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Abstract Background: Aortic arch disease has conventionally been the domain of open
surgical repair. Hybrid open and endovascular repair has evolved as an alternative, less inva-
sive, treatment option with promising results. A systematic literature review and analysis of
the reported outcomes was undertaken.
Methods: An Internet-based literature search using MEDLINE was performed to identify all
studies reporting on hybrid aortic arch repair with supra-aortic branch revascularisation and
subsequent stent graft deployment. Debranching should involve at least one carotid artery,
so that patients merely requiring a carotid-subclavian bypass were not included. Only reports
of five patients or more were included in the analysis. Outcome measures were technical
success, perioperative, 30-day and late morbidity and mortality.
Results: Eighteen studies fulfilled our search criteria, and data from 195 patients were entered
for the analysis. No comparative studies of hybrid aortic arch repair with other conventional or
innovative treatment modalities were identified. Complete arch repair was performed in 122
patients (63%). The overall technical success rate was 86% (167/195). The most common reason
for technical failure was endoleak (9%, 17/195). Overall perioperative morbidity and mortality
rates were 21% (41/195) and 9% (18/195), respectively. The most common perioperative
complication was stroke (7%, 14/195). Four aneurysm-related deaths were reported during
follow-up (2%). No long-term data on hybrid aortic arch repair were identified.
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Conclusions: Hybrid repair of complex aortic arch disease is an alternative treatment option
with acceptable short-term results. Stroke remains a frequent complication and mortality
rates are significant. Further research with large comparative studies and longer follow-up is
required.
ª 2010 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.
Conventional treatment of aortic arch disease consists of
open surgical repair using cardiopulmonary bypass and
deep hypothermic circulatory arrest. However, this major
aortic reconstructive surgery is associated with significant
morbidity and mortality, and these figures show little
improvement despite considerable advances in operative
techniques and perioperative management.1e5 The need
for less invasive strategies with less physiological insult and
operative trauma has resulted in the evolvement of inno-
vative endovascular techniques. This potentially broadens
the application to higher-risk patients.

The introduction of endovascular stent graft technology
has reached an evolutionary threshold for the treatment of
complex aortic diseases. The aortic arch presents specific
challenges to endovascular repair, which mainly arise from
the involvement of the supra-aortic branches and the tight
inner curve. Fenestrated and branched stent graft tech-
niques have been reported; however, they are still at an
experimental stage.6e9 Hybrid repair, which constitutes
a combination of open supra-aortic branch revascularisation
and endovascular aortic repair, has increasingly evolved as
an alternative option for selected patients, and promising
results have been reported.10e14 The aim of the present
study was to perform a review of the operative strategies and
a pooled analysis of the reported outcomes along with an
evaluation and critical overview of this innovative method.

Methods

Search strategy

Searching was undertaken to identify all published studies
reportingonhybridopensurgical and endovascular treatment
of complex aortic arch disease. A public domain database
(MEDLINE) was searched using a web-based search engine
(PubMed) for articles published between January 1995 and
July 2009. The keywords used were ‘aortic arch’ and ‘endo-
vascular’, ‘hybrid’ or ‘debranching’. Additionally, related
articles suggested by the PubMed search engine and reviews
on this area (hybrid treatment of aortic disease) were further
searched for any additional relevant articles. A second-level
search including manual evaluation of the reference lists of
the retrieved articles wasalso undertaken in order tobroaden
our search. The literature search wasconfined to publications
in the English language. The whole search strategy, including
the literature search, study selection and data extraction,
was performed independently by two authors.

Study selection

Studies considered for inclusion in the data synthesis and
analysis fulfilled the following predefined criteria: (1) they
reported on the combined open surgical and endovascular
repair of aortic arch disease; (2) open repair preceded
endovascular stent graft repair of the arch pathology and
consisted of various types of supra-aortic debranching
bypasses, which involved debranching of at least one
carotid artery; (3) they included a case series of at least
five patients treated with this method; and (4) they
reported on the outcome as expressed by the technical
success, morbidity and mortality figures. In heterogeneous
groups, the outcome figures of the selected subgroup of
patients having undergone the aforementioned treatment
were to be clearly stated. Furthermore, studies reporting
on hybrid aortic arch treatment using cardiac arrest and
extracorporeal circulation were excluded from the
analysis.

