%) patients had a neurological deficit postoperatively. Of these,
8 (8.2%) cases were reversible: 4 (4.2%) patients had delirium with manifestation
within 14 days, and 2 (2.1%) other patients had a transient ischemic attack, which
resolved within 12 hours without residual focal neurological deficit. In 2 (2.1%)
patients, a non-fatal minor stroke (with a reversible neurological deficit) was
recorded; additionally, in 2 (2.1%) patients, a hemorrhagic stroke was observed.

Our findings are consistent with other studies. The incidence of permanent neu-
rological deficit (PND) after innominate cannulation during thoracic aortic surgery
varies from 2.4 to 4.5%, and TND is in the range of 3-13.4% [48, 62, 63].

It is known that the duration of CPB, CA, and ACP negatively affects neurologi-
cal status. However, according to our data, there were no significant differences in
ischemic periods in patients with and without neurological deficits (Table 3). In an
attempt to elucidate the impact of the duration of CPB, circulatory arrest, and ACP on
neurological outcomes, we performed a Persons’ correlation analysis. This analysis
found weak correlations between the incidence of neurological deficit and the dura-
tion of CPB (0.073, p = 0.4782), CA (~0.146, p = 0.1560), and ACP (0.15, p = 0.1456).
Thus, in our patients, these variables did not influence the neurological status.

4.3 Neuron-specific enolase

As known any conventional instrumental methods for evaluating postoperative
cerebral damage are widely used due to their reproducibility but not accuracy. Thus,
to overcome this issue, an analysis of neuron-specific markers has been proposed
[64]. In contrast to well-known S100 and S100B proteins, the most reliable and
specific marker reflecting cerebral damage is a neuron-specific enolase (NSE) [65].

Duration Without neurological Neurological deficit (n =10) p-value
deficit (n=87) PND TND

CPB, min 216 [180; 308] 230 [212; 270] 230 [215; 280] 0.144

Lower body CA, min 44 [25; 53] 473 [44; 53] 51.5 [45; 571 0.475

uACP 55 [47;69] 47.3 [44; 53] 51.5 [45; 57] 0.155

ACP — unilateval antegrade cevebral perfusion; CA — circulatory arrest; CPB — cardiopulmonary bypass; TND —
temporary neurological deficit (including transient ischemic attack, delivium), PND — permanent neurological deficit
(stroke).

Table 3.
Duration of ischemic periods in patients with or without neurological deficit.
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One study [66] showed that serum NSE level within 24 hours after surgery is a useful
predictor of neurologic injury onset and severity. It has been demonstrated that

NSE level significantly correlated with the extent of stroke, which is in line with our
results. However, to date, there is a lack of data regarding the changes of NSE values
during thoracic aortic surgery in different grade of neurological deficit.

Striving to assess the cerebral damage grade in patients who underwent the frozen
elephant trunk procedure, we assessed NSE serum levels by measuring an enzyme
immunoassay before and after surgery in every patient. Venous blood assays were
collected in the operating room before skin incision and 24 hours after surgery. Blood
serum was centrifuged at 3000 rpm for 60 minutes to prevent the leakage of NSE
from blood cells, with subsequent evaluation of results. NSE values between 0 and
9.9 pg/L were considered normal.

Pre- and postoperative NSE serum levels in patients without neurological deficit,
with TND and PND, are presented in Figure 4.

Patients without postoperative neurological deficit based on clinical assessment
showed a 1.9-fold increase in NSE level (from 1.8 to 3.4 pg/L) after surgery compared
to the baseline. However, despite statistically significant increase in postoperative
NSE value (p < 0.001), its level did not exceed the normal range.

NSE levels in patients with postoperative TND increased by 5.6 times compared
to the baseline and amounted to 6.2 [5.2; 6.6] pg/l. The difference between pre-and
postoperative results was statistically significant (p < 0.001); however, NSE values
were within the normal range.

In contrast to our aforementioned results, the NSE value in patients with post-
operative PND was 10.74 [9.9; 11.8] pg/l, which exceeded the normal range. In this
group of patients, a 6.7-fold increase in NSE value from baseline was recorded with a
statistically significant difference (p < 0.001).

Our results suggested that NSE level might correlate with the severity of
postoperative neurological deficit in patients who underwent aortic arch surgery.
Our findings are supported by Kimura et al. [66] who demonstrated a similar
correlation.

4.4 Cognitive assessment

To date, there is a focus on strong cerebral damage such as TND (i.e., delirium)
and PND (i.e., stroke) when assessing postoperative neurological outcomes after

M Preopertive status W Postoperative status

12 4 10,7
10

NSE level, pg/L
()]

Without ND TND PND

Figure 4.
Pre- and postoperative NSE serum levels in patients without neurological deficit (ND), with TND and PND.
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thoracic aortic surgery. However, it is not the one manifestation that could worsen the
quality of life. Recently, postoperative cognitive dysfunction, characterized as a mild
neurological disorder, has become a paramount concern [67]. This kind of neurologi-
cal deficit can manifest with poor attention, memory, speech, and other cognitive
impairments, diagnosed by validated neurological screening tests [68, 69].

At present, the Montreal Cognitive Assessment (MoCA) has been proposed as
one of the best tools for detecting the mild cognitive impairments compared to other
tests [70]. Hence, it has been successfully used in patients who have suffered a stroke
or underwent cardiac surgery [71]. This test assesses abstraction, language, memory,
attention, and orientation abilities.

The test takes into account the patient’s initial level of education, as it adds value
when comparing patients with initially different levels of cognitive reserve, which
serves to maintain functional and structural properties of the brain to compensate
and minimize cognitive failure after strokes, injuries, chronic cerebrovascular, neuro-
degenerative diseases or due to age-related changes [72].

All of the patients scheduled for surgery passed the MoCA test preoperatively.
After the surgery, 10 (10.3%) patients with documented TND or PND were excluded
from the assessment of cognitive function. In total, data from 87 (89.7%) patients
were analyzed. The score of every patient was recorded. Evaluating the severity of
cognitive postoperative cognitive dysfunction the ‘normal’ cutoff was 26 points:
scores > 26 indicated no cognitive impairment (normal test), and scores <26 indicated
mild cognitive impairment [73].

In the analyzed patients with complete data, mean preoperative MoCA score was
24 [21, 25]. The “normal” cutoff was attained by 53 (60.9%) of 87 patients.

The postoperative MoCA score in the analyzed patients was 26 [1, 26]. The “nor-
mal” cutoff was reached by 57 (65.5%) out of 87 patients. According to our analysis,
postoperative patients’ cognitive function was comparable to preoperative param-
eters, i.e., without an increasing rate of cognitive impairment.

In detail, there was an increase in attention (p = 0.012) and orientation
(p = 0.009) abilities, as well as improvements in both short-term (p = 0.491) and
long-term (p < 0.001) memory after surgery compared to the preoperative status.
Simultaneously, we observed non-inferior postoperative values of language and
abstraction abilities. Taking these results into account, we assume that ACP via
innominate artery during aortic arch surgery is not associated with a decline of cogni-
tive function or additional postoperative mental disorders.

5. Conclusion

Unilateral cerebral perfusion via the innominate artery during aortic arch repair is
associated with a low incidence and severity of neurological deficit, minor changes in
intraoperative cerebral oximetry in both hemispheres, and the absence of significant
cerebral damage without a decline in postoperative cognitive function.
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Abstract

Emergent surgical repair of thoracic acute aortic dissection (TAAD) aims to prevent
potentially lethal complications including cardiac tamponade, neurological damage,
acute aortic valve dysfunction, rupture of the aortic wall into the pericardial space, or
myocardial infarction due to the dissection of the coronary ostia. Furthermore, the
progression of the dissection involving peripheral arteries with, consequently, a
possible preoperative multiple-organ malperfusion can lead to a drastic increase in
operative risk. In fact, even with prompt surgical treatment, TAAD continues to be
associated with an in-hospital mortality rate of 20-30%, and malperfusion of various
organ systems can dramatically increase the operative mortality. From the analysis
of the various pre- and perioperative risk factors, it is possible to evaluate the real
operative risk and establish in which patients emergency surgery continues to offer a
substantial prognostic benefit in comparison with medical therapy only and in which
surgery, on the contrary, may not offer any prognostic advantage.

Keywords: acute aortic dissection, aortic complications, aortic repair, malperfusion,
risk factors analysis
1. Introduction

Thoracic acute aortic dissection (TAAD) is a disease with a catastrophic impact
on the patient’ life. Its incidence is about 30 cases/million/year; the natural history

of this serious disease if surgically untreated, is associated with a mortality rate of
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56% according to the International Registry of Acute Aortic Dissections (IRAD) [1],
with a risk of death that increases by 1% per hour in the first 48 hours from the onset
of symptoms [1, 2]. Despite numerous diagnostic innovations, development of new
surgical techniques, and advances in postoperative therapies, that is, percutaneous
tracheostomy, renal replacement therapy, it remains a disease with a high operative
mortality. Emergent surgical repair of De Bakey type I and I TAAD has the aim to
prevent potentially lethal complications including serious ischemic neurological
damage, that is, stroke and coma, acute aortic valve dysfunction, complete rupture of
the aortic wall into the pericardium, or myocardial infarction due to acute hypoperfu-
sion of the coronary artery ostia. The involvement of the peripheral arteries due to
the progression of the dissection and, consequently, the preoperative multiple-organ
malperfusion can lead to a drastic increase in operative mortality. In fact, even with
prompt surgical repair, TAAD continues to be associated with an in-hospital mortality
rate of 20-30%; moreover, preoperative malperfusion of various organ systems can
dramatically increase the operative mortality. In fact, preoperative malperfusion has
been identified as one of the independent predictive factors of significantly increased
operative risk and still remains the most evaluated clinical variable for the therapeutic
management to be adopted in such patients. Other risk factors have also been ana-
lyzed in several registries and retrospective published analyses to evaluate in-hospital
outcomes and to establish which TAAD patient populations are at the most risk of
adverse early outcomes [3-8].

The aim of the chapter is to analyze the most important risk factors influencing the
postoperative outcomes, in light of both the data present in the literature and our long
experience. From the analysis of the data, it is possible to identify patients for whom
surgery is still confirmed to offer a notable prognostic benefit, or, on the contrary,
patients for whom the very high perioperative risk may not lead to any prognostic
benefit after surgery. On this way, we have evaluated the impact of perioperative risk
factors and intraoperative variables on the immediate outcome, and at early and mid-
term follow-up period. Further considerations will be made on the type of surgical
strategy to be adopted in emergency setting, and the possible risk of late reoperation.

2. Our experience and early outcomes

Between January 2005 and December 2021, 393 patients (mean age 63.4 + 12.5 years,
range 16-88 years; males/females 286:107) underwent aortic repair for TAAD at the
referred center for TAAD surgery at the Tor Vergata University Hospital.

Diagnosis of preoperative coronary arteries, visceral, or peripheral arterial malp-
erfusion was based on clinical symptoms and/or imaging features, that is, absence or
reduction of organ perfusion detected by computed tomography-scan angiography
and/or increase of enzymes and creatinine serum levels, electrocardiographic changes
suggestive of acute ischemia or myocardial infarction, alterations of cardiac contrac-
tile function detected at the trans-esophageal echocardiography. Malperfusion was
classified as renal, in presence of impairment of renal function, that is, oliguria or
anuria; as visceral, if there was evidence of abdominal tension and pain, intestinal
dysfunction, increased serum levels of liver and/or pancreatic enzymes; as myo-
cardial or coronary, in presence, CK-MB/CK total ratio > 10% and troponin I value
above 20 ng/mL. In particular, the effect of these different types of malperfusion was
accurately examined on the early and at 1-year outcomes, given their higher incidence
in comparison with other risk factors, at the time of the admission at our center.
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In the operating room, prior to surgical procedures, all patients were monitored
by means of venous central cannulation, arterial cannulations, that is, both radial or
radial and femoral arteries, measurements of corporeal temperature, that is, rectal,
esophageal, or tympanic. Cerebral monitoring was performed with near-infrared
spectroscopy (INVOS System, Somanetics Corp., Troy, MI, US). Trans-cranial
Doppler was used to assess blood flow velocities in the anterior and middle cerebral
arteries of the Willis circle during hypothermia and antegrade selective cerebral per-
fusion. Arterial access for cardiopulmonary by-pass in two-third of cases was through
the right axillary artery, in the other one third of patients through the femoral artery;
central cannulation was rarely performed.

In-hospital mortality included both intraoperative and postoperative mortality
within 30 days after surgery. In this report, we have also collected data of patients
up to 1 year of follow-up in order to evaluate the impact of the most important risk
factors on short-term survival.

