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Introduction

The aortic arch may be implicated in a myriad of 
complex disease states, ranging from aneurysms and 
penetrating ulcers, to acute and chronic dissections. The 
surgical management for such extensive pathologies 
concomitantly involving the arch and descending aortic 
segments continues to represent a significant technical 
challenge, even in the contemporary era. Until the 1990s, 

reconstruction of the transverse aortic arch and proximal 
descending aorta incorporated initial replacement of the 
aortic arch, followed by the remaining descending thoracic 
aorta either in the same operation employing median 
sternotomy with a thoracoabdominal incision, or clamshell 
incision, or 4–12 weeks later as a two-stage procedure (1,2). 
Although offering a definitive treatment for multi-segment 
aortic disease and yielding acceptable outcomes, the surgical 
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complexity, protracted operative durations and particularly 
the extended hypothermic circulatory arrest times necessary 
imparted significant morbidity and mortality risks to 
the patient undergoing such an invasive procedure (3). 
Furthermore, access via the posterolateral left thoracotomy 
usually required for the second-stage procedure might be 
complicated by dense adhesions surrounding the aortic 
arch graft, and risk inadvertent injury during clamping to 
the adjacent pulmonary artery, left recurrent laryngeal or 
vagus nerves, oesophagus or trachea (3). The advent of two-
staged procedures for extensive aortic replacement emerged 
in 1983 with the so-called elephant trunk (ET) procedure, 
when Borst and colleagues suspended the distal aortic arch 
graft freely within the proximal descending aorta, facilitating 
its second-stage anastomosis via lateral thoracotomy with a 
descending aortic graft (4). The introduction of novel ET 
prostheses in the 1990s combining a covered stent sutured 
distally to a conventional tube-graft to simultaneously 
address the aortic arch and proximal descending aorta via 
a median sternotomy, led to the development of the frozen 
elephant trunk (FET) procedure by Kato and colleagues (5).  
This review aims to discuss the indications, technique, 
advantages and potential complications, contemporary 
results and future developments regarding the FET 

technique.

The conventional ET (CET) procedure

The treatment of thoracic aortic aneurysms in the era 
preceding the emergence of extra-corporeal circulation 
and deep hypothermic circulatory arrest (6) consisted 
of techniques such as aortic ligation and wrapping with 
cellophane, which achieved unpredictable results. Since 
Borst and colleagues pioneered the revolutionary CET 
procedure (Figure 1) (7) in 1983 in the treatment of mega-
aorta syndrome (4), the technique has since been performed 
worldwide as a standard approach for the staged repair of 
multi-segment thoracic aortic aneurysmal disease (8). There 
are essentially two components to the CET procedure 
which are performed in a staged fashion. Firstly, a tube-
graft prosthesis is invaginated and its reflected end sutured 
end-to-end into the transected aortic arch distal to the 
left subclavian artery. The invaginated portion of the 
prosthesis is then retrieved and anastomosed proximally, 
with the creation of orifices for implantation of the arch 
branches individually or together as an “island”. This 
completes the reconstruction of the aortic arch as described 
in the modifications of the technique by Crawford (3) and 
Svensson (9), resulting in a distal graft segment which floats 
freely within the descending aorta with an ET appearance. 
In the second stage of the CET procedure, descending 
thoracic or thoraco-abdominal aortic repair is accomplished 
via a left postero-lateral thoracotomy and anastomosis of 
the distal end of the previously implanted CET graft to a 
descending thoracic graft.

The CET technique affords safe proximal control and 
thus simplifies the second stage of aortic repair by obviating 
the need for clamping or excessive manipulation of the 
fragile descending aorta, since the ET graft implanted 
during the first stage is itself directly clamped after retrieval 
from the aortic lumen. Stroke and paraplegia rates are also 
reduced because clamping of the proximal left subclavian 
artery is not necessary (10). Furthermore, avoidance of re-
dissection amongst dense adhesions in the proximity of the 
aortic arch reduces the risk of pulmonary artery or aortic 
injury that was commonplace during the early experiences 
of thoraco-abdominal aortic aneurysm repair (11,12). As 
familiarity with CET has accumulated, its indications have 
expanded from merely elective thoraco-abdominal aneurysm 
repair to acute aortic dissections, with the aim of curtailing 
downstream reintervention rates, especially in younger 
patients and those presenting with aortic arch dilatation or 

Figure 1 Conventional elephant trunk repair consisting of 
the elephant trunk suspended in the descending aorta and the 
reconstructed aortic arch with anastomosis of the supra-aortic 
vessels as a Carrell patch to the proximal aortic graft. Reprinted 
with permission from Velasquez et al. (7).
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connective tissue diseases (8). Depending on the length of 
the prosthesis employed, the ET procedure has potential 
to initiate false lumen thrombosis and obliteration (11-15),  
although the sealing effect produced is incomplete and 
may expose the patient to persistent false lumen perfusion, 
and therefore the risk for ongoing expansion and delayed 
rupture.