Data extraction, synthesis and analysis

Data abstracted from individual studies were: year of
publication; number of patients treated; baseline demo-
graphic characteristics of the study population; type of
aortic arch pathology; number of emergency procedures;
landing zone for endograft placement; synchronous or
metachronous open and endovascular procedures; type of
aortic arch debranching; type of intra-operative neuro-
monitoring; technical success rate; perioperative, early
and late mortality and morbidity; perioperative stroke rate;
spinal cord ischaemia rate; and length of hospital stay as
well as length of follow-up. Data retrieved from each paper
were entered into a purpose-designed database using SPSS�

15 for Windows� (SPSS Inc, Chicago, IL, USA). Primary
outcome measures were technical success and 30-day
morbidity and mortality rates, whereas secondary outcome
measures were short-term morbidity and mortality. Simple
descriptive statistics were used to perform the pooled
analysis and calculate the overall outcome measures. The
‘reporting standards for endovascular aortic aneurysm
repair’ were used to define technical success and stan-
dardise reporting of deaths and complications.15

Results

Literature search results

The systematic review of the literature identified 79 orig-
inal studies reporting on hybrid approaches for aortic arch
repair, using revascularisation of the supra-aortic branches
prior to endovascular stent graft repair. Of these, 37 were
case reports and were, therefore, excluded from this study.
Sixteen papers were considered ineligible because they
contained mixed study groups and the outcome measures of
the hybrid aortic arch repair group were not clearly stated.
Furthermore, six articles were excluded because of the
limited numbers of patients, and another two papers were
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not entered in the analysis because they reported on hybrid
arch repair using cardiopulmonary bypass. Eighteen studies
fulfilled our defined inclusion criteria.16e33 Of these, four
were duplicate publications from the same centre and
author team.16e19 Only the most recent of these reports
were used in the analysis.16,17 Additionally, after a careful
scrutiny of the selected literature, five studies were
not included because they were thought to contain
duplicate cases.20e24 Finally, 11 studies remained for
analysis.16,17,25e33 The search strategy is depicted in
Figure 1. All of these studies are retrospective or prospec-
tive case series.

Study characteristics and procedures

The selected articles report on 195 patients with complex
aortic arch disease treated with hybrid supra-aortic extra-
anatomic bypass or transposition and endovascular stent
graft implantation. The baseline characteristics of these
studies are presented in Table 1. Demographic character-
istics and risk factors of the study populations are not
demonstrated by all authors, even though the majority of
them indicated the use of hybrid treatment when
co-morbid risk factors precluded patients from conven-
tional open surgical repair. Aortic arch pathology consisted
of aneurysm in 112 cases, dissection in 29 cases, aortic
ulcers in nine cases, pseudoaneurysm, atherosclerosis and
hypoplastic aortic arch 1 case each, whereas it was not
specified in 42 cases. The elective, urgent or emergency
nature of the hybrid aortic arch repair is not stated by all
authors. However, some studies report an emergency
combined opened and endovascular procedure for aortic
rupture in a significant proportion of their patients.
Furthermore, there is controversy with regard to the
simultaneous or metachronous surgical/endovascular
procedures, with some authors performing the hybrid
repair at a single stage and others preferring a two-stage
repair.
Figure 1 Sear
The first part of the hybrid procedures consists of
debranching of the supra-aortic vessels, in order to achieve
an adequate proximal landing zone for successful stent
graft placement and sealing. The supra-aortic branch
revascularisation procedures can be broadly divided in two
types, depending on whether the arch pathology encom-
passes all or some of the supra-aortic vessels: the complete
and the partial arch repair, respectively. The total arch
repair or rerouting is performed when the arch pathology
extends to zone 0, and consists of revascularisation of the
innominate, left carotid and, in some cases, the left
subclavian artery by anastomosing a bifurcated or trifur-
cated graft to the anterior aspect of the ascending aorta.
Partial arch repair or hemi-arch transposition is performed
when the arch pathology involves the left carotid artery
(zone 1), and may be subdivided into three types: the right
carotid to left carotid bypass (with or without subsequent
left carotid to left subclavian bypass), the autologous
double transposition and the right carotid to left subclavian
bypass with left carotid artery insertion. Complete arch
repair was performed in 122 out of the 195 patients (63%),
whereas partial arch repair was performed in 70 (36%).
Revascularisation of the left subclavian artery was selec-
tively performed in some cases (Table 1).