Statistical analysis was performed using Stat View 4.5 program (SAS Institute
Inc., Abacus Concepts, Berkeley, CA, USA). To evaluate continuous variables and
categorical variables, the Fisher’s exact test and the Chi-squared or Fisher’s exact
tests were used. To identify independent predictors of in-hospital mortality, logistic
regression analysis was performed. All the variables that reached statistical signifi-
cance by univariate analysis at a P-value <0.1 were inserted into the multivariate
regression model. Preoperative analyzed variables included gender, age, hyperten-
sion, diabetes mellitus, smoking status, body mass index, body surface area, previous
cardiac surgery, left ventricular function, extent of the dissection, that is, De Bakey
types I and II, presence and types of malperfusion, cardiac tamponade/pericardial
effusion, and site of the entry tear. Intraoperative analyzed variables included the
site of arterial cannulation, circulatory techniques to obtain brain perfusion, surgical
times, whether there was a need for circulatory arrest, and type of operation, that
is, ascending aorta replacement with or without the replacement of the hemi-arch,
aortic root replacement with Bentall operation, the arch replacement, and the need
of coronary artery bypass grafting. Short-term survival, including in-hospital
mortality, was expressed as a mean of the values plus or minus 1 standard deviation.
Survival analyses were computed using the Kaplan-Meier method; Mantel-Cox log-
rank test was used to compare survival estimates between subgroups. Cox regression
analysis was used to evaluate the influence of the analyzed variables on time to death.
In particular, we have analyzed the impact of patient age groups ant the presence and
type of malperfusion, separately and in combination on the short-term survival. The
variables with a statistical significance by linear Cox analysis at a P-value <0.1 were
entered into the Cox regression model. All P values less than 0.05 were considered
statistically significant.

Results. Coronary malperfusion was present in 48 patients (12.2%), visceral
malperfusion (renal with or without liver-mesenteric) in 90 (23%), and peripheral
arterial malperfusion in 89 (22.6%) patients. Patients aged <65 years were 192
(group 1, 48.9%), aged 65-69 years, 60 (group 2, 15.3%), aged 70-74 years, 56
(group 3, 14.2%), with age 75-79 years, 58 (group 4, 14.7%), +80 years, 27 (group 5,
6.9%). Intraoperative death occurred in 39 patients (9.9%), and in-hospital mortal-
ity, including intraoperative, was 32.5% (n = 128 patients). Operative mortality
including intraoperative deaths due to all postoperative malperfusions was 17.6%
(69 cases /393).

Tables 1 and 2 show the risk factors and independent predictors of intraoperative
and in-hospital mortality. The main causes of intraoperative deaths were the massive
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Univariate analysis Multivariate analysis
Variables P-value Exp.(Coef) 95% CI P-value
Cardiopulmonary by-pass time 1 <0.0001 1.02 1.01-1.05 <0.0001
(284 vs. 169 min.)
T°C cardiopulmonary by-pass 0.036 134 1.02-1.76 0.034
1 (26 vs. 27 °C)
Aortic cross-clamp time 1 <0.0001 0.99 0.97-1.00 0.179
(141 vs. 97 min.)
Re-do operation 0.021 3.79 0.88-16.3 0.074
Cardiac tamponade/pericardial 0.092 1.69 0.61-4.65 0.305
effusion
Coronary artery malperfusion 0.007 0.81 0.22-2.92 0.744
Visceral malperfusion 0.015 6.49 0.86-48.9 0.069
Peripheral arterial malperfusion 0.048 0.47 0.61-3.62 0.472
Arch replacement 0.0002 2.05 0.69-6.07 0.193
Coronary ostia re-implantation 0.096 2.68 0.93-775 0.067
CABG 0.021 1.97 0.31-12.4 0.469

CABG: Coronary artery bypass grafting.

Table 1.
Risk factors and independent predictors of intraoperative mortality (univariate and logistic regression analyses).

Univariate analysis Multivariate analysis

Variables P-value Exp. (Coef) 95% CI P-value
Age 1 (66 vs. 62 years) 0.005 1.06 1.02-1.09 0.0007
Age, groups 2-5 <0.05 0.59 0.18-1.93 0.382

4.49 144-141 0.01

713 214-237 0.0014

174 3.84-79.5 0.0002
BMI 1 (28 vs. 27) 0.024 1.03 0.97-111 0342
De Bakey type-I dissection 0.088 1.82 0.89-4.76 0.089
Coronary artery malperfusion 0.002 4.45 0.70-8.47 0.018
Visceral malperfusion 0.003 5.06 0.79-324 0.087
Peripheral arterial malperfusion 0.021 0.27 0.39-1.86 0.184
Arch replacement <0.0001 4.12 1.59-10.7 0.004
Cardiopulmonary by-pass time <0.0001 1.01 1.00-1.02 0.0001
1 (223 vs. 162 min.)
Cerebral perfusion time 1 0.023 0.99 0.98-1.01 0.269
(42 vs. 32 min.)
Need for CABG 0.007 1.29 0.19-8.48 0.791
Postop. neurological dysfunction 0.004 0.96 0.09-1.03 0.05
Postop. dialysis requirement <0.0001 795 3.68-31.0 <0.0001

Groups of age: 2 = 65-69 years; 3 = 7074 years; 4 = 75-79 years; 5 = +80 years. BMI: body mass index. CABG:
coronary artery bypass grafting.

Table 2.
Risk factors and independent predictors of operative (30-day) mortality (univariate and logistic regression
analyses).
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Regression analysis

Variables Chi-square value Exp. (Coef) 95% CI P-value
Age, groups 2-5 076 1.01 1.00-1.01 0.384

519 3.04 1.17-7.89 0.022

11.8 5.06 2.01-12.7 0.0006

178 133 3.99-44.0 <0.0001
Coronary artery malperfusion 0.98 0.99 0.35-2.81 0.983
Visceral malperfusion 0.01 1.03 0.25-4.28 0.971
Peripheral arterial malperfusion 0.021 0.27 0.39-1.86 0.184
Arch replacement 236 2.02 0.83-4.39 0.124
Coronary ostia reimplantation 0.22 0.84 041-1.71 0.635
Cardiopulmonary by-pass time 1 139 1.01 1.00-1.01 0.0002
CABG 5.14 733 1.31-41.0 0.023
Postop. neurological dysfunction 0.17 0.21 0.04-1.23 0.683
Postop. dialysis requirement 40.1 183 744-45.0 <0.0001

Groups of age: 2 = 65-69 years; 3 = 7074 years; 4 = 75-79 years; 5 = +80 years. CABG: covonary artery bypass
grafting.

Table 3.
Independent predictors of 1-year survival (Cox-regression analysis).

bleeding following aortic repair and heart failure (especially, of the right heart).
Intraoperative mortality was strictly related, from a statistical point of view, with the
greater length and complexity of the surgical intervention (Table 1).

Higher age groups, preoperative malperfusions, and neurological (disabling
stroke) and renal complications had a dramatic impact on the 30-day mortality risk
(Table 2) and on the 1-year survival (Table 3). Specifically, in relation to the age of
the patients, 1-year mortality was 29% for group 1, 38% for group 2, 32% for group 3,
and 40% and 63% in groups 4 and 5, respectively.
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Figure 1.

Short-term survival in relation to the division of patients by age group.
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Short-term survival in relation with presence or absence of preoperative peripheral arterial malperfusion.
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At 1 year of follow-up, overall survival was 65.2 + 2.4%. Figures 1-4 show the sur-
vival at 1 year of follow-up based on the age groups of the patients and the presence or
absence of coronary, visceral, and peripheral arterial malperfusion, respectively.

3. Discussion and early clinical results

Various preoperative and perioperative variables have been identified over
the years as risk factors and predictors of operative mortality, especially by the
International Registry of Acute Aortic Dissection (IRAD) [1]: age > 70 years, cardiac
tamponade, pulse deficit, hypotension, and different forms and localizations of malp-
erfusion. The initially reported operative mortality of 32.5% has tended to decrease in
subsequent years, but is still estimated to be high, between 17 and 26% [9], depending
on the different clinical presentation of patients: in certain cases, in the presence of
localized or generalized malperfusion, it even exceeds 80%. Among the perioperative
risk factors, the most important to include as predictive are the increased operation
time, the combined coronary artery bypass graft, the replacement of the aortic arch.
Data from IRAD [2] showed that surgical mortality significantly increases with
increased age, that is, 38% in patients >70 years vs. 26% of younger patients; data
similar to what we observed: 29% in younger patients vs. >38% in older patients
(P < 0.05). Given the 60% mortality with medical therapy alone, it has been proposed
that, in general, a surgical approach should not be denied on the basis of advanced
age alone. Again in agreement with the previous study, Hemli and collaborators [10]
report from the IRAD database of 5553 patients observed in the period 1996-2018
an operative mortality of octogenarians similar to that observed in septuagenarians
(25 vs. 21%), confirming again how age alone should not contraindicate the surgical
indication. It should be noted, however, that only 68% of patients aged +80 years
underwent surgery compared to septuagenarian patients (86%) (P < 0.0001), sug-
gesting that the remaining 1/3 of non-operated eighty-year-old patients presented a
preoperative clinical picture such as to be considered at prohibitive operative risk, for
whom mortality would probably have reached or even exceeded that expected with
medical treatment alone.

Similar indication rationale was proposed in the IRAD also with regards to the
presence of malperfusion, especially visceral-mesenteric malperfusion, given that
the mortality observed without intervention was 95 vs. 42% with aortic repair
(P < 0.001) [9]. The mortality rate remains high because, as pointed out in literature
[7], clinical presentation of the patients affected by TAAD in recent years has become
increasingly serious, with a higher incidence of one or multi-organ malperfusion. In
our previous publication, we found that the mortality rate in the presence of malper-
fusion was 47 vs. 23% without malperfusion (P < 0.0001) [11]. Augoustides and co-
workers [12] on 221 patients affected by TAAD and undergoing aortic repair, reported
a 8.3-fold difference on in-hospital mortality for no compared with any ischemia (3.1
vs. 25.8%, P = 0.0001). Ischemic presentation of more than one district accounted for
85.7% of all deaths. In the same way, we performed a retrospective analysis of data
of our center with enough experience in the treatment of TAAD, paying particular
attention to preoperative malperfusion involving specific organs, that is, myocardial,
renal, and visceral, and the influence of this complication on the outcome in the short
and in the medium term. In our experience, preoperative peripheral malperfusion of
all types, that is, renal, visceral, others, and cardiac malperfusion, whether associ-
ated or not, occurred in 227 patients or in more than 57% of cases, and it correlated
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significantly with the postoperative development of malperfusive syndrome. The
incidence of postoperative malperfusion was 20%, and it was the main cause of death
intraoperatively and after surgery at 30 days (17.6%). Therefore, the surgery allowed
the resolution of the malperfusion in about 2/3 of the cases, but in the other 1/3 of
cases, proximal aortic replacement surgery does not provide a prognostic benefit

in such patients. Peripheral malperfusion of any kind obviously correlates with the
extent of the dissection [13]. In De Bakey type Il TAAD, it can only be observed a
coronary malperfusion and not distal. In fact, the minor extension of the type II acute
dissection at the logistic regression analysis was identified as an independent protec-
tive factor of operative mortality.

Given the non-negligible incidence of preoperative onset of organ or multi-organ
malperfusion and, consequently, the high mortality that this condition entail, in the
last years, there is an open debate on the choice of therapeutic strategy to be adopted
[14-24]. That is, if aortic surgical repair is always in any case promptly indicated,
or if it may be better to carry out interventional procedures on the false lumen of
the aorta to treat immediately, at least in part, the malperfusion syndrome and to
improve the organs perfusion before surgery [25-28]. Coselli et al. [29] emphasize
that the primary purpose of the treatment, in the acute setting, is to save the patient,
with an intervention on the proximal aorta that should be as short as possible, thus
confirming the guidelines that place the replacement of the ascending aorta segment
in class I of indication. Undoubtedly, it should be considered that the severity of
preoperative malperfusion is not always well known, and that any delay in evaluation
may increase the risk of death. Based on these clinical aspects, the authors, when
the dissection affects the left main stem or the right coronary ostium, recommend
to by-pass the left anterior descending and/or the right coronary artery to prevent
myocardial ischemia or infarction. While, in presence of a dissection involving the
superior mesenteric artery with a dynamic or static malperfusion, the authors suggest
to do immediately endovascular aortic fenestration/stenting followed by surgical
repair. If after mesenteric arterial reperfusion, patients develop acute respiratory
failure, septic shock, multi-organ failure; in those cases, the authors suggest to wait
for 2-4 weeks for a possible restoration of clinical conditions suitable for undergoing
surgery. On the contrary, if isolated renal malperfusion is present, the authors agree
for immediate surgery. Lawton et al. [30], Narayan et al. [31], Feier et al. [32], Yang
etal. [26, 27], and their coworkers, analyzing data from over 1200 patients affected
by TAAD, underline that, in patients with preoperative lactic acidosis and mesenteric
ischemia, surgical treatment can lead to unacceptable mortality, with a ten-fold rise
of mortality. Therefore, also in this study, the authors suggest the absolute necessity
of a two-stage treatment, in order to restore in the first-stage intestinal adequate
perfusion. Then, after reaching the improvement of the patient’s general condition, in
the second stage, they confirm the indication for surgical repair. Furthermore, as we
have assessed, it is important to consider both risk factors, that is, very advanced age
and the concomitant presence of malperfusion. Vinholo et al. [33], in a recent review
addressing which patients with TAAD surgery may not be indicated, underlines how
the older age associated with frailty, preexisting neurological degenerative disease
like dementia, malperfusion, and redo operation makes these patients at very high
operative risk high or even prohibitive, also taking into consideration the type of
postoperative complications that may occur, such as immobilization, severe chronic
renal failure, prolonged intubation, and cognitive worsening. So much as to suggest
that patients and family members should be well informed of the risks of surgery and
suitable octogenarians selected for surgical treatment [34]. From the analysis of our
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data, as reported in Tables 4 and 5, we can see that at 1 year, the impact of age over 75
and over 80 associated with coronary or visceral malperfusion determines a dramatic
reduction in survival, even to 16% only or 0% in patients over 80 associated with
coronary or visceral malperfusion.