Despite these benefits, the CET procedure may be 
accompanied by various graft-related complications, 
including graft occlusion and kinking, and neurological 
sequalae such as stroke and spinal cord injury (14,16,17). 
Clot formation around the free end of the graft can 
precipitate peripheral thromboembolic events due to 
graft flapping and entrapment of the free end of the graft 
within the true or false lumen occurs exclusively with the 
elephant graft configuration (12,18). Thirty-day mortality 
is reported at 5–14% for patients undergoing stage I 
procedures, and 0–10% early mortality following stage II 
procedures (11,12,14,17,18). Perhaps of greater concern is 
the considerable inter-stage mortality, ranging from 3–13%, 
and the significant 45% of “non-returners” who underwent 
the first-stage procedure but did not undergo second-stage 
completion (19). Stroke and paraplegia rates with the CET 
procedure are 4.5% and 2.0%, respectively (20). 

These limitations combined with the advent of 
endovascular treatment strategies have driven the 
development and widespread adoption of an innovative 
hybrid one-stage procedure, the so-called stented or FET 
procedure.

Rationale and indications for the FET procedure

The FET procedure (Figure 2) (21) permits the simplified 
hybrid single-stage repair of complex concomitant aortic 
arch and descending aortic disease under circulatory 
arrest, affording patients the advantages of a combined 
conventional and endovascular approach. It represented a 
major paradigm change from CET when the concept was 
described by Kato and colleagues in the mid-1990s (5),  
although the FET procedure was introduced in 2003 
by Karck and colleagues (22). This coincided with the 
availability of novel ET prostheses advanced antegradely 
via the distal aortic arch, combining a covered nitinol or 
stainless steel stent sutured to the distal end of a conventional 
vascular graft, alongside developments in the field of 
endovascular stent-graft technology (19). The antegrade 
delivery of the stent-graft is particularly valuable in patients 
in whom second-stage endovascular completion via a 
retrograde approach may be complicated by unfavourable 
peripheral access (20). The distal aspect of the FET stent-
graft functions as artificial distal anastomosis by generating 
an effective seal to encourage thrombotic exclusion of 
peri-graft space, whilst the proximal aspect of the FET 
prosthesis is sutured to the aortic arch in zone II or another 
prosthesis, thereby preventing proximal endoleak and stent-
graft migration (5). Progressive thrombotic occlusion of 
the peri-graft space is vital for reduction of aneurysm wall 
stress, and may inhibit ongoing aortic expansion (22). The 
aortic repair is completed by anastomosis of the arch vessels 
using the island technique or branched anatomic or extra-
anatomic approaches (23).

Surgery for acute type A aortic dissection is highly 
challenging, even in expert hands. The goal in such 
emergent circumstances is primarily targeted to saving 
the patient’s life. The application of a CET or FET is 
dependent largely on the operating surgeon’s experience 
with these techniques, patient-related anatomical factors, 
and the ready availability of radiological and vascular 
surgical expertise. Furthermore, indications for CET or 
FET are not well delineated and may vary considerably 
between institutions, or even between individual surgeons. 
Certainly, the FET procedure demands greater experience 

Figure 2 The frozen elephant trunk procedure consisting of 
sequential anastomosis of the supra-aortic vessels to the branches 
of a frozen elephant trunk prosthesis with antegrade delivery of the 
stent-graft within the descending thoracic aorta. Reprinted with 
permission from Yan et al. (21).
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than CET and the aortic surgeon must negotiate a learning 
curve associated with the time-consuming nature of the 
operation, the attention requisite for optimal cerebral and 
myocardial protection and the challenges of achieving a 
satisfactory descending aortic and left subclavian artery 
anastomoses within a deep surgical field.