Outcome

The primary and secondary outcome measures of the indi-
vidual studies are presented in Table 2. Technical success
was defined as aortic debranching combined with success-
ful endograft deployment with secure proximal and distal
fixation, according to the reporting standards for endovas-
cular aneurysm repair. The primary technical success rate
ranged between 69% and 100% among the studies, with an
overall mean of 86% (167/195). The most common reason
for technical failure was type I or type III endoleak, which
occurred in 17 cases (9%). Other causes of technical failure
and their frequency are presented in Table 3. Conversion to
ch strategy.



Table 1 Study characteristics and types of procedures.

Author/year No
cases

M/F Mean
age

EL/UR/EM Dissection/
aneurysm/
pseudoaneurysm/
ulcer/other

1e2 stage
procedure

Landing
zone
0/1/2

Type of debranching

Weigang et al.
(2009)25

26 NR NR NR 6/15/0/5/0 1 stage
preferred

26/0/0 Complete arch repair e 26

Chan et al.
(2008)26

16 13/3 65 9/2/5 2/14/0/0/0 1 stage 5/8/3 Complete arch repair e 5,
partial arch repair
(CeC bypass) e 8 and
(CeS bypass) e 3

Hughes et al.
(2008)27

7 NR NR NR 2/5/0/0/0 1 stage 7/0/0 Complete arch repair e 7

Chen et al.
(2008)28

6 NR NR 2 ruptured 1/4/1/0/0 1 stage 6/0/0 Complete arch repair e 6

Melissano et al.
(2007)29

26 22/4 NA 25/1/0 NA 1 stage 14/12/0 Complete arch repair e 14,
partial arch repair
(CeC bypass with 2 LSA
revascularizations) e 12

Czerny et al.
(2007)30

27 20/7 72 NR 5/18/0/4/0 2 stage 10/17/0 Complete arch repair e 10,
partial arch repair (double
transposition) e 17

Bergeron et al.
(2006)16

25 21/4 72 NR 11/14/0/0/0 2 stage 15/10/0 Complete arch repair e 15,
partial arch repair
(CeC bypass) e 10

Saleh et al.
(2006)17

15 9/6 74 3 symptomatic
(pain)

0/15/0 2 stage 15/0/0 Complete arch repair e 15

Schumacher et al.
(2006)31

25 20/5 65 8 contained
rupture

2/23/0/0/0 2 stage in
16 patients
(next day)

9/16/0 Complete arch repair e 9,
partial arch repair
(RCAeLSA bypass snd LCA
insertion) e 16

Kieffer et al.
(2005)32

16 14/2 73 NR NR NR 10/6/0 Complete arch repair e 10,a

partial arch repair
(RCCA to LSA bypass and
reinsertion of the LCCA) e 6

Carrel et al.
(2004)33

6 NR NR NR 0/4/0/0/2 NR 5/1/0 Complete arch repair e 5,
partial arch repair
(CeC bypass) e 1
(all LSA revascularization:
either transposition or
separate graft)

M, male; F, female; EL, elective; UR, urgent, EM, emergent; C, carotid; S, subclavian; RCA, right carotid artery; LSA, left subclavian
artery; and NR, not reported.

a 1 extra-anatomic bypass from the iliac artery.
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open surgical repair at the original operation or on
a subsequent occasion is reported to have been performed
in five cases (3%). The perioperative mortality rate ranged
between 0% and 25%, with an overall mean of 9% (18/195).
The most common causes of operative death were cardiac
adverse events (3%), followed by stent graft-related
complications, which occurred in five patients (3%) and
were caused by ventricle, aortic or iliac rupture (Table 4).
The perioperative morbidity rate, when strokes were
exempted, ranged between 0% and 50%, with an overall
mean of 14% (27/195). Stroke occurred in 14 patients (7%),
which contributed to 34% of all complications. In most
cases, it was reported to be a minor temporary event,
whereas three stroke-related deaths occurred. Spinal cord
ischaemia occurred in one patient only (0.5%), which
resolved with cerebrospinal fluid drainage (Table 2). Other
causes of perioperative morbidity are listed in Table 4.

