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Abstract

Aortic coarctation is a fatal cardiovascular disease. For Stanford type B aortic
coarctation, aortic endovascular isolation (TEVAR) is currently the treatment
of choice and is far less invasive than open surgery. Standard TEVAR involves
the use of a stent graft to cover the proximal breach, which prevents the expan-
sion of the false lumen and promotes its thrombosis, which in turn leads to ther-
apeutic results. During implantation of endovascular grafts, Left Subclavian
Artery (LSA) coverage has been associated with the development of a variety
of complications, including stroke, spinal cord ischemia, upper extremity ische-
mia, etc. Therefore, the key to endoluminal treatment of aortic arch disease lies
in the preservation or reconstruction of the branching arteries over the arch.
Currently, most medical centers in China tend to reconstruct the LSA. This ar-
ticle provides a review of the methods and advantages and disadvantages of re-
constructing the LSA in TEVAR, as well as a prospective view of reconstructing
the supra-arch artery in the future.

Keywords

Stanford Type B Aortic Coarctation, Aortic Endoluminal Isolation, Left
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1. Introduction

Acute Aortic Dissection (AD) is a pathologic process in which, in response to a
variety of risk factors, a tear occurs between the intima and the middle elastic
membrane of the aorta, resulting in infiltration of blood into the middle region of

the aortic wall, followed by a collateral and/or retrograde stripping along the vessel
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wall, creating an intermural false lumen. This false lumen is interconnected by one
or more ruptures that communicate with the true lumen of the aorta, constituting
the characteristic structure of aortic coarctation [1]. Acute AD is known for its
sudden onset, rapid progression, and extremely critical condition, and is extremely
lethal if timely medical intervention is not provided. According to relevant statis-
tics, the hourly mortality rate of untreated patients with acute AD can be as high
as 1% to 2% after the onset of symptoms [2], and it is one of the most common
acute critical illnesses in the field of vascular surgery. Typical clinical manifesta-
tions of acute AD include lacerating chest pain, sharp stabbing sensations, pro-
gressive hypoperfusion, and ischemic damage to end organs (e.g. heart, brain, kid-
neys, etc.) [3] [4].

The annual incidence of aortic coarctation is approximately 5 to 30 cases per 1
million people [5]. Distribution of Stanford typing:Stanford typing divides aortic
coarctation into type A and type B. The aortic coarctation of the subclavian artery
is the most common type of aortic coarctation. Of these, type B entrapments in-
volve the aorta distal to the subclavian artery and account for 25% to 40% of all
aortic entrapments. Studies have shown that the peak incidence of type A coarcta-
tion is around 50 years of age, whereas the peak incidence of type B coarctation is
around 60 years of age [6]. In China’s Mainland, the annual incidence of acute AD
is reported to be about 2.8/100,000, with a slightly higher incidence of about
3.7/100,000 in males and a relatively lower incidence of about 1.5/100,000 in fe-
males, and the mean age of onset of the patients is 58.9 years [7]. It is worth noting
that the disease progression of acute AD is extremely rapid, with mortality rates
ranging from 50% to 68% within 48 hours of onset, and up to 90% within three
months of onset [4] [7]-[9]. In a study by Zhao et al, the middle-aged population
is the most prevalent group of acute AD, and the average age of acute AD patients
in China is 51.8 years, which is about 10 years younger than in Europe and the
United States [10]. In addition, Xia et al’s study also found that the onset of acute
AD showed certain seasonal characteristics, with a relatively high incidence in
winter and a relatively low incidence in summer. Meanwhile, their study also re-
vealed a circadian rhythm variation in the onset of acute AD, with peak hours of
onset at 9:00-10:00 a.m. and 16:00-17:00 p.m., and trough hours of onset at 2:00
a.m. and 3:00 a.m. [11].

In 2014, the European Society of Cardiology (ESC), in its newly released Guide-
lines for the Diagnosis and Treatment of Aortic Disease, clearly classified aortic
coarctation into three phases based on the time of onset of the disease: the acute
phase, defined as up to 14 days after the onset of the disease; the subacute phase,
which is defined as the phase between 15 and 90 days after the onset of the disease
between 15 and 90 days after onset; and the chronic phase, which is defined as a
period of more than 90 days after onset. The definition of the acute phase in this
classification, within 14 days of onset, is now widely recognized [12] [13].