FET in acute type A dissection

FET is particularly appealing in the treatment of acute 
type A aortic dissection because of its ability to treat 
malperfusion by encouraging true lumen expansion, and 
potentially reducing longer-term adverse remodelling within 
the descending aorta (24-29). In the setting of acute type 
A dissection, the FET technique is indicated as an adjunct 
to total arch replacement in the presence of distal aortic 
malperfusion, complex primary and re-entry tears affecting 
the distal arch and proximal descending thoracic aorta, 
aneurysms of the distal arch or proximal descending thoracic 
aorta, rupture of the distal arch or descending thoracic aorta, 
and severe arch disruption precluding safe anastomosis (26).  
In malperfusion scenarios, the FET technique enables 
restoration of the patency of the compressed true lumen by 
stabilising arch entry tears and excluding tears within the 
proximal descending thoracic aorta which maintain false 
lumen pressurisation (26). Additionally, the FET prosthesis 
provides an excellent proximal landing zone for prospective 
stent-graft implantation [thoracic endovascular aortic repair 
(TEVAR)] in the downstream aorta, thus avoiding the need 
for a difficult and hazardous anastomosis in a fragile distal 
aortic arch (26). Distal anastomotic new entry is a primary 
contributor towards false lumen patency after acute type 
A aortic dissection, alongside non-resection of a primary 
intimal tear and distal re-entry tears (30), and is associated 
with a greater incidence of distal aortic events. The 
reinforcement of the distal anastomosis with Teflon strips to 
prevent suture leak represents another potential benefit when 
employing a FET, and serves as an effective preventative 
measure against distal anastomotic new entry (30). Since 
a substantial 60–90% of patients with false lumen patency 
develop aneurysms or rupture of the descending aorta, or 
require later reintervention (26,31-35), the beneficial effects 
on descending aortic morphology associated with FET 
implantation may contribute to a reduction in descending 
aortic aneurysm formation, an important feature since 
endovascular repair is not always feasible, which can enhance 
long-term survival by reducing aorta-related mortality and 
complex distal reinterventions (26). Nevertheless, the facility 

provided by FET for eventual TEVAR makes it an attractive 
treatment modality for acute type A dissection. The FET 
operation is certainly more technically demanding, and 
should ideally be offered by dedicated high-volume aortic 
centres (36). Finally, FET may not be applicable in the most 
systemically unwell patients with poor prognosis who may 
not survive to receive the full benefit of the FET procedure 
as a prophylactic operation to mitigate the risk of future 
distal aortic events and re-intervention. 

FET in acute type B aortic dissection

Whilst primary TEVAR is recognised as the first-line 
treatment strategy in patients with complicated acute 
type B dissection, it is associated with a risk of retrograde 
ascending aortic dissection with an attendant mortality 
approaching 40% (37). In contrast, the FET approach 
eliminates the risk of retrograde aortic dissection by 
placement of an aortic graft within the aortic arch and 
ascending aorta (38). In situations where an endovascular 
approach is anatomically contraindicated, including in the 
presence of a proximal aortic arch landing zone diameter 
>40 mm, concomitant aortic arch aneurysm, severe aortic 
arch angulation or left subclavian artery dissection with 
additional distal intimal tears (26,39,40), open aortic repair 
was traditionally undertaken via a left thoracotomy with 
prohibitively high mortality. The FET procedure has since 
evolved as a valid alternative offering reduced in-hospital 
and longer-term mortality, combined with excellent rates of 
false lumen thrombosis (41). 

FET in chronic aortic disease

Patients undergoing a more proximal aortic repair for acute 
type A aortic dissection despite a patent primary entry 
tear in the distal aortic arch have a greater likelihood of 
developing post-dissection aneurysmal formation in the 
descending aorta. A FET may be employed in these patients 
for exclusion of the aneurysmal aortic segment (42-45).  
Similarly, false lumen aneurysmal dilatation occurs in 
approximately 73% of chronic type B aortic dissections (46).  
FET has been proposed as the most suitable treatment 
option for patients with chronic type B aortic dissection (47), 
who tend to be younger and have a greater prevalence of 
connective tissue disease. Accordingly, aortic wall fragility 
inherent in these patients renders them more susceptible to 
endovascular stent-graft-induced aortic injury and retrograde 
aortic dissection (48). FET is also more advantageous than 
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CET in chronic type B aortic dissection since it can be 
performed as a single-stage procedure eliminating the risk 
of interval aortic rupture between stages, and CET-related 
graft kinking (49,50).

Concomitant aneurysms of arch and descending 
thoracic aorta may be electively addressed using a FET 
as a single-stage approach or with completion TEVAR. 
Several European societies have currently recommended 
the FET procedure for aortic arch replacement over 
isolated arch replacement and the CET (51), cognisant 
of the underlying arch pathology’s potential to provoke 
disease progression in the more distal non-intervened aorta 
(51,52). Whilst the CET achieves satisfactory outcomes 
for chronic degenerative and post-dissection aneurysms, 
a major limitation is the incomplete repair of the distal 
descending aorta. In contrast, the FET technique has been 
demonstrated to moderate further aortic dilatation and 
promote aortic wall remodelling (53). By depressurising the 
aneurysm wall, FET implantation reduces wall stress and is 
believed to reduce aneurysm size (54). The FET procedure 
is being increasingly advocated as a prophylactic strategy in 
younger patients presenting electively with chronic aortic 
dissection, connective tissue disorders and aortitis requiring 
proximal aortic replacement with modest aortic arch 
dilatation, in anticipation of the greater likelihood for distal 
reintervention in these populations (50).