No long-term data are provided by the studies. Short-
term morbidity and mortality figures were reported in all
but one study,25 and the mean follow-up periods of the
studies included in the analysis are presented in Table 2.
Short-term mortality ranged between 0% and 19%, with an
overall mean of 7% (11/169). Four aneurysm-related deaths
were reported (two secondary to aneurysm rupture and two
to aorto-oesophageal fistulae), whereas the other causes of
death were cardiac events in two cases, pulmonary
complications in three cases and sudden death of unknown
aetiology in another case. Short-term morbidity figures
ranged between 0% and 19%, with an overall mean of 8%
(13/169). Most of these complications were associated with



Table 2 Outcome after hybrid aortic arch procedures.

Author/year Technical
success

Perioperative
mortality

Perioperative
morbiditya

Stroke
rate

Spinal cord
ischaemia

Short-term
mortality

Late
morbidity

Mean
follow-up
(m)

Weigang et al.
(2009)25

26/26 (100%) 4/26 (15%) 5/26 (19%) 1/26 (4%) 0/26 (0%) NR NR NR

Chan et al.
(2008)26

13/16 (81%) 0/16 (0%) 8/16 (50%) 3/16 (19%) 0/16 (0%) 0/16 (0%) 3/16 (19%) 14

Hughes et al.
(2008)27

7/7 (100%) 0/7 (0%) 1/7 (14%) 0/7 (0%) 0/7 (0%) 0/7 (0%) 1/7 (14%) NR

Chen et al.
(2008)28

6/6 (100%) 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%) 9

Melissano et al.
(2007)29

21/26 (81%) 2/26 (8%) 1/26 (4%) 2/26 (8%) 0/26 (0%) 2/26 (8%) 2/26 (8%) NR

Czerny et al.
(2007)30

23/27 (85%) 1/27 (4%) 1/27 (4%) 0/27 (0%) 0/27 (0%) 3/27 (11%) 1/27 (4%) 15

Bergeron et al.
(2006)16

19/25 (76%) 2/25 (8%) 0/25 (0%) 3/25 (12%) 1/25 (4%) 1/25 (4%) 2/25 (8%) 15

Saleh et al.
(2006)17

15/15 (100%) 0/15 (0%) 4/15 (27%) 0/15 (0%) 0/15 (0%) 1/15 (7%) 1/15 (7%) 18

Schumacher et al.
(2006)31

21/25 (84%) 5/25 (20%) 6/25 (24%) 1/25 (4%) 0/25 (0%) 1/25 (4%) 0/25 (0%) 21

Kieffer et al.
(2005)32

11/16 (69%) 4/16 (25%) 1/16 (6%) 4/16 (25%) 0/16 (0%) 3/16 (19%) 3/16 (19%) 23

Carrel et al.
(2004)33

5/6 (83%) 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%) Between 8
and 18 m

Total 167/195 (86%) 18/195 (9%) 27/195 (14%) 14/195 (7%) 1/195 (0.5%) 11/169 (7%) 13/169 (8%)

m, Months; and NR, not reported.
a Stroke exempted.
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an endoleak (4/169, 2%), which was managed conserva-
tively in two cases of type II endoleak, with coil embolisa-
tion in one case of left subclavian artery-related type II
endoleak, and with an extension endograft in one case of
type I endoleak.

Discussion

Although hybrid repair appears to be an appealing concept
for the treatment of aortic arch disease in selected
patients, it has not yet been validated as a treatment
option. Search of the pertinent literature found that, since
the first description of revascularisation of the left carotid
Table 3 Reasons of technical failure.