Multiple clinical staging methods exist for acute AD. The earliest staging system

was based on the location of the rupture and the extent of the entrapment in acute
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AD, the DeBakey staging: type I refers to a primary rupture located in the ascend-
ing aorta or the aortic arch, and the extent of the entrapment extends from the
ascending aorta to the abdominal aorta; type II refers to a primary rupture that is
also located in the ascending aorta, but with entrapment confined to the internal
part of the ascending aorta, with occasional involvement of the aortic arch; and
type III is divided into two subtypes, of which type IIIa is located in the distal part
of the LSA, while type IIIb has further entrapment. Two subtypes, in type IIla, the
primary breach is located distal to the LSA and the entrapment only involves the
thoracic descending aorta, whereas in type IIIb the entrapment extends further
distally to involve the abdominal aorta [14].

In 1970, Daily proposed the Stanford typology, which refers to the entrapment
involving the ascending aorta as thoracic aortic aneurysm and aortic dissection
(Type AAortic Dissection (TAAD)), which corresponds to DeBakey Types I and
II, and the thoracic descending aorta and its more distal portion, which involve
the left subclavian artery (LSA) and its more distal portion, as Type B Aortic Dis-
section (TBAD), which corresponds to DeBakey Type III, which is the most com-
mon form of aortic dissection. Left Subclavian Artery (LSA) and the thoracic de-
scending aorta and its more distal entrapment are called Type B Aortic Dissection
(TBAD), which corresponds to DeBakey Type III [8]. In recent years, academics
have introduced the concept of “non-A, non-B” type of coarctation, which refers
to acute AD in which the primary rupture is located in the aortic arch or the TBAD
extends proximally to the aortic arch, which further enriches the connotation of
Stanford’s classification [9]. By 2020, American scholars proposed a new parti-
tioning method based on the anatomical characteristics of aortic coarctation, sub-
dividing the aorta into 0 - 12 regions and anatomically staging acute AD accord-
ingly [10]. However, despite the existence of these new staging methods, Stanford
staging remains one of the most commonly used and widely accepted methods for
staging aortic coarctation in current clinical practice.

TBAD accounts for about 25% to 40% of all acute AD patients [15] [16], TBAD
involving the LSA is mainly characterized by hematoma, entrapment, rupture,
and insufficient proximal anchorage zone, with the development of the technique
of endoluminal isolation of laminar stenting, the reconstruction of the LSA is mainly
performed by hybridization, chimney, open window, and branching stenting tech-
niques, etc., but due to the complexity of the anatomical structure of this site, limi-
tations of the apparatus itself, complications such as endoleak, anchorage zone in-
jury, and reverse tear still exist in various surgical approaches [17] [18].

There is now an industry consensus on Thoracic Endovascular Aortic Repair
(TEVAR) as the treatment of choice for acute complex TBAD [19]. Data from past
studies have shown that patients tolerate relatively well to cover the LSA when
TEVAR is performed, so some experts have advocated that reconstruction of the
LSA is not required during the procedure. However, more and more clinical re-
ports point out that direct closure of the LSA without reconstruction may affect

the blood flow to the left vertebral artery, thus increasing the incidence of adverse
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complications such as stroke and spinal cord ischemia [19]. In 1999, Dake et al.
were the first to report the use of TEVAR in the treatment of TBAD [20]. Prior to
the introduction of TEVAR, Aortic Arch Replacement (AORTIC ARCH REPLACE-
MENT) was the mainstay of treatment for thoracic aortic lesions. However, this
procedure, which requires an open chest and uses invasive operations such as ex-
tracorporeal circulation under hypothermia and single-lung ventilation, has the
drawbacks of high trauma, high risk, prolonged hospitalization, and many near-
and mid-term complications. Therefore, it is not applicable to older patients or
patients with more underlying diseases and has significant limitations [21]-[25].
The finding that TEV AR significantly reduces mortality and improves the long-
term prognosis of patients in the treatment of complex TBAD compared with
conventional surgical therapy is widely recognized [26] [27]. Compared with open
surgery, TEV AR has the advantages of shorter operation and hospitalization time,
fewer near-term complications, and lower mortality rate, and the 1-year and 5-
year survival rates are no less than those of open surgery [28] [29]. With these
advantages, TEVAR is becoming the procedure of choice for the treatment of tho-
racic aortic lesions [21]. Increasing evidence suggests that TEVAR not only effec-
tively closes the dissection of the coarctation and reduces the occurrence of coarc-
tation-related complications, but also promotes a favorable remodeling process of
the aorta, which in turn reduces the risk of disease progression and aortic-related
mortality [19] [30]. TEVAR has undoubtedly brought about a revolutionary
change in the clinical management of TBAD. As a less invasive surgical procedure,
TEVAR has gradually replaced traditional open-heart surgery in the treatment of
TBAD by virtue of its minimally invasive nature, high safety, low complication
rate, definitive therapeutic effect, and low perioperative mortality [19]. This shift
not only improves patient outcomes, but also reduces surgical risks, resulting in a
better prognosis and quality of life for patients. As a result, TEVAR has been more
and more widely used in the treatment of TBAD [31]-[34]. By 2009, the American
academic community reached a consensus on the necessity of intraoperative re-
construction of the LSA for TEVAR and incorporated it into clinical practice
guidelines [35]. In 2018, The Society of Thoracic Surgeons (STSs) and the Amer-
ican Association of Thoracic Surgeons (AATSs) joined forces to form a guideline
writing committee and develop the first-ever guidelines for the diagnosis and
management of TBAD. The guideline clearly states that TEVAR is proposed in
the guideline for complex hyperacute, acute, or subacute TBAD with rupture
and/or poor perfusion, and that TEVAR is beneficial to the decussated struc-
tures of such entrapments [26]. Currently, the main approaches to reconstruct
the LSA in TBAD involving the LSA are hybridization, chimney, open window,
and branch stenting techniques, and the choice of the specific modality needs to
be decided based on the anatomical specificity of the entrapment and the individ-
ual’s wishes.