An important concern surrounding FET utilisation in 
chronic aortic dissection is related to the higher incidence 
of distal stent-graft-induced new entry compared to that 
in acute dissection (55). This serious phenomenon results 
from the development of a new intimal tear due to the stent-

graft portion of the FET prosthesis (56), causing persistent 
false lumen perfusion and thereby impacting negatively on 
aortic remodelling and leading to unintended distal aortic 
reintervention and even aortic rupture (57). Compliance 
mismatch with disturbances in stress-strain distributions 
between the stent-covered aorta and uncovered aorta could 
theoretically induce a flap perforation and a new intimal  
tear (58). Furthermore, the thickened and non-pliable intimal 
flap in chronic dissections combined with aortic tortuosity 
may generate a kink in the junction between the aortic arch 
and descending aorta and produce a pseudo-coarctation 
of the stent-graft into a compressed true lumen (50).  
FET stent-graft over-sizing and spring-back force, and 
aortic wall fragility are reported risk factors for distal stent-
graft-induced new entry (56,58). Indeed, accurate stent-graft 
sizing in chronic aortic dissection may be complicated since 
the true lumen is usually compressed by the false lumen 
separated by a rigid intimal flap.

Current FET prostheses

The two FET prostheses commercially available in Europe 
are the E-vita Open Neo (JOTEC GmbH, Hechingen, 
Germany) (Figure 3) and the Thoraflex Hybrid (Vascutek, 
Inchinnan, Scotland, UK) (Figure 4) stent-graft systems. 
Both devices are available in different sizes and with 
different delivery systems.

The E-vita Open, originally the Essen I prosthesis, 
was introduced as the first commercially available hybrid 
prothesis in 2005, consisting of polyester fabric covering 
an endoskeleton of nitinol z-stents and a proximal non-

Figure 3 The E-vita Open Neo frozen elephant trunk prosthesis comprised of a self-expanding distal stent-graft with Nitinol stents in z 
configuration and a proximal non-stented tetra-furcate Dacron graft. Used with the permission of Artivion, Inc.
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stented Dacron prosthesis (59). The E-vita Open Plus 
became available in 2008, allowing supra-aortic vessel 
implantation en bloc via a Carrel patch technique and 
incorporating a sewing collar for distal aortic anastomosis 
in zone 2/3. In 2012, a branched E-vita FET device 
permitted a zone 1/2/3 collar anastomosis and sequential 
supra-aortic vessel anastomosis, followed in 2020 by the 
E-via Open Neo, a next-generation FET device with 
a tetra-furcate proximal graft configuration enabling a 
zone 0/1 collar anastomosis (60). Proximalisation of the 
aortic arch to zone 0 by collar anastomosis in zone 0/1 
can facilitate performance of the FET procedure by less 
experienced surgeons, eliminates the risk of recurrent 
laryngeal nerve palsy, significantly reduces the incidence of 
paraplegia, and aids with haemostasis processes (60).

The Thoraflex Hybrid FET device was introduced in 
2012, integrating a distal nitinol-ringed self-expanding 
stent-graft and proximal unstented, quadruple-branched 
and gelatin-impregnated polyester woven graft (28,61,62). 
Separating these two conjoined sections is a sewing 
collar which facilitates the distal aortic anastomosis (63). 
Three branches of the Thoraflex Hybrid prosthesis allow 
individual arch vessel implantation, a valuable feature 
when the arch vessel origins are distant from each other, 
using an arch-first approach which can reduce lower 
body and myocardial ischaemia times (64). Earlier lower 

body reperfusion can commence via the fourth branch on 
completion of the distal aortic anastomosis (63,64). 

Compared to the E-vita Open Plus device, the Thoraflex 
Hybrid system possesses a simpler deployment system, 
has a gelatin-sealed vascular prosthesis, and its nitinol ring 
arrangement exerts less radial force compared to the z-stent 
design of the E-vita Open Plus (64). Both FET devices 
have radio-opaque markers for identification on subsequent 
imaging studies.

Surgical technique

Several descriptions of aortic arch replacement utilising 
a FET are presented in the literature (26,62,63,65-71). 
One technique utilising a four-branched FET prosthesis is 
described here.

Following median sternotomy, the aortic arch vessels 
are identified and mobilised. An 8-mm Dacron graft is 
anastomosed to the innominate artery for arterial inflow, 
although the axillary artery and ascending aorta may also be 
used according to surgeon preference and patient anatomy. 
Cardiopulmonary bypass is established after cannulation 
of the right atrium. A retrograde cardioplegia cannula is 
placed in the coronary sinus. Cardiopulmonary bypass 
and systemic cooling to 26 ℃ are then initiated and a left 
ventricular vent is placed via the right superior pulmonary 
vein. The ascending aorta is cross-clamped and cardioplegic 
arrest is obtained by antegrade and retrograde cardioplegia 
administration. 