Deaths Censored Survival (%)
No malperfusion/age, group 1 47 125 727
No malperfusion/age, group 2 17 33 66.0
No malperfusion/age, group 3 15 35 70.0
No malperfusion/age, group 4 19 32 627
No malperfusion/age, group 5 12 8 40.0
No malperfusion/age, all groups 110 233 679"
Malperfusion/age, group 1 9 1 55.0
Malperfusion/age, group 2 6 4 40.0
Malperfusion/age, group 3 3 3 50.0
Malperfusion/age, group 4 3 3 50.0
Malperfusion/age, group 5 5 1 16.7
Malperfusion/age, all groups 26 22 458

Groups of age: gmup*l = < 65 years; group 2 = 65-69 years; group 3 = 70-74 years; group 4 = 75-79 years;
group 5 = +80 years. P = 0.012 (log rank, Mantel-Cox test).

Table 4.
Correlation between age groups of patients and coronary artery malperfusion on the 1-year actuarial survival
(including in-hospital deaths).

Deaths Censored Survival (%)
No malperfusion/age, group 1 36 107 74.8
No malperfusion/age, group 2 14 29 674
No malperfusion/age, group 3 9 35 79.5
No malperfusion/age, group 4 19 29 60.4
No malperfusion/age, group 5 15 9 375
No malperfusion/age, all groups 93 209 69.2"
Malperfusion/age, group 1 20 29 592
Malperfusion/age, group 2 9 8 471
Malperfusion/age, group 3 9 3 25.0
Malperfusion/age, group 4 3 6 66.7
Malperfusion/age, group 5 2 0 00.0
Malperfusion/age, all groups 43 46 517"

Groups of age: group 1= < 65 years; group 2 = 65-69 years; group 3 = 70~74 years; group 4 = 75-79 years;
group 5 = +80 years. P = 0.001 (log rank, Mantel-Cox test).

Table 5.
Correlation between age groups of patients and visceral malperfusion on the 1-year actuarial survival (including
in-hospital deaths).
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In Sievers’ study [35], in which the new TEM classification of TAAD has been
proposed (T: type Stanford A, non-A non-B, and B; E: entry tear - EO = tear non-
visible, E1 = ascending aorta, E2 = arch, E3 = descending aorta - M: malperfusion -
MO, M1 coronary, M2 supra-aortic vessels, M3 visceral-renal and/or lower extremity),
itis reported an operative mortality of 40% for E2 and 22% for EO, respectively, vs.
14% for E1 (P = 0.023), highlighting a significantly higher risk when arch surgery is
performed. Nappi et al. [36] in a multicenter registry including a total of 601 patients
affected by TAAD undergoing aortic repair reported a higher rate of cerebrovascular
complications after arch replacement (21.7 vs. 7.6%, P = 0.01). Rylski et al. [37] ina
study conducted in 197 TAAD patients showed that, limiting the extent of surgery
for type A aortic dissection to ascending aortic replacement was associated with low
perioperative mortality (9.8% for isolated ascending aorta replacement; 21.6% for
hemi-arch replacement; 28.6% for total arch replacement). Thus, aortic arch repair
can be deferred because it can be performed electively with a lower mortality risk.
Age > 80 years, malperfusion syndrome and arch replacement were identified as
independent predictors of perioperative mortality (P-values <0.01). In fact, the
guidelines on the treatment of TAAD do not routinely recommend the replacement of
the aorta extended to the arch in all cases, but rather to be as conservative as possible
given the severity of the condition of the patients who arrive in the operating room
[38, 39]. In class I of indication, the main following indications are given in TAAD. (1)
Aortic valve resuspension is recommended over its replacement. (2) In the presence
of extensive destruction of the aortic root, of an aortic root aneurysm or a known
genetic disorder, aortic root replacement with a mechanical or a biological valved
conduit, that is, Bentall operation, is recommended. (3) An open distal anastomosis
is recommended to improve survival and increase false-lumen thrombosis rates.

(4) In patients without an intimal tear in the arch or a significant arch aneurysm,
hemi-arch repair is recommended over more extensive arch replacement. Class 2b: in
patients with dissection flap extending through the arch into the descending aorta,
an extended aortic repair with antegrade stenting of the proximal segment of the
descending aorta, that is, elephant trunk operation, may be considered to reduce the
risk during the follow-up of distal aorta complications.

4. Discussion of the early and mid-term outcomes

In other ways, however, once the high risk of operative mortality has been
overcome, short and medium-long term survival appears to be quite satisfactory:
at 5 years in one previously performed study, we observed a late survival rate of
90.8% [11]. Cox regression and log-rank tests analyses identified that independent
predictors of mid-term survival were age > 75 years (65 vs. 92%) (P-values <=0.05)
and postoperative renal malperfusion (79 vs. 94%) (P-values <= 0.01). In another
published study, we observed a 5-year late survival rate of 74%, with independent
predictors of reduced survival being preoperative coronary malperfusion and greater
extension toward the distal aorta of the De Bakey type I dissection (RR 5.78 and 5.37,
respectively; P-values <0.05) [13]. Sievers et al. [35] reported a 2-year survival rate
of 83% for Stanford A surgically treated dissections. Eranki et al. [34] on a total of
16,641 patients collected in a review analysis, reported a 5-year survival rate of 76%
in the non-octogenarians patients vs. 54% in the octogenarians (P < 0.001). Freedom
from aortic events appears to be conditioned by the extent of the aortic dissection,
that is, type I De Bakey, by the presence of the false lumen with progression of the
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aneurysmal pathology, by the need for re-intervention due to progression of the
aortic pathology at the level of the root and distal to the first aortic repair surgery. In
our analysis, 5-year freedom from cardiac death and new vascular procedures to treat
the distal aorta were 92 and 81%, respectively. Extension of the De Bakey type I TAAD
into the thoracic-abdominal aorta was a predictor for the need for new vascular
procedures (RR 1.66) [13]. Moreover, we have observed that patients in whom only
replacement of the supra-junctional ascending aorta with or without hemi-arch was
performed at the first operation, the incidence of reoperation on the proximal aorta,
that is, Bentall re-do, during long-term follow-up, was significantly higher (13.2 vs.
2.9%, P < 0.05) [40].

5. Conclusions

Acute aortic dissection still is one of the most challenging diseases faced by cardiac
surgeons, and despite preventative measures including early surgical referrals for
patients, preoperative and postoperative care, and improved surgical techniques,
in-hospital mortality remains high. Malperfusion syndromes and very advanced age,
thatis, > 75 and > 80 years, undoubtedly heavily influence the short-term outcome
of these patients and are still today associated with a very high operative risk.
Replacement of the proximal portion of the aorta is able to reduce the incidence of
postoperative malperfusion in more than half of patients. However, in particular con-
ditions, such as in the presence of an age over 80 years in association with concomi-
tant presence of malperfusion syndromes and particular preoperative comorbidity
conditions, surgical treatment, considering the observed risk of death and mortality
within the first year of over 80%, should be weighed very carefully.
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Chapter11

Endovascular Strategies for
Addressing Acute Malperfusion in
Aortic Dissection

Nicola Habash, Jin Park, Natalie Lukasik and Babak Abai

Abstract

Aortic dissection (AD) involves a tear in the intimal layer of the aorta that creates
a false lumen within the aortic wall and can result in malperfusion of distal branch
vessels. Herein, a comprehensive examination of malperfusion in the context of
acute AD is provided, with a focus on the mechanisms underlying dynamic and static
obstructions, their effects on branch vessel perfusion, and the diagnostic challenges
they present. The use of endovascular strategies such as thoracic endovascular aortic
repair (TEVAR), branch vessel stenting, and aortic flap fenestration are presented.
We also discuss the importance of timely intervention through staged aortic repair
to optimize organ perfusion and minimize adverse outcomes in high-risk patients.
Additionally, hybrid repair highlights the complex pathology of AD with malperfu-
sion. By integrating scientific evidence with clinical expertise, this chapter intends to
serve as a valuable resource for clinicians seeking to improve the management of acute
malperfusion in AD using endovascular techniques.

Keywords: aortic dissection, malperfusion, malperfusion syndrome, TEVAR,
dynamic obstruction, static obstruction, endovascular fenestration, endovascular-first

1. Introduction
1.1 Overview of aortic dissection

Aortic dissection (AD) is an acute condition characterized by a tear in the intimal
layer of the aorta, allowing blood to flow through an entry tear into a false lumen (FL)
between the intimal and medial layers. The FL is separated from the true lumen (TL)
by the intimal-medial septum. The FL can originate throughout the aorta with the
location of the entry tear determining the dissection classification [1, 2]. Accordingly,
the anatomical pathology of a specific AD can influence the presenting symptoms
depending on its propagation along the length of the aorta to include branch vessels.
The disruption of blood flow to branch vessels can lead to a range of complications,
including acute malperfusion syndromes (MPS).
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The traditional treatments of AD have mainly involved open operations that have
a high morbidity and mortality and are invasive. Along with an increasing favor for
endovascular treatment, there has been a change in the way we treat malperfusion in
patients with AD. Many endovascular techniques have been adapted to address this
issue with improved outcomes.

1.2 Epidemiology

The incidence of AD is estimated to range from 5 to 30 cases per million person-
years, predominantly affecting males aged 50-65 years [1, 2]. Prompt diagnosis and
management are critical due to the high mortality associated with untreated dissec-
tions. Immediate concerns include determination of branch vessel patency for MPS
assessment and risk for aortic rupture, which may necessitate surgical intervention.

Acute malperfusion is a serious complication of AD and occurs in approximately 21%
of type B aortic dissections (TBAD) [3]. Data derived from the International Registry of
Aortic Dissection (IRAD), encompassing over 4000 patients treated over 20 years, has
provided valuable insights into the prevalence and impact of malperfusion-related com-
plications in AD. According to this analysis, mesenteric ischemia is seen in 3.7% of type
A aortic dissections (TAAD), while visceral ischemia is present in 7% of TBAD cases.
Limb ischemia complicates 9.7% of all AD cases, and cerebrovascular accidents occur
in 10% of TAAD cases. Additionally, patients with renal insufficiency warrant careful
monitoring as they are at an increased risk for aortic branch vessel complications [3].

1.3 Importance of managing acute malperfusion

Malperfusion in AD is defined as the compromised blood supply to vital organs
due to the dissection flap obstructing branch vessel inflow or diverting flow from the
TL to the FL by nearly closing off the TL. MPS, chest or back pain, and hypotension at
time of dissection diagnosis are predictors of increased mortality [4]. Common pre-
sentations include myocardial ischemia (MI), stroke, renal failure, bowel ischemia,
lower extremity ischemia, and spinal cord ischemia (SCI) (Figure 1). MPS resulting
in end-organ ischemia can occur acutely or over several days and weeks, since the
dissection is a dynamic process. In the acute phase, the dissection flap can evolve over
time. Symptomatology varies in intensity depending on the degree of branch vessel
obstruction, the current clinical state of the patient, and the body’s potential for
angiogenesis and conditioning of collateral tributaries, complicating diagnosis and
management [5]. The resulting systemic inflammatory response from ischemia and
ischemia-reperfusion injury, including the generation of free radicals and cytokine
release, can compromise operative success and delay postoperative recovery [5].
Therefore, early identification and management of malperfusion are essential to
preserve organ function, reduce morbidity, and improve survival rates in acute AD.

2. Mechanisms of malperfusion and branch vessel obstruction

Understanding the altered hemodynamics in acute AD, especially those underly-
ing malperfusion and branch vessel obstruction, is central for effective manage-
ment. This section analyzes the pathophysiology of malperfusion, explores various
clinical presentations and patterns based on associated branch vessel involvement,
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Cerebral —p»
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Figure 1.
Cartoon depiction of a dissected aorta. Branch vessels are labeled with common malperfusion-velated
complications.

and addresses the diagnostic challenges in identifying and managing malperfusion-
related complications.

Blood flow through the FL alters distal perfusion. The walls of the FL inherently
lack the compliance afforded by the abundant elastin in the intimal arterial layer,
making it susceptible to dilation and pressurization. The pressures in the FL can

Static
obstruction
of branch artery

Dynamic
obstruction
of branch artery

Thrombus forms

Figure 2.

llustration of the mechanisms of static and dynamic obstruction in aortic dissection. (A) Dynamic obstruction
involves the dissection flap intermittently obstructing the branch vessel due to changes in blood pressure or flow
dynamics, causing variable flow. (B) Static obstruction occurs when a branch vessel is permanently blocked by the
dissection flap or a thrombus, leading to constant reduction in blood flow.
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compress and collapse the TL and change the relationship between the dissection
septum and branch vessel ostium, hence obstructing distal blood flow to branch
vessels [6]. Malperfusion can manifest through two primary mechanisms: dynamic
obstruction and static obstruction (Figure 2).

2.1 Dynamic obstruction

Dynamic obstruction involves the oscillation of the mobile intimal flap with the
pulsatile blood flow of the cardiac cycle, acting as a dynamic barrier with variable
impedance (Figure 2A). This oscillation results in the intimal flap prolapsing into
the ostia of a branch vessel, intermittently causing a physical restriction to flow. This
results in a fluctuating pattern of malperfusion which can complicate the diagnostic
process, as symptoms may vary in severity and duration, correlating with local
hemodynamic changes in vascular tone and systemic changes in blood pressure and
heart rate [7].

