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Abstract

The cumulative experience with endovascular aortic repair in the descending thoracic and infrarenal aorta has led to increased
interest in endovascular aortic arch reconstruction. Open total arch replacement is a robust operation that can be performed
with excellent results. However, it requires cardiopulmonary bypass and circulatory arrest and, therefore, may not be tolerated by
all patients. Minimally invasive techniques have been considered as an alternative and include hybrid arch debranching, parallel
stent graft deployment in the chimney and snorkel configurations, and complete endovascular branched reconstruction with
multi-branched devices. This review discusses the evolving use of endovascular techniques in the management of aortic arch
pathology and considers their relevance in an era of safe and durable open aortic arch reconstruction.

Introduction

Aortic arch reconstruction is performed with excellent
results in high-volume centers due to refinements in surgical
technique, perfusion strategy, and patient selection.'? Open repair
provides a durable reconstruction and remains the standard
against which all new techniques must be compared. The need
for cardiopulmonary bypass and deep hypothermic circulatory
arrest may not be tolerated by all patients due to extreme surgical
risk. Consequently, minimally invasive techniques have been
developed to expand the suitability of aortic repair to medically
and anatomically unfavorable patient populations. Both hybrid
repair and total endovascular arch repair, which includes custom-
made and physician-modified fenestrated and branched devices as
well as chimney/snorkel techniques, allow for minimally invasive
aortic arch reconstructions in patients who are considered at high
risk for open repair.

Hybrid Arch Reconstruction

Experience with thoracic endovascular aortic repair (TEVAR)
for descending aortic pathology originated with stent graft
deployment distal to the left subclavian artery in Ishimaru Zones
3 and 4. This success has led to attempts to extend endovascular
repair proximally into the aortic arch. To create a landing zone
for thoracic endograft deployment extending to Ishimaru Zone 1,
cervical extra-anatomic revascularization is required (Figure 1).
Further extending the landing zone into Zone 0 requires a
sternotomy with direct inline revascularization of the great vessels
from the ascending aorta (Figure 2). This hybrid repair, with total
arch debranching and subsequent thoracic endovascular aortic
repair, is now an accepted strategy for high-risk patients requiring
total arch reconstruction.

Complete aortic arch debranching to create a landing zone in the
tubular portion of the ascending aorta can be done with or without
ascending aortic replacement. A type 1 hybrid reconstruction does
not require ascending aortic replacement and, therefore, avoids
aortic cross-clamping and cardiopulmonary bypass.? This repair
is completed through a median sternotomy with tangential aortic
clamping to create a bypass to one or more supra-aortic trunks.
Following arch debranching, an endograft is deployed distal to the
bypass in Zone 0. While this hybrid repair avoids cardiopulmonary

bypass, instrumentation of the aortic arch during both the
debranching and endovascular portions of this procedure has been
associated with retrograde aortic dissection.>® This well-described
complication is related to tangential clamping of the aorta or due to
alterations in hemodynamics and compliance mismatch between the
covered stent graft and the native aorta.* Retrograde type A aortic
dissection has been reported in 6% of patients when a stent graft is
deployed in the native ascending aorta following debranching and
is associated with a 42% mortality rate.® In addition to retrograde
dissection, degeneration of the native ascending aorta may lead to
subsequent aneurysm or late type 1 endoleak formation.

To address these potential complications, some have advocated
for native ascending aorta replacement during debranching
to remove the risk of subsequent dissection or aneurysmal
degeneration.’ This debranching strategy is known as a type II
hybrid reconstruction.’In a combined Canadian and American
series of 20 patients presenting with both acute and chronic arch
pathology, Kent and associates used a prefabricated branched
Dacron graft to replace the ascending aorta and debranch the
aortic arch.” The reported mortality rate was 10%, with a 5%
cerebrovascular accident (CVA) rate and 20% transient paraplegia
but with no permanent paraplegia noted.