When the desired nasopharyngeal temperature is reached, 
circulatory arrest is commenced, and the innominate and 
left common carotid arteries are clamped and transected 
approximately 1 cm from their origins which are then 
ligated. The left subclavian artery remains clamped to avoid 
steal from the left vertebral system. The aortic cross-clamp is 
released and the aortic arch is transected just distal to the left 
subclavian artery. Selective antegrade cerebral perfusion (72)  
is initiated with near infrared spectroscopy monitoring, 
maintaining a flow rate of 10 mL/kg/min and a right radial 
artery pressure of 60–80 mmHg. Alternatively, an additional 
perfusion cannula may be introduced into the left common 
carotid artery for bilateral cerebral perfusion. The proximal 
descending aorta is reinforced with an external Teflon strip 
using four pledgeted 3/0 polypropylene sutures. In cases of 
aortic dissection, the false lumen must be obliterated.

The diameter of the FET prosthesis is selected as 
90–100% of the diameter of the descending aorta in acute 
dissection, avoiding over-sizing, and its length determined by 

Figure 4 The Thoraflex Hybrid frozen elephant trunk prosthesis 
integrating a distal Nitinol-ringed self-expanding stent-graft and 
proximal unstented, quadruple-branched and gelatin-impregnated 
polyester woven graft.
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the distance between the anastomosis site and the projected 
level of the aortic valve in the descending aorta. The stent-
graft component of the FET prosthesis is pre-curved and 
delivered into the descending aorta (73). The stent-graft 
is deployed using trans-oesophageal echocardiography to 
confirm satisfactory positioning and expansion, which may 
be optimised by balloon catheter. The distal anastomosis 
is completed with 3/0 polypropylene incorporating the 
FET sewing collar. If available, a fourth branch of the FET 
prosthesis is then cannulated to enable antegrade lower body 
perfusion, and systemic rewarming is commenced. The 
proximal FET graft is then anastomosed to the ascending 
aorta. Arch reconstruction is performed by sequentially 
reimplanting the left subclavian, left common carotid and 
innominate arteries using a 5/0 polypropylene suture into 
the third, second and first branches of the FET prosthesis, 
respectively, before tying off each vessel at its origin. The 
patient is then weaned off cardiopulmonary bypass. 

Importantly, effective FET surgery mandates close 
collaboration between all members of the aortic team, 
including cardiac and vascular surgeons, radiologists, 
anaesthetists, perfusionists and nurses. 

Clinical outcomes with FET

Contemporary data from observational studies and meta-
analyses published within the preceding decade on aortic 
arch replacement using the FET technique are now 
discussed.

Early mortality and long-term survival

Since the earliest experience of FET implantation by Kato 
et al. who reported 0% surgical mortality in 10 patients with 
aneurysms or acute dissections involving the distal aortic 
arch (5), FET has been associated with acceptable early and 
long-term mortality outcomes. Reduced early mortality 
and better overall survival has been observed in patients 
undergoing implantation of a FET compared to a CET (52). 
Moulakakis et al. conducted a systematic review and meta-
analysis investigating the efficacy of hybrid techniques for 
aortic arch pathologies in 46 studies with 2,272 patients 
undergoing aortic debranching or FET, and determined a 
pooled estimate for 30-day/in-hospital mortality of 9.5% in 
patients receiving a FET (74). A meta-analysis in 2013 by 
Tian et al. demonstrated a pooled in-hospital mortality of 
8.3% across 17 studies including 1,675 patients undergoing 
a FET procedure for acute or chronic dissection or 