When the branch vessel originates from the TL, the hemodynamic impact of sys-
tole can influence blood flow, causing transient ischemia. The movement of the dissec-
tion flap can cause transient reductions in downstream perfusion pressure, increasing
proximal pressurization, creating wall shear forces and pressure gradients that disrupt
laminar flow and induce localized turbulence [8, 9]. The compression and narrowing
of the TL by the expanding FL also restricts blood flow, contributing to MPS. This
impedance causes fluctuations in the Reynolds number, which represents the ratio of
inertial pressures to viscous forces within a vessel and models resulting blood flow
characteristics. Factors influencing this measurement include aortic circumference,
intraluminal pressures, heart rate, and peripheral vascular resistance [10].

Higher Reynolds numbers are associated with turbulent flow, most often occur-
ring during cardiac systole when the dissection flap is more likely to obstruct the
TL due to prolapse during the pressure wave. Lower Reynolds numbers, associated
with laminar flow, occur during diastole when the intimal flap may only partially
obstruct TL flow [11]. The extent of TL collapse can directly influence the degree of
hypoperfusion, leading to ischemic episodes in affected vascular territories. Although
ischemic patterns would be expected to correlate with intraluminal pathology, clinical
presentation and symptomatology can vary significantly. The compression-induced
narrowing of the TL, coupled with the dynamic oscillation of the intimal flap, creates
a complex hemodynamic environment that exacerbates the risk of malperfusion and
complicates effective management of AD.

2.2 Static obstruction

AD, in general, causes vessel endothelial injury from the exposed intimal and
medial layers resulting in hypercoagulability from inflammatory cascades and
ultimately thrombosis [12]. Static obstruction can result from persistent blockage of
branch vessel flow. Together, these create optimal conditions for thrombosis of branch
vessels and the blind pouch of the FL, causing malperfusion due to static obstruc-
tion [6, 7]. Static obstruction can also precipitate from compression of the TL by the
prolapsed dissection septum from FL pressurization and along with FL thrombosis
around the branch vessel inlet. Moreover, the intimal flap can protrude into a branch
vessel ostium, causing thrombosis distal to the obstruction (Figure 2B).

The clinical presentations of patients with static obstructions are typically more
severe due to the sustained nature of the blockage, leading to continuous ischemia.
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These patients require urgent surgery to restore blood flow and prevent organ failure.
The clinical presentations of patients with static obstructions are typically more severe
due to the sustained nature of the blockage, leading to continuous ischemia. In some
cases, the FL partially perfuses the branch vessel, maintaining flow despite a com-
pressed TL. The counter pressures between the TL and FL on the dissection flap can
have a shearing effect, potentially creating an opening tear. Blood can then flow from
the FL directly into the branch vessel through this reentry tear, avoiding ischemia [13].

2.3 Classification of branch vessel obstruction

The pathologic anatomy of AD has been well characterized by location of entry
tear and dissection propagation in the DeBakey and Stanford classification systems
[2]. Obstruction of branch arteries due to acute AD causing MPS has been classi-
fied based on spatio-temporal variations with associated outcome predictions after
repair [13].

Beregi and colleagues have since developed a classification system based on the
physiological and morphological findings of the intimal flap on branch compro-
mise consisting of three main categories divided into 11 distinct perfusion patterns
(Figure 3) [14]. Nagamine and colleagues use the anatomical findings from Beregi’s
classification and refine it to emphasize the physiological effects of MPS (Figure 4).
Their study demonstrated that certain branch arteries exhibited common perfusion
patterns and had varied reperfusion responses after central aortic repair. For example,
Class 1-b and 1-c patterns were frequently observed in abdominal aortic branches,
while the Class 2-b-iii pattern was more common in cervical aortic branches. Aortic
repair improved perfusion in Class 2-b-ii and Classes 1-b and 1-c obstructions.
However, it was less effective in abdominal branches with Class 3-a or 2-a perfusion
patterns. This classification system has significantly contributed to the development
of a universal approach for treating MPSs associated with acute AD [14].

2.4 Malperfusion syndromes

Dynamic and static obstructions can lead to MPS in various vascular beds,
including those supplied by the carotid, spinal, renal, visceral, and iliac arteries. The
complexity of the mechanisms resulting in flow obstruction with subsequent MPS
in the context of AD underscores the importance of promptly recognizing common

Figure 3.

Beregi’s classification system based on the position and extension of the intimal flap. In type 1, the flap is
positioned either along or across the origin of the compromised collateral artery. Type 2 describes the dissection
propagating into the collateral vessel. Type 3 depicts whether or not a branch ostium has avulsed from the septum.
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Figure 4.
Nagamine’s classification system for branch artery perfusion in aortic dissection. In type 1, there is no dissection of
the branch artery. In type 2, the dissection extends into the branch vessel. In type 3, there is ostial avulsion.

malperfusion patterns based on the affected organ system to tailor treatment. The
clinical presentation of MPS can often assist in identifying the affected organ sys-
tems, the duration of MPS, and the chronicity of the dissection. This information can
inform medical and surgical management strategies.

3. Diagnosing malperfusion syndrome in aortic dissections

Accurate and efficient diagnosis of MPS is important for improving patient
outcomes due to the substantial morbidity and mortality associated with prolonged
end-organ ischemia and irreversible organ damage. This diagnostic process necessi-
tates a systematic paradigm, incorporating a detailed patient history, clinical exami-
nation, and comprehensive laboratory evaluations. The acuity of the dissection and
the patient’s overall clinical status can guide choice of appropriate diagnostic imaging
modalities. These combined efforts ensure the timely implementation of appropri-
ate therapeutic interventions to restore perfusion and stabilize the aorta, ultimately
seeking to reduce adverse outcomes, augment end-organ perfusion and salvage, and
improve survival rates.

3.1 Clinical evaluation

Initial clinical evaluation begins with a detailed patient history and physical
examination to identify signs and symptoms indicative of compromised perfusion to
specific organ systems. Documentation of a history of pain, the most reliable histori-
cal factor for diagnosing AD, should include the onset, duration, and nature of pain
[2, 15]. Additionally, the initial sign of MPS is often pain [15]. Carefully describing
the symptomatology and characteristics of pain can help differentiate acuity of pre-
sentation and stratify patient risk for MPS. Common symptoms to assess for include
chest pain suggestive of MI and likely aortic root involvement, focal neurological
deficits indicating cerebrovascular compromise of the great vessels of the aortic arch,
abdominal pain suggestive of mesenteric ischemia from the abdominal aorta, and
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limb pain, paresthesias, pallor, and paresis indicative of peripheral limb ischemia.
Clinicians can often predict and identify compromised aortic branch vessels at the
bedside by evaluating the pattern of pain and distribution of pulse deficits [5].

A thorough history should evaluate for AD risk factors such as hypertension, ath-
erosclerotic disease, connective tissue disorders, and a family history of aortic disease
[2]. The history should also include determination of vascular health by assessing for
a history of diabetes mellitus, dyslipidemia, smoking status, and menopausal status.
The physical examination should include palpation of peripheral pulses to identify
pulse deficits and blood pressure measurements in both arms to detect discrepan-
cies, though these findings are present in less than half of reported cases [2]. Initial
vital signs can detect hemodynamic instability and continuous vital sign monitoring
is crucial as time and medical management can evolve the presentation. Persistent
hypotension may suggest ongoing blood loss or cardiac tamponade, while tachycardia
can be a response to pain or hypovolemia [16].

3.2 Laboratory evaluation

Laboratory tests include cardiac biomarkers such as troponins and creatine kinase-
MB, which can indicate myocardial injury secondary to malperfusion. Renal function
tests, including serum creatinine and blood urea nitrogen levels, should be assessed
to detect acute kidney injury (AKI) due to renal artery involvement. Abnormal liver
function tests (ALT, AST, ALP) may suggest hepatic ischemia or infarction. Elevated
lactate levels are a nonspecific marker of tissue hypoperfusion and can indicate wide-
spread ischemia [17]. The complete blood count provides clues about the patient’s
volume status and ongoing blood loss, while a coagulation profile, including PT/INR
and aPTT, should be measured to assess coagulopathy, which can complicate surgical
management and postoperative care.

3.3Imaging

Despite the benefits of routine laboratory testing and a good physical exam, diagnos-
ing MPS remains challenging due to the variable symptomatology. Symptoms of MPS
overlap with other common life-threatening conditions, generating expansive differ-
ential diagnoses, making differentiation difficult without advanced diagnostic testing.
Imaging with computed tomography angiography (CTA), magnetic resonance angiog-
raphy (MRA), intravascular ultrasound (IVUS), doppler ultrasound (US), and trans-
esophageal echocardiography (TEE) provide detailed insights into the extent and nature
of the dissection, blood flow, and perfusion [18]. Correlating clinical state and imaging
findings can confirm the diagnosis, enabling the development of an individualized
management plan that incorporates endovascular or surgical interventions as indicated.

Doppler US is a non-invasive tool for assessing blood flow in peripheral ves-
sels. IVUS offers real-time intraluminal imaging, visualization of branch vessels,
and luminal configurations, information crucial during endovascular procedures
[19]. TEE and transthoracic echocardiography (TTE) provide real-time imaging of
the heart and aorta, detecting complications such as aortic regurgitation, pericardial
effusion, and left ventricular dysfunction. TEE is particularly useful in the acute set-
ting and during surgery to visualize the intimal flap, its relationship with branch vessel
ostia, and to assess the extent of the dissection and blood flow patterns (Figure 5) [20].

Computed tomography angiography (CTA) is the gold standard for the accurate
diagnosis of AD and associated MPS [15]. It offers high-resolution images that
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Figures.

Commonly used intraoperative imaging during endovascular aortic repair. (A) Intravascular ultrasound (IVUS)
with visualization of a compressed true lumen, large false lumen, the dissection flap, and superior mesenteric
artery (SMA) branch. (B) Fluoroscopy showing IVUS and transesophageal echocardiography used concurrently.

delineate the extent of the dissection, branch vessel involvement, and the degree and
location of static obstructions. The narrowed TL and the size of the FL can also be
easily visualized for operative planning [21]. CTA is also useful for the identification
of MPS. For example, radiographic signs indicating TL compression are concerning
for potential ischemia. For patients exhibiting clinical or laboratory inconsistencies
that suggest ischemia, CTA can offer evidence to support the decision for surgical
revascularization [5].

The hallmark of renal ischemia in AD has been described as asymmetrically
decreased renal enhancement on CTA. A study at the University of Michigan assessing
patients with AD and suspected malperfusion over 10 years determined that these radio-
graphic findings were only 65% sensitive and 58% specific for renal malperfusion when
verified by renal artery manometry measurements [22]. Further, only 48% of patients
with global asymmetric renal enhancement actually had renal malperfusion during
invasive angiography [22]. Given these findings, while CTA can suggest the presence of
renal ischemia, it may miss it in some patients and not definitively confirm it in others.

However, the use of CTA remains controversial when assessing renal MPS and
AKI. Because the kidneys are among the most commonly affected organ systems in
AD-mediated MPS and their involvement is an independent predictor of operative
mortality, detecting renal ischemia is paramount [23]. Iodinated contrast agents
used in CTA are nephrotoxic but can provide information critical for surgical deci-
sion making on dissection anatomy and luminal architecture. Therefore, in patients
with poor kidney perfusion, the need for access to this valuable information must be
balanced with the imperative to protect the kidneys [5]. This issue may be exacerbated
by hypotension secondary to an obstructive dissection flap at the renal branch vessel
ostia or strict blood pressure regulation from preoperative medical therapy.

Magnetic resonance angiography (MRA) provides excellent soft tissue contrast
and detailed flow dynamics, distinguishing blood from thrombus. However, MRA is
not commonly used in acute AD or hemodynamically unstable patients because it is
time-consuming and may not provide useful information that could not otherwise
be obtained by CTA [24]. Doppler US and phase-contrast MRA allow visualization
of dynamic processes like arterial blood flow. Doppler US can measure systolic and
diastolic flow velocities and identify variations in flow patterns while phase-contrast
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MRA provides information on blood flow dynamics, capturing the kinetic behavior
of the flap with transient hemodynamic changes. These imaging techniques offer
valuable insights into the nature of the obstruction, revealing the interaction between
flap motion and blood flow [5].

Effective management of malperfusion in AD hinges on the ability to promptly
identify, diagnose, and address the underlying issues. The next section will explore the
various endovascular therapies available to manage these life-threatening complications.

4. Open approach to address malperfusion

Surgical management to correct malperfusion in AD focuses on restoring compro-
mised blood flow. While this analysis primarily examines endovascular interventions
for MPS, it is worth reviewing the traditionally used open operations.

4.1 Coronary

Coronary malperfusion in acute AD is potentially lethal, with poor in-hospital
mortality and low long term survival rates [25]. The right coronary artery (RCA)
is often affected due to the tendency of the intimal tear to involve the right side of
the greater curvature of the aorta. This can also be explained by the fact that fewer
cases of dissections involving the left coronary artery (LCA) survive transport to the
hospital [26, 27]. However, LCA involvement in hospitalized patients demonstrates
lower in-hospital mortality compared to RCA involvement [28]. Coronary malperfu-
sion presents with electrocardiogram changes, arrhythmias, hypokinesis, and possible
cardiogenic shock, necessitating emergent operative action. The classic intervention
involves immediate ascending aortic repair with or without coronary artery bypass.

