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Endovascular total arch replacement techniques and early results
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During the last 20 years, a clear shift has been observed towards thoracic endovascular aortic repair for different 
aortic pathologies. However, total endovascular repair of the aortic arch remains technically demanding. 
Simultaneous perfusion of all supra-aortic arteries without longer cerebral ischemia time, whilst trying to 
avoid cerebral embolization, labels endovascular aortic arch repair with highest level of technical difficulty 
and surgical expertise. The aim of this article is to present an overview of the current technical options 
for endovascular aortic arch repair and their early results. Currently, early results are reported from four 
endovascular arch replacement techniques: hybrid repair, total endovascular approach, chimney grafts and in-
situ fenestration. The early results of these different arch replacement techniques are promising, especially the 
total arch replacement with custom-made fenestrated or branched stent-grafts. Long-term results are unknown, 
and larger series results and comparative studies are needed to determine safety and efficacy.
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Perspective

Introduction

During the last 20 years, a clear shift has been observed 
towards thoracic endovascular aortic repair (TEVAR) for 
different aortic pathologies. TEVAR is accepted as first-
line treatment of thoracic aortic aneurysm, blunt traumatic 
aortic injury and complicated type B aortic dissection, 
including endovascular coverage of the distal aortic arch 
(zone 2 and 3) (1-3). However, the treatment of aortic 
arch pathologies is still predominantly performed by open 
repair via sternotomy, if no appropriate landing zones exist 
distal to zone 0. Despite significant surgical, technical and 
anesthesiological developments in recent decades, open 
aortic arch repair still has high mortality and morbidity (4). 
De Rango et al. reported 14% of 30-day mortality rate in 
patients with open aortic arch repair compared with 8% 
of endovascular aortic arch repair (4).  Every open aortic 
arch repair requires deep hypothermal circulatory arrest 
(DHCA) with the use of ante- or retrograde selective 
cerebral perfusion. Although antegrade selective cerebral 
perfusion reduces cerebral ischemia, the risk of overt stroke 

with permanent neurologic dysfunction after DHCA stays 
at 5% (5). In younger patients, and especially in patients 
with genetic aortic syndromes, open aortic arch repair is 
the preferred choice of treatment (6,7). Recently, successful 
total endovascular aortic arch repair involving the zones 
0 have been reported (8-10). The aim of this article is to 
present an overview of the current technical options for 
total endovascular aortic arch repair and their early results.

Technical challenges

Total endovascular aortic arch repair is technically 
demanding. Simultaneous perfusion of all supra-aortic 
arteries without longer cerebral ischemia time, whilst trying 
to avoid cerebral embolization, labels endovascular aortic 
arch repair with highest level of technical difficulty and 
surgical expertise. Despite sufficient anticoagulation with 
heparin, manipulation with endovascular armamentarium 
in the aortic arch can lead to cerebral embolisation, acute 
arm ischemia and/or paraplegia. There is risk of stent-graft 
dislocation ending with potential coverage and consecutive 
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ischemia of supra-aortic vessels. Special mechanical features 
are required from the stent-graft: due to proximity of the 
landing zone to the left ventricle with high systolic blood 
pressure, windsocketing, material fatigue, stent fracture, 
migration or collapse can occur. At the same time, the stent-
graft needs to adapt to the curvature of the aortic arch, thus 
allowing complete sealing and avoiding endoleaks. Large 
bore femoral access is required in order to deliver the stent-
graft to the aortic arch. Bigger sheaths and thoracic stent-
grafts have higher risk for access complication compared 
with regular endovascular abdominal aortic repair (11).

Hybrid approach

The goal of the hybrid approach is to create a sufficient 
landing zone in the aortic arch or the ascending aorta. In 
general, a hybrid approach is defined as debranching of one 
or more supra-aortic vessel in order to reduce the number 
of aortic arch vessels, thus simplifying the exclusion of 
the arch pathology with a tubular stent-graft (Figure 1). 
Transposition of the left subclavian artery (LSA) in the left 
common carotid artery (LCCA), or LCCA-LSA bypass 
with additional TEVAR, are well-accepted strategies for 
treatment of acute type B dissection or proximal descending 
aneurysm (12,13).

A diversity of hybrid techniques in treatment of aortic arch 

pathologies have been published (12,14-18). These include 
ascending-carotid or ascending-brachiocephalic trunk (BCT) 
bypass, followed by implantation of commercial off-the-
shelf thoracic stent-graft in the aortic arch or ascending 
aorta. These types of debranching require sternotomy. In a 
meta-analysis of 195 patients, Antoniou et al. demonstrated 
high rates of morbidity (21%) and mortality (9%), as well an 
endoleak rate of 9% and stroke rate of 7% (19). Aortic arch 
pathologies requiring stent-grafts landing in the proximal 
aortic arch (zone 0 and 1) have higher stroke rate and rate of 
retrograde type A aortic dissection, compared with landing in 
the distal aortic arch (zone 2 and 3) (13).