Selection bias has limited the ability to adequately compare
open total arch reconstruction with hybrid repair. Patients at high
surgical risk are more likely to receive a hybrid repair than an open
total arch reconstruction.®®In a single-institution retrospective
report, patients who had undergone traditional open repair using
antegrade cerebral perfusion, moderate hypothermic circulatory
arrest, and a prefabricated branched graft were compared to those
who underwent hybrid repair using arch debranching and stent
graft deployment.® While patients selected for hybrid repair were
at significantly higher perioperative risk than those receiving
open repair, results showed no significant differences in terms
of mortality, paraplegia, or stroke rate. The intensive care unit
(ICU) and overall postoperative length of stay was shorter and
the reintervention rate was higher in the hybrid group. Of note,
there were 4 late type 1 endoleaks that developed in the hybrid
patients. In a subgroup of matched patients, no difference between
groups was noted in terms of survival, stroke and renal failure. A
meta-analysis echoed these results, with no difference in mortality
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Figure 1. Hybrid endovascular arch repair extending to Ishimaru Zone 1.
Supra-aortic branch revascularization using transcervical right carotid to left
carotid artery bypass with left carotid to left subclavian artery bypass.

or stroke noted between patients undergoing hybrid versus open
total arch replacement.”

The literature describing hybrid aortic arch reconstruction
was reviewed by Moulakakis.®In this pooled analysis, which
incorporated 26 hybrid reports, the authors noted that
patients were treated for degenerative aneurysms, dissection,
pseudoaneurysm, or trauma. The procedure was technically
successful in 92% of patients. Perioperative mortality was
11.9%, the CVA rate was 7.6%, and the rate of irreversible spinal
cord ischemia was 3.6%. A separate systematic review noted
heterogeneous results between studies, with mortality rates
varying between 2% and 23.7%, stroke rates between 0.8% and
18.8%, and spinal cord injury between 1% and 14.3%.°

These reports highlight the significant differences in patients
selected for hybrid repair in the current literature. The durability
of the hybrid technique has been called into question, with 20.1%
of patients having endoleak reported on follow-up imaging.
Surprisingly, the majority of the reported endoleaks on follow-up
imaging were type 1, representing 12.9% of the patients.?

Total Endovascular Arch Reconstruction

Total endovascular aortic arch reconstructions represent a small
portion of TEVAR, with only 4% of them involving a branch or
fenestration to a supra-aortic vessel.' Total reconstruction may
involve prefabricated fenestrated or branched devices, in situ or
back-table physician modifications to currently available devices,
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Figure 2. Zone 0O hybrid arch reconstruction with aortic branch
revascularization requiring sternotomy and bypass from the ascending aorta.

and parallel aortic and supra-aortic stent grafts in the chimney/
snorkel technique. These methods aim to preserve inline flow to
the supra-aortic branches using a combination of covered stent
grafts to mitigate the risk associated with traditional open arch
reconstruction.

The successful use of branched endografts for thoracoabdominal
aneurysms has increased interest in modular branched grafts for
complete endovascular aortic arch reconstruction. However, the
complex 3-dimensional forces and angulation in the aortic arch
limit both the short-term technical success as well as long-term
durability of branched endografts in the aortic arch.""? The current
need for custom-made devices, lack of regulatory approval, and
high reported neurologic complication rate in previous reports
have limited the experience with arch-branched devices to small
case series.”"®In a report of six high-risk patients with arch
aneurysms, a custom-made stent graft was used with branches
to the innominate and left common carotid arteries combined
with a left carotid to subclavian artery bypass.’® Two of the six
patients suffered a CVA and two did not have successful exclusion
of the arch aneurysm. A review of all patients treated with a
commercially available branched aortic arch endograft revealed
only 38 patients treated at 10 institutions over a 4-year period."”
These results reinforce the complexity and risks associated with
extensive endovascular repair in the aortic arch. The authors did
demonstrate a trend toward improved patient outcomes after a
learning curve of 10 cases. Physician-modified branched grafts
have been used with some success in the arch, although neurologic
morbidity remains an important consideration, secondary to
embolic stroke. A unibody branched device can be made by
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suturing a polytetrafluoroethylene (PTFE) graft to a conventional
thoracic graft to allow innominate artery revasculatization.?