If the dissection is limited to the base of the coronary branches from the aorta, the
ostium can be repaired with aortic root salvage or replacement [29, 30].

The Bentall procedure, first introduced in 1968, is the classic technique for ascend-
ing aortic root repair, originally used for ascending aortic aneurysms [31]. Treatment
involves the excision and complete replacement of the ascending aorta and aortic valve
with synthetic devices and reimplantation of the coronary buttons into the graft. The
Bentall procedure has satisfactory short- and long-term results in AD [32-34].

4.2 Cerebral

Cerebral malperfusion is a feared complication of acute TAAD, worsening survival
and postoperative quality of life [35]. Expeditious revascularization, within 5 hours of
symptom onset, is associated with improved neurologic outcomes [36]. The standard
approach is open emergent ascending aortic replacement with fenestration of dissec-
tion flap. Other open methods to quickly restore cerebral perfusion include extra-
anatomic revascularization with carotid-carotid or carotid-subclavian bypass [37-39].

4.3 Visceral

Visceral ischemia presents in a variety of ways including abdominal pain,
worsening kidney function, bloody diarrhea, and lactic acidosis and is associated
with 33.3% in hospital mortality [40, 41]. Early diagnosis and reperfusion can
decrease the need for bowel resection and associated morbidity. Methods to restore
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visceral perfusion include open repair with dissection flap fenestration, mesenteric
bypass, and renal bypass.

Traditionally, ascending aortic repair for TAAD has taken priority over managing
visceral malperfusion, as central repair would relieve dynamic obstruction of the
visceral arteries through septum removal. Open repair also has the benefit of intraop-
erative bowel assessment. However, open aortic repair alone may not reliably address
static obstructions or thrombus in the visceral arteries, necessitating adjunctive open
or endovascular interventions such as stenting, thrombolysis, or suction thrombec-
tomy. Delay in reperfusion can cause operative mortality in TAAD to rise above 50%
[40, 42, 43].

4.4 Lower extremity

Lower extremity MPS can result from dissection flap obstruction or propagation
of the dissection into the iliac and femoral arteries. It often presents with acute limb
ischemia, characterized by leg pain, pallor, paresthesia, or paralysis, and is associated
with increased hospital mortality [4]. Lower extremity MPS also compels extensive
abdominal examination, as these patients commonly present with concomitant renal
and visceral malperfusion [44].

Before endovascular procedures, reperfusion was achieved through aortic repair,
extra-anatomic bypass grafts (femoro-femoral, axillo-femoral, axillo-bifemoral), or
open fenestration. Open fenestration is used for concomitant visceral malperfusion
but is typically avoided in high risk surgical patients as it requires supra-celiac or
supra-renal aortic cross clamping [44].

4.5 Spinal cord

Spinal cord ischemia (SCI), resulting from AD extending to the intercostal or
lumbar arteries, including the artery of Adamkiewicz, causes temporary or per-
manent motor or sensory deficits in the lower extremities. Sandhu et al. illustrated
a significant association between SCI and overall mortality, with postoperative
reversal of deficits leading to improved long term outcomes [45]. The conventional
framework to manage this has been immediate ascending aortic repair with flap
fenestration.

5. Endovascular approach to address malperfusion

The development and refinement of endovascular devices and techniques have
expanded the therapeutic options available to vascular surgeons, revolutionizing
the treatment paradigm for AD. Traditional open surgical practices, while effec-
tive and necessary in certain cases, are often associated with significant morbidity,
lengthy hospital admissions, and prolonged recovery times [46, 47]. In contrast,
endovascular tactics offer a minimally invasive alternative, reducing the physiological
stress on patients, potentially leading to better outcomes and quicker recovery [47].
Endovascular strategies include central aortic endografting, branch vessel stenting,
and percutaneous septum fenestration to restore flow in MPS. By understanding the
specific characteristics and applications of each endovascular intervention for MPS
in AD, clinicians can adapt their operational plan to each patient’s needs to optimize
outcomes.
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5.1 TAAD with MPS

Emergency surgical repair has long been standard management for all patients
with TAAD. Emergent open surgery with aortic arch replacement, fenestration of the
dissection flap, and aortic valve replacement are often necessary for life-saving treat-
ment, especially as proximal ADs frequently involve the carotid arteries. The estab-
lished treatment modality typically involves repairing the ascending aorta and various
portions of the aortic arch, while leaving the descending aorta untreated (Figure 6).
Even though the primary entry tear is repaired, there is still a significant hemody-
namic effect of the FL through reentry tears in the descending aorta. Unfortunately,
even when surgical repair is successful, the patient is left with the continued risk of
chronic descending AD with increasing aortic diameter and subsequent aneurysmal
degeneration [48].

A hybrid approach, with open repair of the ascending aorta followed by percu-
taneous stenting with thoracic endovascular aortic repair (TEVAR), can mitigate
the consequences of an untreated descending aorta by concurrently addressing
both proximal and distal aortic pathology [49]. Hybrid repair, discussed in greater
detail later in this chapter, uses the reconstructed arch to extend the proximal land-
ing zone for TEVAR to ensure satisfactory sealing of the stent graft for distal FL
depressurization.

Recently, successful reports of complete endovascular repair of the aortic root and
coronary revascularization, termed ‘Endo-Benthall, in TAAD with coronary malp-
erfusion have emerged [50]. This unique application combines transcatheter aortic
valve replacement with aortic and coronary endografting (Figure 7). As the safety
and efficacy of this procedure are documented, endovascular repair of the ascending
aortic arch is anticipated to play a more prominent role.

Type A aortic dissections (TAAD) is also associated with mesenteric malperfusion
due to the involvement of the celiac artery. The current standard of care is prompt

-~ ~

Ascending Repair Hemiarch
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Figure 6.

Open repair and grafting of type A aortic dissections. (A) Ascending avch vepair. (B) Hemiarch repair to address
primary entry teays in the lower curvature of the arch.
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Figure7.
Endo-Benthall procedure for endovascular aortic voot repair. Theve is a combination of transcatheter aortic valve
replacement (TAVR), endovascular stenting, and endovascular stenting of the covonary arteries.

open aortic reconstruction followed by open or endovascular mesenteric revascular-
ization with thrombectomy or stenting [51]. A staged strategy has gained attention

as a newer clinical pathway that emphasizes promptly restoring visceral perfusion
before addressing the entry tear in the proximal aorta. This method, covered in a sub-
sequent section, offers a promising alternative for managing TAAD cases complicated
by mesenteric malperfusion.

5.2 TBAD with MPS

The complexity of the dissection determines the management of TBAD. According
to the Society for Vascular Surgery and the Society of Thoracic Surgeons (SVS/STS), a
complicated Type B aortic dissection (cTBAD) is characterized by rupture or end-
organ malperfusion, while an uncomplicated Type B aortic dissection (uTBAD) does
not involve these complications [52]. About 25% of TBAD cases qualify as cTBAD
and about 25% of patients with uTBAD will progress to cTBAD [53, 54]. For uTBAD,
medical management is generally preferred due to its association with lower mortal-
ity rates compared to open surgical repair, particularly during the acute phase [55].
However, recent evidence suggests that in addition to medical therapy, endovascular
intervention with TEVAR in the acute and subacute phases can enhance long-term
aortic remodeling in most AD patients [56, 57]. TEVAR can also be utilized in patients
who develop complications in the chronic phase, such as aneurysmal dilation of the
FL, which needs correction to prevent aortic rupture [58].

In contrast, cTBAD requires immediate intervention during the hyperacute and
acute phase to correct malperfusion. Data from the Vascular Quality Initiative (VQI)
has revealed that TBAD patients with MPS typically present with elevated preop-
erative serum creatinine levels, an ASA classification of 4 or 5, and more extensive
dissection spanning from proximal aortic segments (Zones 0-2) to distal segments
(Zone 9+), often involving visceral vessels (Figure 8) [59]. Data from the IRAD
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Figure 8.

The Society for Vascular Surgery/Society of Thovacic Surgeons (SVS/STS) Aortic Dissection Classification System
based on the zone of the primary entry tear. The aorta is divided into 12 total sections (0o-11). The location of the
primary entry tear in type A aortic dissections is in zone 0. The location of the primary entry tear in type B aortic
dissections is in zone 1 or thereafter.

indicate significant in-hospital mortality rates for patients undergoing open surgical
repair for cTBAD with dissection septum resection [52]. Many patients may develop
neurological deficits, with some suffering strokes and others developing paraplegia
[60]. Key predictors of surgical mortality include advanced age and preoperative
hypotension. Endovascular fenestration and branch vessel stenting offer minimally
invasive alternatives to open surgery for alleviating MPS, thereby reducing the
associated risks of morbidity and mortality [61]. Additionally, TEVAR can be used to
optimize distal perfusion.

5.3 Fenestration

Endovascular fenestration aims to alleviate malperfusion by creating an opening
in the intimal flap that allows for communication between the TL and FL, restoring
branch vessel flow (Figure 9). This procedure equalizes pressure between the two
lumens leading to quick resolution of dynamic obstructions.

227



Advances in Vascular Surgery — From the Diagnostic Phase to the Use of Hybrid and Endovascular...

TL FL
f Fenestration ——p»=
tear
/ —
Celiac
| L
_/ —
B A h B \
[N N A
Left
renal a.
A Cc
Figure 9.

Endovascular fenestration. (A) Schematic of septal puncture followed by balloon fenestration for tear formation.
(B) Balloon crossing the dissection septum from true lumen (TL) to false lumen (FL). (C) Creation of an intimal
tear for luminal communication.

Various methods have been developed to fenestrate the dissection septum for
malperfusion correction in acute cTBAD. Traditional open surgical fenestration
methods effectively eliminate malperfusion above and below the fenestration site
but are poorly survivable [62]. Due to the high-risk nature of these maneuvers and
advances in minimally invasive modalities, percutaneous methods for aortic fenestra-
tion have become more prevalent. The first such transfemoral technique was reported
by Williams et al. in 1990. Since then, various adaptations using transseptal needle
puncture, wires, and balloons have shown promising success rates [63-65].

Endovascular fenestration begins with an angiographic assessment to identify
branch artery obstructions causing malperfusion. IVUS is then used to visualize the
interaction of the dissection flap with branch arteries in real-time, determining the
specific lumen from which each major branch originates [55]. Every action that alters
aortic anatomy, like septal fenestration, can lead to hemodynamic shifts and impact
the dissection flap’ relationship to branch vessels. Therefore, IVUS should also be
performed before and after each intervention to redefine these relationships.

Branch vessel malperfusion is confirmed by identifying a systolic pressure
gradient greater than 15 mm Hg between the aortic root and the branch vessel [66].
Concurrent pressure measurements are taken in the aortic root and branch ves-
sels of interest, such as the superior mesenteric artery, bilateral renal arteries, and
bilateral external iliac arteries. In cases where the branch is involved in a dissection,
pressure measurements should be taken from beyond the distal end of the dissec-
tion in the vessel. Radiographic indicators of malperfusion include failure of the
branch artery to fill and diminished intensity of the vascular bed it feeds during
contrast injection, IVUS detection of a ‘curtain-like’ occlusion at the branch vessel
origin, blockage of proximal flow in the FL above the origin, or the presence of
thrombosis (Figure 5) [55].

Often, there are natural pre-existing fenestrations in the aorta. If no pre-existing
fenestrations are identified, percutaneous fenestration can be achieved by advancing
a catheter through the dissection flap under fluoroscopic and IVUS guidance. The tar-
get for puncture is typically 2-4 cm above the celiac artery to create an entry tear from
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the TL to the FL [67]. A large diameter balloon can then be used to dilate the opening
in the flap, propagating the fenestration. Importantly, this technique only requires
access to the TL. In the acute phase, the dissection septum is highly pliable and can

be safely and easily ruptured with a balloon. However, as the dissection becomes
chronic, the septum becomes fibrotic, thickened and rubbery, meaning ballooning
will not always completely open the TL unless over-ballooning is performed, which
carries its own risks like aortic rupture [68]. Alternative practices to enlarge septal
communications in chronic dissections, typically to create landing zones for TEVAR,
use wires to cut through the septum. Although not commonly utilized in acute dissec-
tion, we will briefly review these fenestration methods.

The flossing or cheese-wire technique involves access to both the TL and FL. A
snare is used to capture and guide a wire from one access point, typically the brachial
artery, to another, such as the femoral artery. Alternatively, access can be obtained
from the bilateral femoral arteries, resulting in femoral-femoral through-and-through
wire positioning. The wire is then moved back and forth with caudal pressure across
the septal fenestration, gradually tearing and enlarging it. This antegrade fenestration
method can result in downstream intimal sloughing and bunching, risking occlusive
filling defects and avulsion [69]. To circumnavigate these concerns, septostomy
can be achieved with electrocautery attached to an insulated wire that is denuded
at its contact with the septum [69, 70]. These methods offer adjunctive power to
get through the noncompliant septum without the need for extra wire traction that
could cause tissue trauma. Alternatively, the reverse cheese wire technique offers
similar benefits without the need for electrosurgical energy. The approach involves
a similar configuration to the cheese-wire technique with through-and-through
wire positioning accompanied by bilateral sheaths and stiff guidewires advancing to
the thoracic aorta. The stiff guidewires serve as tracks for the sheaths to be pushed
cephalad rather than caudally, resulting in retrograde septostomy, lowering the risk of
malperfusion by not pulling the septum across the visceral segment [71]. Successful
endovascular fenestration relies on precise imaging to accurately guide the snare and
wire. Key considerations for all wire-based fenestrations include securely capturing
the wire without damaging surrounding tissues, selecting appropriately sized wires
and sheaths to avoid vessel trauma, and ensuring the wire is stiff enough to create or
enlarge the fenestration while remaining flexible for navigating the vascular anatomy.