TEVAR is a minimally invasive procedure widely used for the treatment of

complex aortic disease, but it faces many challenges regarding the complexity of
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the anatomical region [36]. The complex anatomy of the thoracic aorta, especially
in the region of the aortic arch, the curved morphology of the aortic arch and the
presence of branching vessels (e.g. cephalic brachial trunk, left common carotid
artery, and left subclavian artery) make accurate stent localization and deploy-
ment extremely difficult [37]. In addition, the fragility of the aortic wall and the
length of the lesion area add to the complexity of the procedure. The success of
the TEVAR procedure relies heavily on the design and alignment of the stent. The
stent must precisely cover the lesion area while avoiding obstruction of branch
vessels. However, due to the curvature of the aortic arch and the diversity of lesion
areas, stent design and deployment often require highly individualized protocols
[37]. A variety of complications may occur after TEVAR surgery, with stroke be-
ing one of the most serious. Studies have shown that stroke has emerged as a sig-
nificant complication of TEVAR surgery, with risk factors including procedure
duration, stent type, and patient’s baseline health status, in addition to decreased
postoperative renal function, which is a major concern, especially in prolonged
procedures [38]. Although the effectiveness of TEVAR in the short term has
been extensively studied, its medium- and long-term effects need to be further
evaluated. Some studies suggest that TEVAR may lead to aortic remodeling in
the medium and long term, which may affect the final outcome of the procedure
[39].

2. Hybridization Surgery

Hybridization is an innovative surgical procedure that combines the advantages
of endoluminal and surgical techniques to treat complex lesions in the aortic arch.
The procedure begins with careful surgical reconstruction of the branch vessels in
the aortic arch, followed by interventional techniques for delicate endoluminal
repair. Depending on the stage of the procedure, hybridization is subdivided into
staged hybridization and one-stage hybridization [40]. For aortic arch lesions that
are difficult to be effectively reconstructed by endoluminal techniques alone, hy-
bridization surgery opens up a new therapeutic avenue for surgeons. It not only
simplifies the procedure of traditional complex open surgery, but also significantly
reduces the use of extracorporeal circulation and deep hypothermic arrested cir-
culation, which is pivotal for the treatment of high-risk patients [41]. Historically,
early hybridization procedures often required staged, multiple procedures. How-
ever, with the continuous refinement of the technique, today most hybridization
procedures can be successfully completed in a single period, except for a few spe-
cial patients. Depending on the treatment of the aorta, hybridization surgery can
be divided into hybrid full aortic arch repair surgery and hybrid partial aortic arch
repair surgery. The former is indicated when the aortic arch is severely diseased
and all branches need to be reconstructed or when an overlying stent is required
to completely cover the opening of a partial branch of the arch. According to
Piffaretti et a/, this procedure has achieved satisfactory outcomes in both the early

and mid- and long-term periods, and the aortic-related mortality rate has remained
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low. The latter, on the other hand, is indicated in the case of lesions in which the
overlying stent is required to cover only part of the branching openings of the aortic
arch. However, it is worth noting that, according to the literature, neurologic com-
plications, especially stroke, need to be of particular concern in this category of
procedures [42] [43]. Yoshitake ef al documented a 9.5% incidence of postoper-
ative stroke. Cumulative survival rates at 1 and 2 years postoperatively were as high
as 87.3% and 77.0% for patients who did not have a stroke, respectively, whereas
the survival rates for stroke patients were substantially lower at 68.6% and 22.9%
[44].