Endovascular approach (fenestrated and 
branched stent-grafts)

The introduction of fenestrated and branched stent-grafts in 
the visceral aortic segment in the late 1990’s revolutionized 
endovascular aortic repair. Total endovascular approach 
of different aortic arch pathologies with fenestrated or 
branched stent-grafts became attractive. Inoue et al. and 
Chuter et al. were the pioneers using branched stent-
grafts for endovascular repair of aortic arch aneurysm 
and dissection (20-22). For total endovascular aortic arch 
repair, multiple access vessels (both brachial, femoral 
arteries and common carotid arteries) were used. Additional 
debranching of the LSA facilitates the completion of the 
treatment with only two branches or fenestrations.

Several companies aim for a “universal” off-the-shelf arch 
branch stent-graft. However, the diversity of anatomical 
varieties limits the applicability of such a stent-graft. The 
personalized “custom-made” production of an aortic arch 
stent-graft consisting of fenestrations, branches and scallops 
is currently the most acceptable treatment option for total 
endovascular aortic arch repair. The major disadvantage 
of all custom-made branched and fenestrated stent-grafts 
is the long waiting and production time of up to 3 months. 
Currently offered custom-made fenestrated and branched 
stent-grafts for the arch are described in this chapter. 

Inner branched device (Zenith Arch Endograft) by 
Cook Medical (Bloomington, IN, USA)

This stent-graft is a custom-made device with two inner side 
branches for the BCT and the LCCA, designed according to 
patient’s anatomy. Depending on size, the device is loaded 
either in a 22-Fr or 24-Fr hydrophilic sheath. The sheath is 
precurved in order to facilitate progression and self-alignment 

Figure 1 Postoperative 3D-reconstruction after total aortic 
arch debranching with ascending-brachiocephalic trunk bypass 
and transposition of the LCCA and LSA followed by TEVAR 
in landing zone 0. LCCA, left common carotid artery; TEVAR, 
thoracic endovascular aortic repair; LSA, left subclavian artery.
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in the aortic arch. Both BCT and LCCA are connected in 
a retrograde fashion with the two inner branches within the 
stent-graft (Figure 2). The bridging stent-graft for the BCT 
is manufactured with low profile graft fabric and loaded 
into a short 14-Fr Flexor delivery system (Cook Medical, 
Bloomington, IN, USA). For the LCCA, a commercially 
available self-expanding covered stent, Fluency (CR Bard, 
Murray Hill, NJ, USA) or Viabahn (WL Gore, Flagstaff, AZ, 
USA) are used as a bridging component.

Haulon et al. published in 2014 the first larger experience 
with the double inner-branch Zenith Arch Endograft (23).  
This multicenter study reports the early results after 
treatment of 38 patients and demonstrated a technical 
success rate of 84% with 30-day mortality rate of 13%. No 
aneurysm-related deaths during a follow-up period of 12 
months were observed. The learning curve significantly 
influenced the outcome: after the first 10 patients, a 30% 
mortality rate was observed, whereas only 7% of the later 

28 patients died thereafter (23). Another multicenter study 
with 27 patients, including 12 patients from our department, 
showed zero mortality and increase of the technical success 
rate to 100% (8). The perioperative stroke rate decreased 
as well from 16% to 11% compared with the previously 
published report (8,23).

LCCA-LSA bypass prior to implantation of the branched 
arch device is usually performed in a staged approach. 
Recent technical development allows for complete 
endovascular aortic arch treatment without any additional 
cervical debranching. Successful treatment of three patients 
treated with arch stent-graft containing three inner 
branches was reported very recently (24).

Fenestrated custom-made device by Cook Medical 
(Bloomington, IN, USA)

This custom-made stent-graft is constructed with either a 

Figure 2 Double inner-branch Zenith arch endograft. (A) Intraoperative angiography of an aortic arch aneurysm after open ascending repair 
with undeployed double-branched stent-graft in the arch; (B,C) double inner-branch Zenith Arch Endograft; (D) completion angiography 
with bilateral carotid interposition graft and bilateral carotid-subclavian bypass.
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single fenestration and a scallop, or a single fenestration or a 
single scallop. All fenestrated stent-grafts are manufactured 
with a preloaded wire and catheter running through the 
fenestration, or the scallop with constraining wires. Usually, 
the seal zone of these stent-grafts is located in the mid-arch, 
depending on the vessels targeted. In case the fenestration 
is aimed for the LSA, a left-brachial through-and-through 
wire is used to safeguard the position of the fenestration. 
The fenestration is typically reinforced by a covered balloon 
expandable stent and other stents as needed. Fenestrated 
arch devices require less cervical debranching and addresses 
less target vessel compared with branched arch devices. Both 
fenestrated and branched arch devices are feasible for the 
treatment of aortic arch diseases in high-risk patients (25).