Reasons of technical failure Frequency

Endoleak (type I or III)a 17/195 (9%)
Ventricle/aortic/iliac perforation 4/195 (2%)
Haemorrhage 3/195 (1.5%)
Graft migration and aortic occlusion 1/195 (0.5%)
Aortic dissection 1/195 (0.5%)
Endograft-induced brachiocephalic

occlusion
1/195 (0.5%)

Short endoprosthesis 1/195 (0.5%)

Total 28/195 (14%)
a One type II endoleak from left subclavian artery treated

with coil embolization.
and subclavian artery from the ascending aorta prior to
stent grafting,34 only case reports and small case series
have been published. No comparative randomised or
non-randomised studies of combined open debranching and
endovascular procedures with other conventional or inno-
vative treatment strategies for aortic arch repair have been
identified. Furthermore, the longest mean follow-up period
reported was 23 months, and no long-term data supporting
the durability of this method exist. Therefore, conclusions
about the long-term efficacy of this treatment cannot be
reached.

Most authors of the selected papers advocate that hybrid
aortic arch repair was reserved for high-risk surgical
patients, unsuitable for conventional treatment. Applica-
tion of this method in urgent or even emergency cases with
ruptured aneurysm has also been described.35 Clear indi-
cations and the exact role of hybrid repair in the arma-
mentarium of vascular and cardiovascular interventionalists
have not been defined. It may be sensible to resort to
hybrid repair in patients who are unfit for open repair when
morphological anatomic features are fulfilled, but the
evidence for this is currently lacking. Morphological
prerequisites include adequate length of normal ascending
aorta to accommodate the bypass graft, normal diameter
ascending aorta to provide adequate landing zone, suffi-
cient aortic valve function and undiseased iliac arteries.
Various techniques have been invented to circumvent some
of these anatomic limitations. Antegrade graft deployment
approach has been described, allowing stent graft naviga-
tion through tight arches and avoiding diseased iliac



Table 4 Perioperative morbidity and mortality.

Causes of perioperative mortality Frequency Causes of perioperative morbidity Frequency

Cardiac adverse events 6/195 (3%) Stroke 14/195 (7%)
Stent graft-related complications 5/195 (3%) Cardiac complications 9/195 (5%)
Stroke 3/195 (2%) Pulmonary complications 8/195 (4%)
Pulmonary complications 2/195 (1%) Renal failure 2/195 (1%)
Not specified 2/195 (1%) Left hand ischaemia 1/195 (0.5%)

Bypass graft infection 1/195 (0.5%)
Aortic dissection 1/195 (0.5%)

Other 5/195 (3%)

Total 18/195 (9%) Total 41/195 (21%)
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arteries.25,36 Furthermore, an external banding technique
has been proposed in order to create appropriate proximal
landing zone, extending the therapeutic applications of
hybrid repair.28,37

Sound knowledge of the arch pathology achieved with
good-quality computed tomography (CT) angiography is of
paramount importance. Classification of the thoracic aortic
landing zones determines the type of supra-aortic
debranching.12 Several types of revascularisation include
total and partial arch repair. Retrograde extra-anatomic
bypass from the iliac to the innominate artery has also
been described.12,38 Landing zone 1 stent grafting after
previous carotidecarotid bypass has even been performed
under local anaesthesia in a high surgical risk patient.39 Even
though the selected papers are restricted by the relatively
short follow-up, extra-anatomic arch reconstruction per-
formed has been reported to have good long-term results.40

Prophylactic revascularisation of the left subclavian artery
was selectively performed. Most authors proposed additional
transposition or bypass in those patients having previously
undergone coronary artery bypass grafting with patent left
internal mammary arteries, when the right vertebral artery
was occluded or in a diseased vertabro-basilar system. It is
also suggested that the adequacy of the contralateral
vertebral flow as well as the intracranial circulation has to
be assessed preoperatively with ultrasound (US) and CT
imaging. Controversy exists with regard to the synchronous
or sequential open and endovascular repair, with some
authors suggesting two-stage stent grafting in the endovas-
cular suite where imaging facilities are better, with addi-
tional avoidance of long operating times. Others, however,
argue that with a single-stage procedure, problems with the
supra-aortic grafts following stenting can be rectified or
open surgical treatment performed.26