3. Chimney Technology

As a widely used technique in the current endoluminal therapy field, chimney tech-
nology is also known as parallel stent technology in the industry due to its ad-
vantages of easy assembly, high malleability, and affordability without the need
for personalization. In a study by Lu et al, the prerequisites for successful imple-
mentation of the chimney technique were that the angle between the aortic arch
and the target branch vessel was less than 30° and that the aortic arch was rela-
tively steep [45]. A Meta-analysis showed that the chimney technique demon-
strated encouraging mid-term efficacy in the urgent management of aortic arch
lesions [46]. Specifically, the technique involves the implantation of a coated or
bare stent in the LSA, with the ends extending into the aorta and the LSA, form-
ing a parallel structure to the aortic branching stent, which resembles a chimney
[47]. Previous studies have shown that the chimney technique is not only feasible
in the management of specific aortic arch lesions, but also effective in securing
blood supply to the brain and the left upper extremity of patients [48]. However,
it is worth noting that the chimney technique is also associated with the potential
risk of endoleak and decreased stent patency in the long term. As the most common
complication after TEVAR, endoleak is also the first factor leading to re-proce-
dural intervention, and is statistically responsible for 33.2% of all cases requiring
re-intervention [49] [50]. Endoleaks have been subdivided into five types based
on their causes, of which type I endoleaks, 7.e. proximal endoleaks, which originate
from the perfusion of blood flow from the main fissure to the false lumen, are the
most common type of endoleak after TEVAR. Overseas for the early incidence and
long-term patency of type I endoleak in chimney technique, a study by Ahmad et
al. revealed that the early incidence was 9.4%, while the long-term patency rate
was as high as 92.9% [51]. A study by Bosiers et al also pointed out that the intra-
operative incidence of endoleak in the chimney technique was 10.5%, but the long-
term patency rate climbed up to 98% [52]. Domestic scholars concluded by Meta-
analysis that the perioperative incidence of endoleak in the chimney technique was
21%, while the patency rate of branch vessels remained at 93% [53]. In addition,
chimney stents may also face the problem of stent compression, and although such
cases are rare, some studies have shown that the patency rate of chimney stents

can still be up to 96% within two years [54].
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4. Window Technology

Reconstruction of LSA using the windowing technique is both a safe and efficient
method [55]. There are two main types of this technique, in situ and ex vivo [56]
[57]. The in situwindowing technique involves a retrograde puncture through the
left-sided artery after the stent has covered the LSA, which in turn ruptures the
membrane of the main stent. Subsequently, balloon dilatation and implantation
of an additional stent are utilized to achieve a windowing effect and ensure that
the blood supply to the LSA is preserved. Various methods of dissection are avail-
able, including guidewire dissection, laser dissection, and balloon puncture needle
dissection, but all of these methods present technical challenges. Critically, the
debris generated during dissection is difficult to manage and may lead to arterial
embolization, and the act of dissection itself may shorten the life of the stent. In
addition, stent release can lead to complications such as cranial ischemia if blood
flow to branch arteries is blocked. In contrast, the extracorporeal windowing tech-
nique involves pre-designed openings in the stent to correspond to the LSA based
on the patient’s unique anatomy and precise preoperative measurements to en-
sure unobstructed blood supply to the LSA and maintain normal blood flow [58]
[59]. Although the extracorporeal opening technique is also technically challeng-
ing, its significant advantage is that it eliminates the rupture step and therefore
avoids complications such as embolization due to arterial occlusion by rupture de-
bris. No large number of cases have been reported, and a few sporadic reports in
the literature suggest that the complication rate of the extracorporeal preopening
technique is low, although a risk of stroke has been reported [60] [61].

5. Branching Stent Technology

Branch stenting is a technique that uses an integrated single-branch aortic-coated
stent to seal the dissection and simultaneously complete the hemodialysis of the
LSA. Overseas reports on branch stenting have demonstrated its excellent clinical
outcomes. Inoue et al were the first to introduce branch stenting and successfully
utilized this technique to treat a case of TBAD involving an LSA opening, achiev-
ing remarkable efficacy [62]. Rousseau et al. performed Valiant Mona LSA branch
stenting in 9 patients with a 100% success rate and no complications such as death,
left arm ischemia, paraplegia, rupture of the entrapment, intermediate open surgery,
or secondary endoluminal surgery, and none of the stent grafts were occluded, tor-
sioned, fractured, or dislocated [48]. Huang et a/ used Casto branch stents to treat
21 patients with TBAD, and the procedure was also 100% successful, and peripro-
cedural mortality was 0.7%. and the perioperative mortality rate was 0, with only
1 intraoperative endoleak event. After 1 year of follow-up, no complications such as
paraplegia, cerebral infarction, left upper extremity ischemia, or rupture of the lam-
ina were detected, the pseudoluminal thrombosis was good, and the branch ves-
sels remained patent [63]. Jing et al reported in a multicenter, prospective clinical
trial that 73 patients with TBAD underwent Castor stenting, and the procedural