aneurysmal disease (53). Longer-term mortality was 
acceptable with weighted 1-year survival 85.6% (range, 
70–97%) and 5-year survival 71.5% (range, 63–88%). 
Di Eusanio et al. performed a review of 13 observational 
studies in 2014 involving 598 patients with acute type A 
dissection, obtaining an average weighted in-hospital/30-
day mortality of 10.0%, ranging from 0% to 27.7% (75). 
One- and 5-year year survival ranged from 79% to 100% 
and from 68% to 96%, respectively. A 2015 meta-analysis 
addressing the safety and efficacy of FET in acute type A 
aortic dissection by Lin et al. demonstrated an in-hospital 
mortality of 8% across 11 studies encompassing 881 
patients (76). Early mortality ranged between 6.4–15.8% 
in a 2015 review by Ma et al., utilising the E-vita Open 
Plus, Thoraflex Hybrid, Cronus and J Graft Open FET 
prostheses in heterogenous populations (77). Late survival 
was reported at 69–85% at 5 years with the E-vita Open 
Plus and 77%±7% at 1 year using the Thoraflex Hybrid 
prostheses in this analysis, with the variations in survival 
reflective of patient selection criteria and intra-operative 
cerebral and myocardial protection. In-hospital mortality 
was reported at 1.8–17.2% in a position paper from the 
Vascular Domain of the European Association for Cardio-
Thoracic Surgery (EACTS) (39). A large multi-centre 
study in 2016 reporting on the outcomes of FET using the 
E-vita prosthesis documented in-hospital mortality rates 
of 17.1% and 13.2% in patients with acute dissection and 
chronic aneurysmal disease, respectively (78). Takagi et al. 
analysed FET outcomes in acute type A aortic dissection in 
a 2016 meta-analysis, revealing an early mortality of 9.2% 
amongst 15 studies including 1,279 patients, and overall 
mortality beyond 1 year of 13.0% (79). Using the E-vita 
Open plus hybrid device in 94 patients with mainly chronic 
aortic dissections and degenerative aneurysms, a French 
group described a peri-operative mortality rate of 11.7%, 
with a 1-year survival rate of 98% amongst 83 surviving 
patients (80). The Essen group in 2020 reported a 12% 30-
day mortality in 307 patients undergoing FET implantation 
with the E-vita Open prosthesis, 55% of whom had acute 
dissections (81). Patients with acute dissection, chronic 
dissection and thoracic aneurysms achieved 5-year survival 
rates of 67%, 74% and 65%, respectively in the Essen series, 
corresponding to an overall 8-year survival of 60% (81).  
A 2020 meta-analysis incorporating 35 studies and 3,154 
patients by Preventza et al. found a variously reported 
operative, 30-day and in-hospital mortality ranging from 
0% to 21.6% (82). A systematic review published in 
2020 confirmed a mortality of 10.2% in 4,178 patients 
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undergoing FET, mostly for acute dissection, with 5-year 
survival 82.0% (83).

Neurological complications

Despite the clinical benefits afforded by the FET technique, 
adverse neurological events including stroke and spinal 
cord injury are devastating complications for patients with 
lifelong physical, psychological and financial implications. 
Spinal cord injury is multifactorial and attributed to spinal 
cord ischaemia from incomplete revascularisation of the 
left subclavian artery, occlusion of the thoracic intercostal 
arteries by the FET stent-graft and prolonged intra-
operative systemic hypotension.

Cerebrovascular events occurred in 6.2% and irreversible 
spinal cord injury in 5.0% of patients undergoing FET in 
the early meta-analysis by Moulakakis et al. (74). Reduced 
overall stroke and spinal cord injury rates of 3% and 4%, 
respectively, were observed amongst 881 patients with 
acute dissection undergoing FET in the meta-analysis by 
Lin and colleagues (76). Takagi and colleagues similarly 
demonstrated rates of stroke at 4.8% and spinal cord injury 
at 3.5% amongst 15 studies in their meta-analysis enrolling 
1,279 patients with acute dissection specifically undergoing 
FET (79). Leontyev and colleagues noted an incidence of 
stroke and spinal cord injury at 7.7% and 7.5%, respectively, 
in their large case series incorporating 509 patients  
undergoing FET using the E-vita prosthesis (78). They 
advised a two-staged procedure with endovascular completion 
is appropriate for more distal aortic lesions, rather than a 
single procedure with a FET stent-graft landing zone lower 
than T10 (78). Di Eusanio et al. reported an acceptable 
stroke rate of 4.8% (range, 0–12%) and spinal cord injury 
rate of 4.3% (range, 0–13.8%) in their review of existing case 
series (75). Interestingly, the review by Ma et al. revealed a 
2.6% stroke risk and 3.5% spinal cord injury risk with the 
E-vita Open Plus, compared to an 8.0% stroke risk and 
4.0% spinal cord injury risk associated with the Thoraflex 
Hybrid devices (77). The EACTS position paper on the 
FET reported aggregate rates of stroke at 2.5–20% and 
spinal cord injury at 0–21%, and emphasised the significantly 
higher incidence of spinal cord injury in patients undergoing 
FET compared with CET (39). In the French experience, 
Verhoye et al. had a 4% spinal cord injury rate and 9% stroke 
rate in elective patients receiving the E-vita Open Plus  
prosthesis (80). Permanent stroke occurred in 7% of patients 
in the Essen series of 307 patients undergoing E-vita Open 
FET implantation, with a paraplegia rate of 3% (81). A recent 

meta-analysis by Preventza and colleagues found a 7.6% and 
4.7% pooled estimate for overall stroke and overall spinal 
cord injury, respectively, amongst 35 studies comprising  
3,145 patients (82). The authors suggest that a FET stent-
graft landing zone at T8 or beyond, or stent-graft length 
≥15 cm, are significant risk factors for the development 
of spinal cord injury (82). Similarly, in the systematic 
review by Tian et al. in 2020, permanent neurological 
deficit developed in 7.7% of the heterogenous group of  
4,178 patients in 37 studies undergoing FET implantation, 
with spinal cord injury occurring in 6.5% (83).