Our analysis has shown that hybrid procedures were
associated with a relatively high primary failure rate. Most
failures were associated with type I or type III endoleak,
which, in most cases, was successfully managed with
extension grafts. The other causes of primary failure were
major technical adverse events that required conversion to
open surgery, sometimes resulting in death. The overall
perioperative mortality and morbidity rates seem to be
similar to those associated with open repair. Open surgical
repair of aortic arch aneurysms involving the supra-aortic
branches usually requires cardiopulmonary bypass and deep
hypothermic circulatory arrest. Aside from significant
mortality, these procedures are associated with high
frequency of transient or permanent neurological deficits. In
an attempt to minimise neurological complications, several
strategies have been developed, including antegrade or
retrograde cerebral perfusion and ‘arch first repairs’.
Furthermore, effort has been made to assess different can-
nulation sites. Numerous published studies reporting results
of open aortic arch repair, with or without cerebral protec-
tion, exist. The largest (more than 50 patients) recent series
were selected for comparison with hybrid aortic arch repair
(Table 5).1e3,41e43 Perioperative mortality in these series
ranged between 3% and 20%, whereas the incidence of
temporary or permanent neurological deficit ranged
between 3% and 17%. Based on recently published large
series, the mean perioperative stroke/death rate after open
surgical repair was 17.5%, as opposed to a figure of 16.4%
found from our analysis.16 In an article evaluating various
operative strategies for the ascending aorta and the aortic
arch, mortality and stroke rates between 0% and 16.5% and
2% and 18%, respectively, were reported to be associated
with open surgical techniques.11 However, direct compari-
sons between conventional open and hybrid repairs are very
difficult, as the former involve heterogeneous groups with
different operative techniques and methods of intra-
operative cerebral perfusion. Additionally, such compari-
sons between the outcomes of conventional open and hybrid
repair should be cautious, because high-risk surgical patients
with significant co-morbidities were usually excluded from
open repair. Further refinement of stent graft technology
and increasing experience with endovascular techniques
might reduce both technical failure and stent-graft-related
mortality figures.

As the reported outcomes with regard to technical
success, morbidity and mortality were conflicting, and in an
effort to extract uniform reporting results from the papers
selected for analysis, recommended standards for endo-
vascular aortic aneurysm repair were used.15 Furthermore,
no uniform inclusion criteria and indications for hybrid
treatment nor risk stratification systems were used by the
authors of the selected articles. One cannot objectively
compare the series, as the demographic characteristics and
the risk factors of the study populations are rarely listed.
Another limitation of the present study is that in 42 out of
the 195 cases the pathology treated is not known.
Furthermore, the elective, urgent or emergency nature of
the hybrid procedures is not reported by many authors.
Because of the lack of this data, the outcomes of the
pooled analysis should be approached with caution.



Table 5 Outcome after open repair of aortic arch disease.

Author Year No
patients

Mean
age

EL/EM Perioperative
mortality

Stroke
rate

Comments

Strauch et al.41 2005 120 61 NR 13% 8%a HECþ selective cerebral
perfusion via axillary artery in
49 patients

Matalanis et al.3 2003 62 65 39/23 8% 15%b HECþ antegrade or retrograde
cerebral perfusion in
48 patients

Nakai et al.42 2002 109 72 94/15 15% 17%a HECþ antegrade or retrograde
cerebral perfusion

Kikuchi et al.43 2002 60 70 52/8 3% 3%b HECþ selective cerebral
perfusion in 56 patients

Jacobs et al.2 2001 50 47 50/0 6% 10%b HECþ antegrade cerebral
perfusion and moderate
hypothermia

Okita et al.1 1999 246 67 215/31 20% 11%a Selective cerebral perfusion in
112 patients, partial bypass in
58 patients, HECþ retrograde
cerebral perfusion in
76 patients

EL, elective; EM, emergency; HEC, hypothermic extracorporeal circulation; and NR, not reported.
a Permanent neurological dysfunction.
b Temporary or permanent neurological dysfunction.
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Conclusions

Hybrid repair of complex aortic arch disease with revascu-
larisation of the supra-aortic branches prior to stent graft
deployment has evolved as an alternative treatment option
for selected patients who are high surgical risk for
conventional open repair. Acceptable results expressed by
primary technical success, mortality and morbidity rates
can be achieved, even though stroke remains a significant
problem. However, no long-term data exist to ascertain the
durability of this method, and contemporary conclusions
are based on relatively small case series. Further research
with large comparative studies is required to consolidate
the outcomes of this treatment and define its role in the
management of aortic arch disease.
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