success rate was as high as 97%, with an endoleak rate of 5%. Among them, only
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1 patient unfortunately passed away during hospitalization, and no other major
complications occurred [64]. Castor stent has been widely used in many hospi-
tals across the country since it became available in China in 2017, and many stud-
ies have proved that the Castor stent has a satisfactory recent outcome in the treat-
ment of TBAD, with a high degree of safety and no serious complications [65] [66].
Yang et al. further demonstrated that the single-branch aortic stent has a definite
effect of endoluminal isolation in the treatment of TBAD through an in-depth anal-
ysis of 11 cases of TBAD patients treated with single-branch aortic stent [67]. Lu
et al. pointed out that Castor single-branch stent can be better used for endolumi-
nal treatment of TBAD involving LSA, and has certain advantages in the treatment
of acute phase [45]. Li et al compared patients with TBAD involving the LSA
treated with Castor branching stent with chimney stent both had a higher surgical
success rate, which was beneficial to remodeling the aorta, expanding the true lu-
men, and promoting thrombosis of the false lumen, but Castor branching stent had
a lower incidence of endoleak in the postoperative period [68]. In a Meta-analysis
by Zhang et al, it was confirmed that Castor single-branch stent endoluminal
repair of LSA-involved TBAD achieved better success rate and branch artery pa-
tency [69]. National studies have shown that single-branch stenting in patients
with LSA-involved TBAD has demonstrated a high technical success rate, a low
incidence of endoleak, a low morbidity and mortality rate, and a high patency rate
[64].

Anatomical adaptation is one of the key factors in choosing a reconstruction tech-
nique for the left subclavian artery. Different techniques may be suitable for dif-
ferent anatomical structures. For example, Carotid-LSA Bypass and /n Situ Fen-
estration (ISF) have their own advantages and disadvantages in terms of anatom-
ical adaptability. The former is suitable for patients with more complex anatomy,
whereas the latter is more suitable for patients with better vascularization [70].
Surgical complexity has a direct impact on the success of the procedure and post-
operative recovery; in situ openings are generally considered to be shorter but more
technically demanding, whereas bypasses, although relatively simple to perform,
may require a longer recovery time [70]. Long-term clinical outcomes are an im-
portant indicator of the success of reconstructive techniques, and studies have shown
that in situ openings excel in terms of long-term patency rates and patient survival,
whereas bypasses may be associated with complications such as graft occlusion or

infection in some cases [70].

6. Future Outlook

1) Optimization of materials and technologies: biodegradable stents: exploring bi-
odegradable material stents to reduce long-term foreign body reaction; 3D printed
customized stents: customized branch stents combined with patients’ anatomical
features to improve adaptability. 2) Intelligence and precision: artificial intelligence-
assisted planning, using Al to predict the path of sandwich progression and optimize

the position of stent release; molecular imaging technology, real-time intraoperative
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assessment of hemodynamics to reduce the risk of endoleak. 3) Multidisciplinary col-
laboration mode: the synergy between chest pain centers and Multidisciplinary Teams
(MDTs) is becoming more and more important. Multidisciplinary collaboration
mode: the synergy between chest pain centers and Multidisciplinary Teams (MDTs)

is becoming more and more important, significantly.

7. Shortening the Treatment Time

In summary, hybridization, chimney surgery, open window surgery, and branch
stenting have all made significant progress in the treatment of TBAD involving the
LSA. Each of these surgical procedures has its own characteristics and is suitable
for patients with different conditions. Endoluminal isolation with overlay stenting
has evolved from a single technique to an individualized protocol incorporating
multiple techniques in the treatment of TBAD involving the LSA. The application
of branched stents with composite techniques has significantly improved the prog-
nosis, but the long-term efficacy still needs to be supported by more evidence-based
medical evidence. In the future, advances in material science, imaging technology,
and artificial intelligence will further drive the field toward precision and minimal

invasiveness.
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