Aortic remodelling and late re-intervention

False lumen thrombosis occurs more predictably in patients 
undergoing FET replacement of the aortic arch compared 
to a CET procedure, and a greater extent of descending 
aortic remodelling is evident after FET implantation (26). 
Pooled average aortic remodelling with partial/complete 
thrombosis of the peri-stent descending thoracic aorta was 
noted in 88.9% of patients undergoing FET surgery for 
acute type I aortic dissection in the review by Di Eusanio 
et al. (75), compared to 33.3–77.8% in patients receiving 
conservative management (84). They reported a 92.3% 
(range, 71.8–100%) pooled average for 1-year freedom 
from reintervention. In their review, Ma et al. reported a 
requirement for late reintervention in 2–27% undergoing 
FET implantation with the E-vita Open Plus prosthesis 
and 14.1% with the Thoraflex Hybrid prosthesis (77). 
In the International E-vita Open registry, complete false 
lumen thrombosis was demonstrated in 94% of patients 
with acute dissection, 86% with chronic dissection and 
94% with aneurysms (85). In their experience with the 
Thoraflex Hybrid prosthesis in the first 100 patients in 
2013, the Hannover group reported a 1-year freedom 
from distal re-operation at 73%±8% (86). Using the same 
FET system, distal aortic procedures were necessary in 
5/38 (13%) patients with acute and chronic dissections and 
aneurysms under the Munich group (87). Pre-discharge 
computed tomography (CT) angiography encouragingly 
confirmed complete thrombosis of the descending aortic 
peri-graft space in 11 patients undergoing implantation 
of a Thoraflex Hybrid FET in the initial experience of 
the Bologna group (88). Similarly, Shrestha et al. reported 
outcomes in their first 100 patients with acute and chronic 
aortic dissections and aneurysms treated with the Thoraflex 
Hybrid prosthesis, noting early false lumen thrombosis 
in patients presenting with acute aortic dissection in 
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conjunction with favourable remodelling within the 
stented aortic segment (61). However, 22% of patients 
underwent secondary reintervention on the downstream 
aorta, of which 32% were not planned as part of a two-
stage repair strategy. Furthermore, late reintervention 
was less frequent in patients undergoing a FET procedure 
for acute dissection, compared to chronic dissection and 
degenerative aneurysmal disease (61). The authors propose 
that the Thoraflex Hybrid prosthesis provides beneficial 
remodelling effects on mid-term follow-up.

A meta-analysis comprising 1,279 patients undergoing a 
FET procedure for acute type A aortic dissection showed a 
reintervention rate of 9.6%, accompanied by a false lumen 
thrombosis in 96.8% (79). The FET procedure induces 
reverse aortic remodelling, whilst encouraging false lumen 
thrombosis and true lumen expansion, as evidenced by 
results from the French group using the E-vita Open Plus 
device (80). At 1-year post-operatively, they discovered 
significant reductions in the diameters of the stented aortic 
segment and downstream aortic segment up to the coeliac 
trunk, with stable dimensions of the more distal aorta (80). 
With the largest single-centre experience with the E-vita 
Open FET, the Essen group demonstrated greater positive 
aortic remodelling occurring in 90% of patients with acute 
dissection, compared to 78% in chronic dissections (81). This 
correlated with 5- and 10-year freedom from reintervention  
rates of 87% and 74%, respectively, in the acute dissection 
cohort. These findings support the E-vita Open prosthesis 
as a viable long-term solution for complex pathology 
involving the aortic arch. Finally, the updated systematic 
review by Tian et al. demonstrated 1-, 3- and 5-year 
freedom from reintervention was 93.9%, 89.3% and 86.8%, 
respectively, for 4,178 patients included in 37 studies 
examining FET implantation in a mixture of elective and 
emergency indications (83).