Inoue stent-graft (PTMC Institute)

This is a custom-made all-in-one stent-graft consisting of an 
aortic trunk and branch sections, which are sewn together. 
Both main body and branched section are constructed with a 
woven Dacron (Du Pont, Wilmington, DE, USA) polyester 
graft, on which extra flexible nickel titanium rings are placed 
for reinforcement and self-expandability . Additional Dacron 
cuffs are attached on both ends proximally and distally to 
facilitate the sealing between the graft and aortic inner wall. 
The main body and branch section are prepared separately 
from two pieces of Dacron grafts, with varying diameters 
in 2-mm increments from 18 to 46 mm and from 8 to  
20 mm, respectively. Traction-wires are attached to the outer 
branches and snared from the target vessel for pulling and 
alignment of the branches into target vessel. Tazaki et al. 
published the biggest series of 89 patients treated with Inoue 
branched stent-graft reporting 100% technical success, 16% 
periprocedural stroke and freedom from aneurysm-related 
death of 93% at 5-year follow-up (26).

Najuta fenestrated stent-graft (Kawasumi Laboratories, 
Inc.)

The Najuta fenestrated stent-graft is a custom-made precurved 
and fenestrated stent-graft. There are seven different 
positioning patterns and three size patterns of fenestration 
ranging from 11.5 mm × 13.0 mm to 16.0 mm × 18.0 mm, 
resulting with 64 patterns of stent frame and 21 patterns of 
fenestration configuration in total. These fenestrations are 
crossed by stent-struts and are not reinforced, so that no 
additional stenting of these fenestrations is possible. Iwakoshi 
et al. reported technical success rate of 91% using the Najuta 

stent-graft in 32 patients (27). Aneurysm-related rate and rate 
of freedom from secondary intervention at 3 years were 97% 
and 84%, respectively (27).

Branched stent-graft by MicroPort Medical Co., Ltd.

This custom-made branched stent-graft is constructed 
of woven polyester fabric sewn to self-expanding nitinol 
stents, without a proximal or distal bare stent. The 
delivery system consists of an outer 22-Fr sheath with 
a hydrophilic coating and an inner soft polyester fabric 
sheath . The aortic graft trunk and the branch section 
are folded individually, thus allowing their deployment 
consecutively, rather than simultaneously. A total of 
53 branched stent-grafts were used in 51 patients with 
chronic aortic dissections involving the aortic arch (28).  
Lu et al. reported 100% technical success rate, no in-hospital 
stroke and one death because of retrograde type A dissection 
on the sixth postoperative day. During median follow-up of 
44 months (range, 14–66 months) complete thrombosis of 
the false lumen in the descending aorta was observed in 92% 
(47/51) and partial thrombosis in 8% (4/51) (28). No further 
deaths or stroke occurred during follow-up and no branch 
section of the stent-graft was kinked or occluded (28).

Bolton arch branch and fenestrated device (Bolton 
Medical, Barcelona, Spain)

The Bolton branched arch stent-graft is built on the Relay 
NBS platform using two parallel inner-branches and a 
proximal tip-capture. It is constructed of polyester fabric 
and nitinol stents. The branches are internal (referred 
to as anterior and posterior tunnels), both of which have  
12-mm diameters and are usually not solely paired to either 
BCT or LCCA. The maximal length of this device is 270 
mm, meaning that these stent-grafts span the entire arch as 
a single device. With this length, any distal thoracic stent-
graft can be mated in the descending aorta and not in the 
distal arch. Early experience in a small series collecting 
global experience showed 7% mortality and 20% stroke  
rate (29). Similar to the Najuta device, a custom-made 
Bolton fenestrated stent-graft is available, without any 
option for additional stenting of the fenestration due to 
crossing stent-struts in the fenestrations.