After creating the tear, IVUS and pressure measurements are reassessed to
confirm revascularization has resolved malperfusion without leading to proximal
aortic TL collapse or new dynamic obstruction. Procedural success is determined by
the resolution of TL collapse and significant improvement or elimination of aorto-
branch-artery pressure gradients, as confirmed by IVUS, branch arteriography, and
manometry.

5.4 TEVAR

Thoracic endovascular aortic repair (TEVAR) is a minimally invasive procedure
that has become the preferred approach in treating a variety of thoracic aortic
pathologies. Initially approved by the United States Food and Drug Administration
(FDA) in 2005 for treating thoracoabdominal aortic aneurysms, TEVAR’ indications
have since expanded to include traumatic aortic transections, blunt aortic injuries,
intramural hematomas, penetrating aortic ulcers and ADs with or without malperfu-
sion or rupture [72]. There has also been an expanding availability of devices that are
approved or under investigation to cater to various thoracic aortic anatomies [73].
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These include the GORE TAG and CTAG, Zenith TX2 and Alpha, Valiant Thoracic
Stent Graft System, and the Relay device.

Currently, TEVAR is the leading treatment option for cTBAD and is becoming
increasingly favorable for uTBAD [57]. In acute cTBAD, TEVAR should be considered
for those with life-threatening complications such as impending rupture or visceral or
extremity malperfusion, having demonstrated excellent short- and long-term outcomes.
A study following patients who required TEVAR for cTBAD reported no deaths attribut-
able to aortic pathology over a seven-year follow-up period [47]. However, emergent
TEVAR can result in serious complications, including AKI requiring dialysis or SCI [46].

Thoracic endovascular aortic repair (TEVAR) works by covering the entry tear
with a stent graft to seal proximal flow to the FL, simultaneously depressurizing the
FL, and re-expanding the TL, and (Figure 10). This mechanical support resolves
distal dynamic obstruction by stabilizing the dissection flap. Expanding the TL and
covering the entry tear markedly improves flow in the TL and branch vessels [74]. If
FL pressurization persists, continued blood flow through the FL can lead to aneu-
rysmal dilation [61]. TEVAR creates an optimal environment for FL thrombosis by
excluding flow from systemic circulation, facilitating positive aortic remodeling [75,
76]. Ensuring the stent is properly placed entirely within the TL, without obstructing
the visceral artery origins, is essential to prevent ischemic complications.

Among the most common long-term postoperative complications of TEVAR is
continued flow into the FL [61]. This complication, termed endoleak, is classified by
the presence and location of flow. The endoleak classification system after a TEVAR
for AD differs from that used in TEVARs for aneurysms. Uniquely, AD repair can be
complicated by type R endoleaks, which is retrograde FL flow from distal fenestra-
tions fed by the TL [52]. If this complication persists, it can lead to dilation of the FL
leading to aneurysm formation and potential rupture, which is why TEVAR is often
used along fenestration [77].

5.4.1 Technique

Performing TEVAR in cTBAD involves several considerations to minimize periop-
erative morbidity and mortality. An algorithmic approach emphasizes wire access to
the TL, coverage of the primary tear site, and assessment of any ongoing malperfu-
sion or rupture that may require supplementary interventions. This methodology has
yielded high technical success, as defined by coverage of the primary entry tear to seal
the FL. It has also been associated with favorable perioperative risk when compared to
open surgery [46].

Figure 10.

TBAD repair. (A and B) Axial CTA images of aortic dissection. (A) False lumen in the descending thovacic
aorta, where the contrast-filled true lumen is compressed. (B) Re-expansion of the true lumen and exclusion of
the false lumen after endograft. (C) Fluoroscopy after TEVAR. (D) CT reconstruction after TEVAR.
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The procedure typically begins with gaining femoral access on the side not
affected by the dissection or with the best access to the TL. The access will need to
accommodate a delivery sheath of 20-24F. IVUS is used to guide and confirm wire
access into the TL. A proximal landing zone of 2 cm of healthy aortic tissue proximal
to the entry tear is required. Since the entry tear is often near the left subclavian
artery, the stent graft may need to cover this vessel, which is generally well tolerated
but can cause upper extremity ischemia in some cases [78].

The stentgraft can be up-sized by 10% of the aortic diameter to secure an adequate
circumferential seal with aortic wall apposition. Ballooning especially at the proximal
end should be avoided in the acute and hyperacute phase to prevent retrograde dissec-
tion, since the aortic wall is acutely vulnerable, inflamed, and friable [79]. Selecting
the appropriate stent graft is also important, as covered stents have been associated
with a lower incidence of retrograde dissection compared to proximal bare metal
stents (BMS) [59].

The extent of TEVAR coverage in TBAD often correlates with the initial presenta-
tion and may vary among institutions. For cTBAD, grafts are generally deployed from
the left subclavian to the celiac artery. Extensive graft coverage has been evidenced to
improve aortic remodeling through mechanical reinforcement, reducing the pro-
gression of aortic disease and aortic-specific mortality, such as FL dilation or stent-
induced new entry requiring re-interventions [57, 80]. However, SCI is commonly
associated with long covered grafts in the thoracic aorta, especially with coverage of
the LSA, intercostal vessels, and distal extension [81, 82]. Consequently, the impera-
tive arose to create a device that would seal the entry tear proximally and decompress
the FL distally, while preserving perfusion to branch vessels.

5.4.2 PETTICOAT and STABILIZE

The Provisional Extension to Induce Complete Attachment Technique (PETTICOAT)
was introduced in 2006 by Nienaber and colleagues to improve aortic remodeling,
particularly in cases with large distal re-entry points where the FL is less likely to throm-
bose after proximal stent graft placement [83]. PETTICOAT involves deploying a BMS
in the distal thoracoabdominal segment, in conjunction with the proximal covered
thoracic aorta stent graft from TEVAR (Figure 11). This will provide the intraluminal
support to compress the FL and promote thrombosis in the delaminated aortic segments
where the covered stent graft does not extend to, while maintaining perfusing through
its bare metal design to the visceral arteries. A modern device approved by the FDA in
2018 for PETTICOAT is the Zenith Endovascular Dissection System (Cook Medical).
This includes the proximal covered Zenith TX2 dissection endovascular stent graft with
pro-form and the distal uncovered Zenith dissection endovascular stent.

The distal extent of the BMS is determined by the extent of the dissection [83].
The proximal portion of the BMS is deployed within the covered stent graft to act as
a scaffold, with subsequent BMSs overlapping the previous ones. To avoid complica-
tions in the friable aorta during acute dissection, balloon angioplasty is not used to
oversize the stents. If static obstruction persists despite distal BMS placement, the
bare metal design allows for additional stent placement in obstructed branch vessels
[84]. In extended-PETTICOAT, distal placement of BMS past the visceral branches
can be performed to enhance TL expansion and maximize perfusion to the bilateral
iliac arteries, providing a more comprehensive solution to persistent lower extremity
malperfusion. PETTICOAT has proven effective in increasing TL size, decreasing
malperfusion-related mortality within 30 days of presentation, and stabilizing or
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Figure 11.
Endovascular vepair and endografting of type B aortic dissections. (A) TEVAR of the descending aorta. (B)
PETTIOCAT stentgraft configuration with TEVAR proximally and uncovered stent distally.

reducing transaortic diameter. However, long-term follow-up (>5 years) indicates that
the stent graft and BMS configuration may not protect against chronic aneurysmal
degeneration, highlighting the need for lifelong surveillance [85, 86].

A variation of PETTICOAT, a technique known as stent-associated balloon-
induced intimal disruption and re-lamination in AD repair (STABILIZE), may
reduce the risk of malperfusion and lower the rate of reintervention [87]. STABILIZE
involves ballooning the TL inside the deployed stent graft, allowing the distally
deployed bare stents to intentionally rupture the septum, leading to full expansion
of the stent in a single-channeled aorta. Criteria for the highest success rates with
STABILIZE include a non-dissected landing zone in the descending or abdominal
aorta, a total aortic diameter not exceeding 40 mm, and a distal stent graft overlap-
ping the proximal component by more than 5 cm [88, 89].

5.5 Branch vessel stenting

Adjunctive branch vessel treatment during or after TEVAR can include target ves-
sel stenting. Target branches commonly include the celiac, superior mesenteric, renal,
and iliac arteries (Figure 12). After TEVAR, an angiogram is performed to assess the
expansion of the TL and downstream perfusion. While TEVAR often resolves malp-
erfusion caused by dynamic obstructions, static obstructions—where the dissection
extends beyond the visceral artery ostium—may persist, leading to ongoing obstruc-
tion or thrombosis [75, 90]. It has been reported that up to 41% of patients undergo-
ing TEVAR require branch vessel stenting, with resolution of ischemia in 93% [91].
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Figure 12.
Left external iliac artery (LEI) with no flow shown in (A) reconstructed CT and (B) angiography. LEI
revascularizgation with endograft shown in (C) reconstructed CT and (D) angiography.

The placement of a covered or uncovered self-expandable stent in a side branch or
iliac artery under fluoroscopy can improve flow when dynamic or static obstruction
relief is inadequate from TEVAR alone (Figure 13). The stent is deployed at the ori-
fice, followed by balloon angioplasty without oversizing. If there is significant static
obstruction with thrombus, percutaneous suction thrombectomy can be performed

Figure 13.

CTA of insufficient alleviation of distal obstruction after TEVAR. (A) Diminished signal intensity of the left
renal artery. (B) Placement of one renal stent with revascularization. (C) Diminished signal intensity of the
superior mesenteric artery. (D) Superior mesenteric artery perfusion with stenting.
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with the Penumbra aspiration system (Indigo Catheter CAT6 or CATS8; Penumbra,
Alameda, CA, USA), although this is rarely needed [56]. An angiogram is then used
to confirm flow into the branch vessels. IVUS can also be used to verify branch vessel
patency [66, 67, 92].

A retrospective analysis of the VQI found that the left renal and superior mesen-
teric arteries were targeted the most in patients requiring branch intervention after
TEVAR for acute cTBAD [93]. This is likely because ADs commonly begin with an
entry tear at the greater curvature of the arch and spiral down the aorta to propagate
into the left renal artery. Although these patients were subjected to increased length of
procedure with more complex techniques, they did not exhibit significant differences
in outcomes when compared to TEVAR patients who had not undergone adjunctive
treatment. Rates of 30-day mortality, in-hospital postoperative complications such as
MI, transient ischemic attack, stroke, renal or intestinal ischemia, and SCI were not
significantly different. There was also no difference in overall survival at 3 years [93].
These findings highlight that branch interventions are safe and should be integrated
into the treatment strategy for acute TBAD complicated by end-organ malperfusion.

6. Staged repair for TAAD: Optimizing organ perfusion through timely
intervention

The conventional surgical method for addressing TAAD entails cardiopulmonary
bypass and deep hypothermic circulatory arrest. These operations are physiologically
stressful and poorly tolerated in patients with hemodynamic compromise and organ
ischemia. Additionally, patients often present with comorbidities like hypertension,
hyperlipidemia, and smoking, which further elevate mortality risks [94]. The surgeon
replaces the ascending aorta with Dacron graft then the intima is meticulously re-
approximated to the remaining wall to restore structural integrity and restore TL flow.
However, in cases where there is significant bowel ischemia, spending extended periods
of time repairing the ascending aorta may result in necrosis of the bowel. In addition, the
repair of the ascending aorta does not, in every case, result in reperfusion of the bowel
depending on the nature of the dissection flap as well as the anatomy of malperfusion.

Accordingly, a staged methodology has been proposed to address malperfusion
secondary to aortic pathologies. In cases of extensive aortic disease or multiple
comorbidities, a two-step repair may be required, allowing gradual healing and
reducing strain during recovery [95]. Commonly known as the TEVAR-first, endo-
vascular-first, and revascularization-first strategy, staged repair can be employed in
cases of TAAD with distal malperfusion. In these cases, central aortic repair is delayed
slightly and TEVAR is performed first to mechanically expand the thoracic aortic TL
and restore distal flow and resolve MPS. Branch vessel stenting may also be necessary
in this setting. The patients are then closely monitored and proceed to definitive open
repair immediately after MPS resolution or if there is a change in clinical state. The
TEVAR-first model protects the ischemic bowel by restoring blood flow to the visceral
segment of the aorta thereby correcting acidosis before subjecting the body to circula-
tory arrest for definitive central repair [96, 97]. This approach can reduce operative
mortality to 15%, compared to up to 35% in single-stage repairs [96]. This protocol
also helps avoid otherwise unnecessary open repair when organ damage is irrevers-
ible and organ failure is present, reducing healthcare spending, improving resource
allocation, and preserving quality of life [30]. It is important to note that the repair of
the ascending AD should not be delayed significantly as this increases mortality.
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Recent studies suggest that patients with mesenteric malperfusion secondary to TAAD
have improved survival rates when malperfusion is addressed endovascularly before open
central aortic repair, provided the patient’s clinical presentation allows for such a delay.
Patients fit for this methodology are those who are hemodynamically stable and without
cardiac tamponade, aortic valve insufficiency, or coronary artery malperfusion [30, 55,
98]. Approximately 3.7-14% of acute TAAD patients present with mesenteric MPS, which
has a mortality rate of 38-75% [3, 51, 97, 99]. Leshnower et al. found that ascending aorta
and aortic arch replacement followed by laparotomy resulted in a 69.2% mortality rate. In
contrast, the TEVAR-first strategy reduced mortality to 30% [97].