The beneficial downstream aortic remodelling induced 
by FET, with increased true lumen/false lumen ratios, 
is also elegantly reflected in aortic luminal volumetric 
changes. Evidence suggests that false lumen thrombosis 
occurs more frequently and at a greater rate along the 
stent-graft portion of the FET than in more distal aortic 
segments (89,90). Dohle et al. demonstrated that within the 
first post-operative year after FET implantation for acute 
type A aortic dissection, 90% of patients displayed positive 
or stable aortic remodelling in the stent-graft portion of 
the thoracic aorta (increasing to 92% after 1 year), 65% 
in the aortic segment between the distal FET anastomosis 
and the coeliac trunk (65% after 1 year), and 58% between 

the coeliac trunk and aortic bifurcation (increasing to 62% 
after 1 year) (90). The authors observed a corresponding 
13% volume increase in true lumen volume, with a 44% 
reduction in false lumen volume, in the stent-graft portion 
of the thoracic aorta within the first post-operative year 
after FET for acute type A aortic dissection, whilst both 
true and false lumen volumes remained stable beyond  
1 year (90). Interestingly, no significant volumetric changes 
occurred post-operatively in the downstream aorta between 
the distal FET and aortic bifurcation. A similar volumetric 
analysis by Usai et al. revealed significant increases in true 
lumen volumes measured between the left subclavian artery 
and coeliac trunk in 20 patients following FET implantation 
for acute type A dissection at mid-term follow-up of  
24 months, with associated non-significant changes in the 
false lumen volumes (91). 

Future directions in FET surgery

Aortic arch surgery is a rapidly evolving discipline within 
the cardiac surgery specialty with significant potential 
on its horizons. Over the last quarter of a century alone, 
sophisticated FET procedures have been borne out of 
the urge to attain an elegant yet definitive solution for 
challenging aortic arch pathology, combined with innovative 
refinements in surgical technology and energetic industry-
driven advances in the development of hybrid FET devices.

Subsequent iterations of aortic arch replacement 
procedures will embrace the opportunity for open stent-
grafting with branched endoprostheses. Just as the CET 
procedure was enhanced with the addition of a surgeon-
deployed descending aortic stent-graft, so current FET 
devices could be further augmented with branched 
stent-grafts optimised for hybrid supra-aortic vessel 
reconstruction. Extra-anatomic bypasses originating from 
the main-stent graft could facilitate re-attachment of the 
left-sided supra-aortic vessels and thus obviate the need 
for more difficult anastomosis in confined spaces (92). 
Several modifications of the FET technique incorporating 
fenestrations at various locations on the superior arch 
aspect of the FET prosthesis have been described (27,93,94). 
These aim to enhance perfusion of the supra-aortic 
branches without complex arch vessel reconstruction and 
can minimise neurological complications and also shorten 
operative times.

Advances in stent-graft design integrating newer 
materials offering greater compliancy and stimulating aortic 
remodelling could positively impact the natural history of 
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the non-intervened downstream aorta, and perhaps mitigate 
distal re-operation. The novel Ascyrus Medical Dissection 
Stent (AMDS) has been developed as a partially uncovered 
hybrid aortic arch graft which affords coverage of the 
descending thoracic aorta to treat malperfusion, whilst 
permitting uninterrupted perfusion of the supra-aortic 
vessels and their subsequent re-intervention if necessary 
(95-97). In contrast to established aortic dissection surgery 
entailing extensive resection of diseased aorta, the AMDS 
device emphasises occlusion of the false lumen at the distal 
anastomosis with expansion and re-pressurisation of the 
true lumen (95-97). In the mid-term, the AMDS has been 
proposed as a safe and reproducible single-stage therapy 
for malperfusion in acute aortic dissection, and may well 
transform the course of modern aortic arch dissection 
surgery. 

Progress in FET surgery will necessitate structured 
evaluation processes to allow accurate discrimination of 
the intended benefits and attendant limitations of the 
diverse procedures available, and determine the ideal 
patient populations for their application. Currently, no 
well-powered randomised trial exists to substantiate 
the superiority of existing FET techniques over more 
conservative approaches for arch management, in terms 
of long-term survival and freedom from late aortic re-
operation for example. This should represent an important 
task for the worldwide aortic surgical community and could 
help to broaden the indications for FET procedures.

Conclusions

The surgical management of complex, multi-segment 
aortic disease concomitantly involving the aortic arch 
and descending aorta is challenging. The FET procedure 
provides the opportunity for hybrid single-stage aortic 
repair utilising an open surgical approach for implantation 
of a descending aortic stent-graft that functions as an ideal 
landing zone to accommodate a TEVAR stent-graft if 
anticipated. The FET procedure is currently indicated in 
acute type A and type B aortic dissection, particularly in 
association with malperfusion syndromes where it facilitates 
true lumen expansion and false lumen obliteration, in 
addition to chronic degenerative aneurysmal disease of the 
aortic arch and descending aorta. The evidence presented 
supports the FET operation as a technically feasible 
treatment for complex aortic disease with acceptable 
mortality. Despite the not insignificant risks of neurological 
sequelae, the FET technique offers well-selected patients 

the benefits of a single-stage intervention with durable 
longer-term performance and favourable influence on distal 
aortic remodelling.
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