Alternative investigational stent-graft systems

Recently, preliminary results of the first-in-human, early 
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feasibility trials for two single-branched arch devices 
designed for zone 2 deployment have been reported. The 
Valiant Mona LSA Thoracic Stent Graft System (Medtronic, 
Santa Rosa, California, USA), based on the Valiant thoracic 
stent-graft platform, has been successfully deployed in nine 
patients with descending thoracic aortic aneurysms (30). 
No major and four minor strokes were observed during 30-
day follow-up (30). Midterm results are expected as patients 
are monitored at regular intervals to 5 years. There have 
been no reports of death, rupture, paraplegia, conversion or 
secondary endovascular procedure during follow-up (30). 
Similarly, Gore Thoracic Branch Endoprosthesis (WL Gore, 
Flagstaff, AZ, USA) based on the cTAG platform with a 

caudally-oriented internal branch, was used in 22 patients 
with distal arch aneurysms (31). Technical success rates of 
100%, without 30-day death, stroke or permanent paraplegia 
were reported (31). These novel single-branched arch stent-
grafts can be successfully used for total endovascular repair 
of distal zone 2 aortic arch aneurysms. More proximal arch 
zones would require additional surgical revascularization of 
indispensable arch branches as indicated.

Chimney grafts

This technique is based on the implantation of several 
parallel covered stents and stent-grafts (Figure 3). Originally 

Figure 3 Chimney technique for aortic arch. (A) 3D-reconstruction of preoperative CT-angiography; (B) intraoperative angiography 
with undeployed thoracic stent-graft in the arch and covered stent in the LCCA; (C) balloon-molding in kissing-balloon technique (black 
arrows) of both chimney graft and thoracic stent-graft; (D) completion angiography after TEVAR, chimney graft in the LCCA and left-
sided carotid-subclavian bypass, without plug in the LSA; (E) 3D-reconstruction of postoperative CT-angiography after TEVAR, chimney 
graft in the LCCA, vascular plug in the LSA and left-sided carotid-subclavian bypass. LCCA, left common carotid artery; TEVAR, thoracic 
endovascular aortic repair; LSA, left subclavian artery.
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planned for the preservation of the LSA, the chimney 
grafts are also used for proximal extension of the landing 
zone in the aortic arch as well as a potential “bail-out” 
strategy after unintentional coverage of supra-aortic 
vessel (32). Moulakakis et al. published a meta-analysis 
of 136 patients with chimney grafts in the aortic arch, 
reporting an endoleak rate of 11% and 8% for type Ia and 
type II endoleak, respectively (33). A stroke rate of 4% 
was observed (31). Similarly, another meta-analysis of 94 
patients with 101 chimney grafts in the aortic arch reported 
a perioperative mortality rate of 3%, stroke rate of 5% and 
endoleak rate of 18% (of those most frequently type Ia 
with 6%) (34). The latest meta-analysis published in 2015 
analysing the results of 364 chimney grafts in the aortic arch 
reported similar endoleak rates of 11%, with reduction of 

the stroke rate to 1.7% (35).

In-situ fenestration

This technique has been used as a bail-out option after 
unintentional coverage of supra-aortic vessels as well as a 
planned technique to revascularize arch vessels (36-39).  
With the help of a catheter-driven needle, laser or 
radiofrequency, ante- or retrograde fenestration in the 
thoracic stent-graft is created and connected with a covered 
stent allowing antegrade perfusion (Figure 4). Redlinger 
et al. published the largest series up-to-date with 22 
patients undergoing laser fenestration of the LSA after 
emergency TEVAR for different pathologies, intentionally 
covering the LSA-origin (36). No fenestration-associated 

Figure 4 In-situ fenestration for aortic arch vessels. (A) Intraoperative fluoroscopy with in-situ fenestration of the thoracic stent-graft; 
(B) dilation of the fenestration with non-compliant balloon; (C) completion angiography; (D) 3D-reconstruction of postoperative CT-
angiography after TEVAR with in-situ fenestration and stenting of the LSA. TEVAR, thoracic endovascular aortic repair; LSA, left 
subclavian artery.
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morbidity and in-hospital mortality of 4% were found. 
After 11 months of follow-up, all LSA stents were  
patent (36). Two other smaller series showed similar early 
midterm results concerning mortality, stroke and endoleak 
(40,41). Longer patency results after in-situ fenestration 
have to be awaited.

Conclusions

Endovascular total arch replacement technologies are 
characterized by rapid development and improvement 
of the material and methods. Open repair still stands as 
the first-line treatment, but the endovascular total arch 
replacement is a valuable option for a patient who is high-
risk or unfit for open repair. The early results of different 
arch replacement technologies are promising, especially the 
total arch replacement with custom-made fenestrated or 
branched stent-grafts. Long-term results are unknown, and 
larger series results and comparative studies are needed to 
determine safety and efficacy.
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