Excellent results with custom-made fenestrated devices have
been reported.?** The Japanese Najuta fenestrated thoracic stent
graft (Kawasumi Laboratories, Tokyo, Japan) uses a combination
of preformed stainless steel stents, externally attached PTFE,
and curved delivery sheaths for total endovascular aortic arch
reconstruction. In a study of the first-generation thoracic stent
graft in more than 380 patients, technical success was achieved
in 95.8% of patients, with a perioperative mortality rate of 1.6%,
paraplegia rate of 0.8%, and CVA rate of 1.8%.?In a more recent
experience, the authors successfully deployed the fenestrated arch
device in more than 99% of the 393 patients, with a perioperative
mortality rate of 1.5%, stroke rate of 1.7%, and paraplegia rate
below 1%.2* These studies confirm the excellent early results with
fenestrated grafts. However, long-term branch vessel patency and
late endoleak remain a concern.?!

Retrograde access to the supra-aortic branches by means of
downstream vascular puncture allows in situ fenestration of
conventional thoracic aortic grafts. A variety of techniques have
been used to puncture the fabric of the TEVAR device, sequentially
dilate the fenestration with balloons, and seal the fenestration with
a covered stent graft. Although limited to ex vivo testing, Dacron
thoracic grafts appear to have less graft degeneration following in
situ fenestration compared to PTFE and are the preferred thoracic
graft for fenestration.”

A stent graft deployed parallel to a thoracic endograft
can be used to maintain supra-aortic branch patency and
extend the landing zone proximally in endovascular aortic
arch reconstruction. This technique—known as a “chimney”
if antegrade flow is preserved or a “periscope” in cases of
retrograde flow—has been most commonly used with TEVAR
for the descending thoracic repair. Although multiple supra-
aortic branches can be revascularized with chimney stent grafts,

a single chimney allows extra-anatomical reconstructions of the
supra-aortic branches. In a review of 26 patients treated with the
chimney technique, successful graft deployment with maintenance
of branch vessel patency was achieved in all patients.” There was
one perioperative death due to CVA, and the overall postoperative
stroke and paraplegia rate was 17% and 7.7%, respectively. At
3-year follow-up, 90% branch patency was reported. However, the
group noted a type 1 endoleak rate of 23%.%°In a systematic review,
the majority of chimney cases involved a single aortic branch
revascularization. The perioperative mortality and stroke rates
were 5.9% and 7.8%, respectively. Early type 1 endoleak occurred
in 11.8% of the patients, but no late type 1 endoleaks were found in
this review.?”

The small number of patients treated with a complete
endovascular arch repair limits meaningful comparison between
techniques. In a review of the Cleveland Clinic experience,
custom-made branched devices were compared to the chimney
technique.'’ Of the 33 total patients analyzed, 18 had a chimney
repair and 15 had a custom-made branched device. As such, the
majority of these cases extended the seal zone into Zone 1 with
only two cases involving repair extending to Zone 0. Overall, the
mortality rate was 12%, and the spinal cord and stroke rate were
each reported at 6%. Also, 12% of patients experienced branch
vessel stent complication, defined as stent occlusion or migration,
and 9% required an open conversion within 6 months for either
retrograde dissection or type I endoleak. Despite the fact that these
patients were at high anatomic and physiologic risk, the poor
outcomes led the authors to suggest alternate treatment strategies

for patients requiring aortic arch reconstruction.’ There was a
trend toward improved outcome among those having a custom
graft. However, the indication and urgency of repair was not
similar in the two groups.

Conclusion

The complexity of aortic arch reconstruction is highlighted
by the unique difficulties facing endovascular approaches in this
region. Angulation, risk of dissection, and the intolerance of the
supra-aortic branch vessels to any complications have dampened
the success of minimally invasive surgery when compared
to the experience with distal aortic repairs. Hybrid open and
endovascular reconstruction is the most popular current method
of minimally invasive arch reconstruction. Advancements in
technology are likely to increase the utilization of endovascular
techniques for treatment of patients unsuitable for open aortic arch
repair.
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