7. Hybrid repair for TAAD

Given the varying clinical presentations of ADs and the availability of multiple
management strategies, repair often becomes complex, necessitating a combination
of both endovascular and open strategies. Hybrid methods, utilizing both endovas-
cular and open repair, are now recommended in the latest guidelines for treating
TAAD with distal malperfusion [96]. In hybrid repair, both open and endovascular
surgical strategies are performed during the same surgical session. Open interven-
tion addresses the acute pathology and resects the intimal entry tear. Concomitant or
subsequent distal endovascular aortic stenting resolves distal dynamic malperfusion
and reinforces the aortic wall to decrease the risk of aneurysmal degeneration. During
the second stage of the repair, percutaneous vascular access is already established for
supplementary branch vessel stenting or suction thrombectomy if necessary. This
hybrid approach not only addresses the immediate life-threatening aspects of AD
but also offers a strategic advantage in managing the long-term risks associated with
untreated portions of the aorta via immediate stabilization of the descending aorta
creating favorable conditions for FL thrombosis.

The Frozen Elephant Trunk (FET) procedure is a prime example of hybrid repair.
The open portion of the surgery, typically involving repair of the ascending aorta and, if
necessary, the aortic arch with reimplantation of the great vessels or bypass grafting, is
completed first and then a stentgraft is placed to expand the TL of the descending aorta.
The Thoraflex graft is a specialized hybrid device that combines a traditional standard
graft with an attached endovascular stent graft. The proximal portion, made of synthetic
material like Dacron, replaces the diseased aortic arch and is sutured to the healthy aorta,
restoring structural integrity. The distal portion consists of a self-expanding stent graft
which is deployed into the descending thoracic aortic TL [100, 101].

The utility of hybrid repair can be easily appreciated in particular aortic pathologies.
If the entry tear is in Zone 2, that is between the left common carotid artery and the
left subclavian artery, hybrid repair could facilitate ascending aorta and Zone 2 arch
replacement followed by retrograde TEVAR. Dracon graft replaces the entire aortic
arch. The graft is designed with a single branch from the superior arch that divides into
three branches for the great vessels. The arch is repaired by anastomosis to the proximal
aortain Zone 2 to minimize the risk of entrapment to the recurrent laryngeal nerve
[102]. Following this, a retrograde stent is deployed, which involves placing the stent
against the erection of blood flow. The retrograde deployment allows precise control over
catheter navigation and stent placement, allowing for optimal alignment and reducing
the risk of malposition or torsion. Combined surgical repair of the ascending aorta and
transluminal stent grafting into the descending aorta has shown to achieve partial FL
thrombosis, potentially minimizing the risk of further dilatation or rupture [102].
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8. Conclusion

The management of MPS in acute AD has evolved with the development of
endovascular strategies, offering a less invasive yet effective alternative to traditional
open surgery. Clinical experience highlights the importance of understanding the
underlying mechanisms of malperfusion to guide treatment choice. Techniques such
as TEVAR, endovascular fenestration, and branch vessel stenting have demonstrated
success in restoring perfusion and improving patient outcomes. The use of staged and
hybrid repair strategies underscores the importance of utilizing various combinations
of endovascular interventions to address this complex pathology. As endovascular
technology continues to advance, the integration of these approaches into clinical
practice promises to enhance the management of MPS in AD.
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Chapter12

Safeguards and Pitfalls in the
Management of Retrograde
Dissection Complicating Thoracic
Endovascular Aortic Repair

Ahmed Elsharkawy

Abstract

The aim of this chapter is to give hint on some special situations related to aortic
dissection. Although they are not frequently encountered, these situations need a
clear management strategy in mind of every aortic surgeon. The first one is retrograde
proximal dissection complicating endovascular stenting of descending aortic patholo-
gies: when to expect and how to manage. The second one is the different anatomical
variations of aortic arch branches that may coexist with aortic dissection, such as
aberrant subclavian artery and isolated vertebral artery. These variations, when pres-
ent, add to the complexity of dissection repair and affect the management plan, either
open surgical or endovascular.

Keywords: retrograde dissection, aberrant subclavian, bovine arch, Kommerell’s
diverticulum, isolated vertebral

1. Introduction

There is no doubt about the advantages of thoracic endovascular aortic repair
(TEVAR) in the treatment of different descending thoracic aortic pathologies.
However, endovascular intervention is not entirely devoid of risks. With the wide-
spread use of endovascular stent grafts, some specific complications have been
reported, such as different types of endoleak and the stent-induced retrograde type A
aortic dissection (RAAD) [1].

2. Risk factors

Many risk factors have been identified for the development of RAAD following
TEVAR [2-7].
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2.1 Stent oversizing and ballooning

Stent oversizing by 10-20% larger than the aortic diameter of the proximal
landing zone is a common practice in TEVAR deployment to ensure device stability
and avoid type I endoleak or late stent migration. However, more than 20% oversiz-
ing may increase the incidence of RAAD. So, there should be a balance between
stent oversizing and tension exerted on the aortic wall by the radial force of the
TEVAR stent.

Stent ballooning is generally contraindicated in aortic dissection patients but may
be used in aneurysm cases to minimize the risk of endoleak. However, this may favor
the occurrence of retrograde dissection following stent deployment [2, 3].

2.2 Proximal bare springs of TEVAR

One of the possible causes of injury to the aortic wall is the proximal bare springs
which are intended to afford proximal fixation of the TEVAR stent graft. These bare
metal springs in the proximal end of stents have been frequently related to the entry
tear found in the arch of operated cases of RAAD. The common site for this tear is
the lesser curve of the aortic arch, probably due to the high radial force of stent graft
exerted on the aortic wall at this location [4-6].

2.3 Location of the primary entry tear of initial pathology

The location of the primary entry tear in acute type B aortic dissections
(ATBAD) is important. RAAD has been found to happen more when the primary
entry tear was located at the concavity of the distal aortic arch, in contrast to the site
of convexity, as the site of concavity is devoid of anatomical barriers such as supra-
aortic vessels [6, 7].

2.4 Diameter of the ascending aorta

The shape and diameter of the ascending aorta must be considered during the
treatment of complicated type B dissections. Ascending aortic diameter exceeding
40 mm in patients of ATBAD was found to be more prone to RAAD, mostly due to the
generalized weakness of fragile aortic wall of dissection patients [4-6].

2.5 Timing of TEVAR and type of initial pathology

Some studies linked the occurrence of RAAD to the original indication for
TEVAR being more likely to happen with the initial pathology of type B intramural
hematoma (IMH) rather than descending aortic aneurysm or type B aortic dissec-
tion. Cases of acute TBAD and clinical or CT signs of rupture or immediate malper-
fusion are class I indicated for immediate endovascular treatment. But in the absence
of the prementioned signs, careful monitoring and initial medical management are
justified among other ATBAD patients that may benefit from initial medical therapy
together with endovascular stent graft placement within 3 months, in the subacute
phase. Recent data on a larger cohort of patients with TBAD undergoing TEVAR in
the subacute phase revealed lower 30-day mortality and less TEVAR-related compli-
cations [5-7].
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3. Presentation and management

Patients with RAAD usually present with new onset chest pain or pulse deficit
with history of previous TEVAR. Time interval after TEVAR varies from shortly after
the procedure to months, especially in patients with uncontrolled blood pressure. A
detailed assessment may reveal new pericardial collection or aortic regurgitation on
transthoracic or transesophageal echocardiography, new flap, or mural hematoma in
ascending aorta on multi-slice computed tomography (MSCT) scan. Figure 1 shows a
MSCT reconstruction of one of our patients with a previously deployed TEVAR with
subsequent occurrence of retrograde type A aortic dissection.

3.1 Surgical management

Retrograde type A aortic dissection (RAAD) following TEVAR is a potentially
life-threatening complication that mandates emergency surgical replacement of the
dissected ascending aorta with the high risk of rupture as well as the segment of aortic
arch showing the entry tear, usually located in the lesser curvature, through median
sternotomy under hypothermic circulatory arrest [4].

Arterial inflow of cardiopulmonary bypass (CPB) is established through cannula-
tion of the axillary artery, or both the axillary and the femoral arteries connected by
“y” connector, and a cannula in the right atrium is used for venous drainage. Cerebral
protection was achieved by unilateral antegrade cerebral perfusion through axillary
artery combined with moderate hypothermia (25°C). We prefer dual arterial cannula-
tion through axillary and femoral arteries with balloon catheter temporary inflated
within the stent lumen to allow for lower body perfusion during the period of open
distal anastomosis of arch reconstruction.

Figure 1.

C’%aorwgmphy showing retrograde stanford type A aortic dissection following a previously deployed endovascular
stent. (A). Protrusion of bare springs of proximal end of stent graft causing intimal tear at lesser curve of the
aortic arch. (B). Axial cut revealing well-seated stent in descending aorta with complete thrombosis of false
lumen but with dissection flap in ascending aorta, dividing it into true and false lumens.
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3.2 Proximal aortic root reconstruction

This depends on the degree of extension of aortic dissection into the aortic root
components. Usually, RAAD stops at the level of the sinotubular junction with mild
affection of sinuses and aortic valve. In this situation, the ascending aorta is excised
down to the level of valve commissures, followed by a supracommisural replacement
of ascending aorta using Dacron tube graft anastomosed to the reconstructed sinus

Figure 2.

O}femtive steps: (A) Opening the pericardium veveals extensive mural hematoma of the ascending aorta. (B)
Snaring the carotid arteries and removing the cross-clamp for open distal anastomosis with trimming of metal
springs of the stent using wire cutter. (C) Realignment of proximal end of endovascular stent with the native
aortic wall after vesection of the lesser curve and entry tear to perform Hemiarch replacement. (D) Dacron graft
replacement of ascending aorta.
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segment of the root using continuous 3/0 prolene suture augmented from the outer
aspect with Teflon felt to support the proximal suture line. Less commonly, the aortic
valve may need resuspension or valve-sparing root replacement in case of extensive
affection of the aortic root.

3.3 Distal arch reconstruction

The main goal of treatment of RAAD is to completely excise the stent-induced
entry tear typically located in the lesser curve of aortic arch. Total hypothermic
circulatory arrest and cerebral perfusion are used for open distal anastomosis. With
continuous cerebral oxygen saturation monitoring, a hemiarch replacement is usually
sufficient but careful removal of some of the proximal metal springs of the endovas-
cular stent is prudent. This allows for the inclusion of the stent as well as the native
aortic wall in the distal aortic suture line all in one layer. This achieves a hemostatic
repair and prevent future endoleak. Interrupted 4/0 prolene pledgeted mattress
sutures and Teflon felt are used to reinforce the suture line. The proximal end of the
deployed TEVAR in one of our patients with RAAD is seen in Figure 2 with removal
of the protruding metal using sternal wire cutter.

4. Discussion and follow-up

Our patient cohort includes 100 patients that received TEVAR as treatment for
different descending aortic pathologies, during the period between January 2011
and January 2023. Fifty patients of our series received prosthesis with proximal bare
springs. Eight patients (8%) developed RAAD with time interval ranged from 2 weeks
to 6 months post TEVAR. All eight patients undergo emergency surgical replacement
of ascending aorta with Hemi arch and trimming of metal springs. One patient died
on the second postoperative day due to massive uncontrollable hematemesis with
hemodynamic collapse 6 hours after extubation that failed to be resuscitated. One
patient developed postoperative paraparesis of lower limbs that improved on inser-
tion of spinal drain and discharged home with no residual weakness. The rest of
patients had smooth uneventful postoperative course.

Gorlitzer and colleagues [6] reported in their patient cohort from August 2005 to
February 2011 that retrograde aortic dissection occurred in 4 of 29 patients (13.8%)
undergoing thoracic endovascular aortic repair (TEVAR) for acute complicated
aortic type B dissection. In their series, a prosthesis with a proximal bare spring was
used in 25 patients. The tip of the proximal bare springs induced a retrograde type
A dissection in four patients. The primary entry tear was located at the concavity
of the distal aortic arch. The mean duration of circulatory arrest was 56 + 7 min. All
patients survived surgery with no stroke, paraplegia, or renal failure. Postoperative
CT scans revealed perigraft thrombus formation and stable aortic dimensions in all
patients after 6 months.

A multicenter study of the European Registry on Endovascular Aortic Repair
Complications conducted on 2009 reported on an incidence of rAAD post-TEVAR for
either acute or chronic type B dissection of 1.33% (95% CI 0.75-2.4) [8].

Czerny and colleagues reported an overall RAAD incidence of 8% in a multicenter
study of 66 patients with total arch de-branching and TEVAR (Zone 0), with an early
(<7 days postoperatively) and delayed (>7 days postoperatively) incidence of 3 and
5%, respectively [9].
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Luehr and Colleagues reported in a series of ten patients of type B aortic dissection
that two patients (20%) developed retrograde type A aortic dissection on days 10
and 12 post-TEVAR. Both patients had a dilated ascending aorta and received a stent
graft containing bare metal springs at the proximal end. Emergency ascending aortic
replacement was performed under moderate hypothermia. In-hospital mortality was
zero, and no patient developed paraplegia/paraparesis due to spinal cord ischemia.
Luehr and colleagues recommended performing CT aortography 1 week after TEVAR,
for the early detection of complications such as retrograde dissection as well as to
assess the success of the endovascular intervention [10].

5. Impact of arch branches variations on surgical strategy of aortic
dissection

5.1 Introduction

Traditionally, anatomical variations of the aortic arch and great vessels have
been considered as an incidental finding of little clinical significance during routine
computed tomography (CT) scanning; therefore, they were often overlooked and
mostly unreported.

But from aortic surgery standpoint, the clinical significance of arch branching
variations is triple-fold. First, some of these anatomical variations as aberrant sub-
clavian artery may result in abnormal vascular ring formation around trachea and
esophagus with compression symptoms as dyspnea and dysphagia. Second, these
branching variations were found to occur more frequently in patients with thoracic
aortic disease (TAD) than others, and therefore, these variations should be regarded
as an anatomical marker for the risk of developing aortic aneurysm and dissection.
Third, these variations have significant impact on the management plan whether open,
endovascular, or hybrid, as well as the choice of arterial axis and cerebral protection
methods in patients with aortic arch diseases and abnormal arch branching [11].

The key point for anatomical variations of arch branches is preoperative detection
on multislice computed tomographic angiography (MSCTA) done to diagnose aortic
aneurysm or dissection. This is a critical step in planning surgical and endovascular
procedures involving the aortic arch because missing this may lead to serious prob-
lems such as branch occlusion or endoleak during endovascular treatment of type B
aortic dissection, or cerebral ischemia during surgical repair of type A aortic dissec-
tion with postoperative neurological complications.

5.2 Types
The common anatomical variations related to aortic aneurysm and dissection include:

1.BOVINE ARCH (BA) or common origin of the innominate and left carotid artery
(CILCA)

2. ABERRANT RIGHT SUBCLAVIAN ARTERY With left-sided aortic arch (ARSA)
3.ABERRANT LEFT SUBCLAVIAN ARTERY With right-sided aortic arch (ALSA)

4.ISOLATED LEFT VERTEBRAL ARTERY origin from aortic arch (ILVA).
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5.2.1 Bovine arch (BA)

The bovine arch is defined as an aortic arch with common origin of the innominate
and left carotid artery (CILCA arch). It is also called truncus bicaroticus or type I
bovine arch. It represents the second most common arch configuration following the
standard arch pattern of innominate trunk, left common carotid, and a left subclavian
artery. Less commonly, “type 2 bovine arch” occurs when the left common carotid
artery originates directly from the innominate artery rather than as a common trunk.
The prevalence of the CILCA arch in the general population is around 15% [11].

* type I bovine arch [T1BA] means common origin of innominate and left com-
mon carotid artery

* type Il bovine arch [T2BA], left common carotid originating from innominate
artery.

The clinical relevance of the CILCA arch has become apparent in planning surgical
and endovascular procedures involving the aortic arch. Also, a lot of research work
has identified the CILCA arch as a potential anatomical marker for thoracic aortic
disease (TAD).

Many patients who are candidate for thoracic endovascular aortic repair (TEVAR)
present with this special anatomical configuration of bovine arch. Different stud-
ies reported a trend toward an increased risk of post-TEVAR complications in such
patients with bovine arch, as retrograde dissection. So, further specific studies on the
impact of the bovine arch configuration on TEVAR planning are needed [12].

It was proposed by certain hypothesis that in CILCA bovine arch, the peculiar ana-
tomical configuration may entail a local biomechanical environment that adversely
affects the aortic wall properties and its integrity. The relatively greater diameter
of the arch vessels may alter local flow hemodynamics, leading to an increased wall
shear stress, that may weaken the aortic wall [13].

During surgery for type A aortic dissection, bovine arch configuration allows for
bilateral carotid perfusion when using axillary artery inflow. Also, in type B aortic
dissection, the bovine configuration allows for more space in the arch for proximal
landing of TEVAR.

5.2.2 Aberrant right subclavian artery (ARSA) with normal left-sided aortic arch
(LSAA)

Aberrant right subclavian artery (ARSA) is a rare anatomical variant of the origin
of the right subclavian artery from distal aortic arch or proximal descending aorta
instead of the common origin with right carotid artery from the innominate trunk. A
prevalence of 0.16-2% of ARSA has been reported. Of notice, aberrant right subcla-
vian artery may coexist with common bicarotid trunk in some patients [14-17].

During acute type A aortic dissection surgery and arch replacement procedures,
the presence of ARSA should be checked carefully in the MSCT aortography. If so,
axillary cannulation will be of no value in terms of antegrade cerebral perfusion, and
another axis should be selected as direct bilateral osteal carotid cannulation.

During frozen elephant trunk (FET) procedure for arch replacement, intratho-
racic control of ARSA is gained by meticulous dissection of the inferolateral aspect
of right carotid artery above the innominate vein, followed by division of the ARSA
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and end-to-end anastomosis to 8-mm Dacron graft that can be connected to separate
perfusion head then to the elephant trunk graft by the end.

In case of TEVAR for type B aortic dissection with ARSA, a more detailed study
of carotids and vertebral arteries by cranial CT cerebral angiography is needed
to evaluate the dominance of vertebral arteries, and the integrity of the circle of
Willis then to decide to go for carotid subclavian bypass on left or right side or even
bilateral in case of symmetric vertebral arteries because both subclavian arteries
will be covered by the stent graft affecting the perfusion of both vertebral arteries.
The MSCT of some of our patients with aberrant right and left subclavian arteries is
shown in Figures 3-5.

5.2.3 Aberrant left subclavian artery (ALSA) with right-sided aortic arch (RSAA)

Right-sided aortic arch is a rare anatomical variation resulting from persistence
of the embryologic right fourth aortic arch and involution of the left, which is the
reverse of what happens in most of the population. Fifty percent of the cases (0.05%)
are associated with an aberrant left subclavian artery arising from an outpouching
called Kommerell’s diverticulum. Right-sided aortic arch is rare with prevalence of
about 0.1% of the adult population. Of notice, right-sided aortic arch with aberrant
left subclavian artery is much less common than left-sided aortic arch with aberrant
right subclavian artery (0.5-2.0%) [18-21].

Management of aberrant left subclavian artery depends on the presentation:

a.If the main presentation is compression symptoms of vascular ring with no
aneurysm formation, so the treatment is to divide the ring around the esophagus
through left thoracotomy followed by interposition graft reconstruction of ALSA
or left carotid subclavian bypass.

b.If the problem is Kommerell’s diverticulum complicated by aneurysm formation
or type B dissection, so the treatment is either open surgical repair through
right thoracotomy to resect diverticulum aneurysm and replace descending
thoracic aorta, or hybrid repair through median sternotomy to debranch the
great vessels followed by TEVAR or to go for one-stage frozen elephant trunk
procedure.

Figure 3.
A. Left-sided aortic arch with abervant right subclavian artery vetrotracheal. B. Right-sided aortic arch with
abervant left subclavian artery origin retrotracheal.
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Figure 4.

A. Aortography showing type B aortic dissection with collapsed true lumen, big false lumen, aberrant right
subclavian artery, and common carotid trunk. The patient had bilateral carotid subclavian bypasses followed by
TEVAR. B. Follow-up MSCT showing complete thrombosis of false lumen around the stent with no endoleak.

Figure 5.
MSCT aortography of one of our patients with right-sided aortic arch and aberrant left subclavian arising from
Kommerell’s diverticulum.

5.2.4 Kommerell’s diverticulum aneurysm (KDA)

Burckhard Friedrich Kommerell (1900—1990) described his diverticulum/aneu-
rysm of the proximal lusorian artery in 1936 [22].

Kommerell’s diverticulum (KD) is defined as aneurysmal aortic dilatation at
the origin of an aberrant subclavian artery (ASCA), either left or right. KD is a rare
anomaly, occurring in 0.05-2.0% of the population. About 5% of patients with KD
develop symptoms While most patients with KD are asymptomatic, dysphagia is one
of the common manifestations due to compression of the esophagus. KD is associated
with risk of aortic rupture and/or dissection, as the tissue strength in the KD is very
limited due to histological weakness, and this often leads to adverse aortic events [23].
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5.2.4.1 Indication for surgery

According to the European Association of Cardiothoracic Surgery/Society of
Thoracic Surgery EACTS/STS 2024 Guidelines for diagnosing and treating acute and
chronic syndromes of the aortic organ, surgery for symptomatic KD is a well-established
indication. However, indications for prophylactic intervention in asymptomatic patients
remain based on limited reports. Observation of asymptomatic KD is generally appro-
priate. Current American College of Cardiology/American Heart Association guidelines
recommend treatment when the orifice connecting the diverticulum to the arch is larger
than 30 mm and/or the diverticulum diameter is larger than 50 mm (Figure 6) [7].

5.2.4.2 Operative strategy

A variety of treatment options have been reported to treat KD, including open,
endovascular, or hybrid methods. The most common open approach is ligation/resection
and subclavian transposition/bypass to release compression and to reestablish arterial
circulation through a left thoracotomy. Open replacement of the aorta may be considered
using partial heart bypass cannulating superior vena cava and distal aorta or femoral
artery through a right thoracotomy. In symptomatic patients, surgery should include
full decompression of the surrounding structures and fibrous bands surrounding the
esophagus. Total arch replacement (TAR) through the frozen elephant trunk FET proce-
dure may be considered if the condition is associated with aortic arch dilatation [7].

Endovascular option may be considered in patients with increased operative
risk and who are anatomically convenient for stenting. This includes staged carotid-
subclavian artery bypass followed by subsequent thoracic endovascular aortic repair
(TEVAR). In young patients with low incidence of comorbidities, open repair through
a thoracotomy is preferred due to its durability and efficacy in symptom relief.
Endovascular therapy is less invasive and would be a good strategy for asymptomatic

Figure 6.
Kommerell’s diverticulum aneurysm with right-sided arch aneurysm and aberrant left subclavian artery.
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Kommerell's aneurysm. However, in patients with symptomatic KDA, the open
technique is the preferred option because relieving the compression on the esophagus
would be key step. The basic concept to treat dysphagia is to remove the ASCA and all
fibrous bands surrounding the esophagus through left thoracotomy [7].

During frozen elephant trunk procedure for KDA with arch aneurysm, because
of the anatomical features of patients with right aortic arch + ALSA, in whom the
aortic arch is sharply angulated or curved, available ready-made devices are prone to
massive kinking and, therefore, modified intraoperatively assembled frozen elephant
trunk works better according to the individual anatomy of arch angulation.

5.2.5 Isolated left vertebral artery origin from the arch (ILVA)

An isolated left vertebral artery (ILVA) is defined as vertebral artery which arises
directly from the aortic arch. This anatomical variation has a prevalence of 0.79
to 6.1%. From surgical point of view, the preoperative diagnosis of an ILVA on CT
aortography is important because missing this variation may lead to serious compli-
cations, such as occlusion or endoleak during endovascular treatment of TBAD or
difficulties during the surgical approach to the aortic arch branches in type A aortic
dissection with possible ischemia or infarction of the brain if the circle of Willis is
incomplete. Many options, such as total arch replacement and frozen elephant trunk
technique, have been reported to treat patients with aortic dissection and an ILVA.
Whether an ILVA should be reconstructed or not in all cases is controversial. Most
studies state that the ILVA should be reconstructed because sacrificing the ILVA may
increase the risk of neurologic deficit owing to poor perfusion to the brainstem or
cerebellum if arterial communication at the circle of Willis is inadequate [24].

In case of type B aortic dissection (TBAD) with an ILVA requiring endovascular
therapy TEVAR, the proximal landing zone, dominance of the vertebral artery, and
integrity of the circle of Willis are all studied in MSCT. Preoperative aortic CTA imag-
ing characteristics may reveal right vertebral artery dominance, symmetric vertebral
artery, or left vertebral artery dominance. The management entails ILVA reconstruc-
tion, such as ILVA-LCCA transposition of vertebral artery to left carotid artery, if
the ILVA is dominant or symmetric with an incomplete circle of Willis, followed by
TEVAR placement. Cerebral oximetry is used to monitor cerebral oxygen saturation
during left carotid clamping period for the anastomosis.

During the treatment of Stanford type A aortic dissection (TAAD) with an
ILVA, prior reconstruction of ILVA is recommended with ILVA-left common carotid
artery (LCCA) transposition or bypass using saphenous vein graft segment under
normothermic off-pump conditions. Median sternotomy incision is extended about
4 cm cranially to the left side of the neck for sufficient dissection of the LCCA and
ILVA with enough length, and then, the ILVA is cut off. The LCCA is open with a hole
puncher. The ILVA is end-side sutured to the LCCA with 6-0 Prolene line [25].

6. Conclusion

Retrograde type A aortic dissection (RAAD) following TEVAR is a life-threatening
complication with potential risk of aortic rupture that needs high index of suspicion
for early detection and emergency surgical intervention. Supra-commissural replace-
ment of the dissected ascending aorta with Hemi arch procedure is usually sufficient
and carries good outcome.
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Congenital aortic arch variations are gaining more clinical importance with the
introduction of advanced aortic therapies such as endovascular stents and the frozen
elephant trunk. These anatomical variations are more common in patients with
thoracic aortic disease. The key to success for case planning, whether open surgical or
endovascular, is the detection of such variations on preoperative CT aortography to
allow for optimum management.
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