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Background: Surgical interventions for aortic aneurysm and dissection remain associated with high risk
of mortality and morbidity. Advances in operative techniques have led to a variety of options for the cardiac
surgeon, including endovascular and hybrid approaches. Debate remains over which of these techniques
provide optimal outcomes for the patient. The present systematic review and meta-analysis aims to evaluate
long term patient survival and identify short-term outcomes for conventional (open) aortic arch repair and
hybrid aortic arch repair (HAR).

Methods: An electronic literature search was conducted according to predefined inclusion criteria for
hybrid and conventional aortic arch repair surgery. Digitized survival data was extracted from identified
studies’ Kaplan-Meier curves and used to re-create individual patient data for aggregated survival analysis.
Post-operative morbidity and mortality were analyzed using random-effects model meta-analysis.

Results: Nine studies were included, containing 841 hybrid arch repair and 1,182 conventional arch repair
patients. Pooled Kaplan-Meier analysis of all patients demonstrated higher survival in hybrid arch repair
patients than conventional arch repair patients, however, this was noted to be sensitive to results from a
particular study. Overall results showed for the hybrid repair cohort, survival at 1, 2, 3, 5 and 7 years was
87%, 85%, 83%, 78% and 75%, respectively. Survival in the conventional repair cohort at 1, 2, 3, 5 and
7 years was 84%, 82%, 80%, 75% and 71%, respectively. Statistically significant findings from meta-analysis
showed hybrid arch repair was associated with lower risk of re-operation for bleeding, while conventional
arch repair was associated with reduced risk of spinal cord injury.

Conclusions: Pooled Kaplan-Meier analysis of all studies showed long-term survival outcomes for hybrid
and conventional aortic arch repair patients are heterogeneous and sensitive to the results of particular
studies. Superior results from particular centres and the low number of comparative studies mean that
more data is required to make definitive findings with regards to the long-term survival outcomes of either
procedure. Hybrid arch repair was associated with lower risk of re-operation for bleeding, while conventional
arch repair was associated with lower risk of spinal cord injury. Surgeons should consider their own center’s

experience and patient suitability when deciding between hybrid or conventional aortic repair techniques.
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Introduction

Disease of the aortic arch carries a high risk of mortality
and treatment remains a challenge in the modern age.
Despite recent improvements, surgical mortality from
acute dissection remains high (1,2). Contemporary
improvements in perfusion techniques, perioperative care
and newer surgical approaches, (such as hybrid aortic arch
surgery), have helped to reduce the operative risk associated
treatment of aortic disease (3).

While traditional open surgery is still considered by
some as the gold standard for treatment of extensive
aortic arch pathologies (4,5), others have suggested hybrid
techniques such as the frozen elephant trunk and aortic
arch vessel debranching as more appropriate procedures for
high-risk patients, where co-morbidities may contraindicate
cardiopulmonary bypass and longer operative times
required for traditional repair (6,7). Total-endovascular
techniques are also being developed and may soon be a
more widely utilized treatment option (8,9).

Owing to the difficulty of randomizing treatments
for aortic diseases, numerous retrospective institutional
series have been published for aortic arch repair. Recent
systematic reviews and meta-analyses have examined these
series and present differences in short-term outcomes
between open and hybrid aortic arch repair (HAR)
techniques (10-12) and for hybrid techniques generally
(13,14). This review aims to examine long-term survival
outcomes from comparative studies and to conduct a meta-
analysis of short-term outcomes.

Methods
Literature search

Three electronic databases (Medline, Embase and PubMed)
were queried from their dates of inception till February
2018 using the search terms (“aortic arch aneurysm” OR
“aortic arch”) AND (“arch debranching” OR “elephant
trunk” OR “endovascular aortic arch repair” OR “hybrid
aortic arch repair” OR “hybrid arch repair” OR “open
surgical repair” OR “open arch repair”) for comparative
studies which reported aortic arch surgery using open or
hybrid procedures. No distinction was made regarding
surgical indications or neuroprotection strategies. Studies
needed to include more than 20 patients per arm and
provide Kaplan-Meier time-to-event curves with at least 3
years follow-up to allow secondary analysis of survival data.
The primary end-points were overall survival and early
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mortality. Secondary end-points were evaluated if reported
by at least 50% of included studies and included transient
ischaemic attack, stroke, acute kidney injury, requirement
for post-operative hemodialysis and prolonged ventilation.

Non-English studies, animal or laboratory studies,
reviews, case reports, editorials, letters, conference abstracts
and opinions were excluded. Where multiple studies
reported the same cohort, only the most up-to-date study
was included. Literature search and data extraction were
performed by two independent researchers (A.C. and
D.J.). Differences in results were resolved by consensus. A
PRISMA diagram is provided in Figure S1.

Quality analysis

The quality of included studies was evaluated using an
appropriated version of the schema provided by the
Canadian Institute for Health Economics (15). Studies
were scored using a sixteen-point metric. Those scoring in
the range 8-10 were graded standard quality, 11-12 were
graded intermediate quality and 13-14 were graded high

quality.

Procedural definitions

Conventional/traditional arch repair

Traditional arch repair was defined as a procedure
completed using open surgical access with no endovascular
component. So-called conventional total arch replacement
(CTAR) is typically performed using wholly surgical
methods and involves sternotomy, followed by excision and
replacement of the aortic arch with a prosthetic graft. For
the classic/conventional Elephant Trunk procedure, the
graft is invaginated, positioned in the distal aorta and the
folded end anastomosed to the open section of distal aorta.
The inside fold is then everted and anastomosed with the
proximal aorta- the distal end of the graft is left free-floating
in the descending aorta to be secured during a second-stage
procedure (10,16,17). If the second stage involves securing
the trunk via endovascular intervention, then the procedure
is considered to be a hybrid repair (rather than traditional
repair) (10,18,19).

Hybrid arch repair

HAR procedures were defined as those that involved an
open repair component (requiring either conventional
or minimal-access sternotomy) and an endovascular
component to address the full extent of aortic pathology.
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The open and endovascular portions can be performed during
a single or a two-stage procedure [where pathology distal to the
prosthesis is covered by a stent or the distal portion of the graft
is secured following the index procedure (20)]. Procedures
where sternotomy access to the aortic arch was not required
[such as left common carotid to left subclavian bypass
via a subclavicular incision and subsequent endovascular
exclusion of the affected aorta (21)] were not included as
hybrid procedures.

Areas of the aorta affected by pathology and targeted
as landing-zones for endovascular stents were defined
according to the zone definitions established by Mitchell,
Ishimaru and colleagues (22). Hybrid arch repair was
classified according to definitions used by Bavaria and
colleagues (3): hybrid type I repair: aortic arch vessels
are de-branched and re-implanted on the healthy native
proximal aorta, with a subsequent endovascular stent graft
then placed to cover the diseased aorta; hybrid type II
repair: the proximal ascending aorta is resected and replaced
by a prosthetic graft, followed by arch vessel de-branching
and re-implantation on the prosthetic graft, and completed
by an endovascular stent inserted to cover the distal
portion of the diseased aorta; hybrid type III repair: a so-
called “frozen’ or stented elephant trunk is deployed during
conventional arch replacement to facilitate concomitant
aortic arch and proximal descending aneurysmal repair in a
single stage.

For the purposes of this study, the definition of hybrid
type III repair was expanded to include elephant trunk
procedures that utilized an open zone 2 anastomosis of an
elephant trunk graft followed by endovascular “freezing” of
the trunk in the descending aorta (19).

Statistical analysis

Data from included studies was extracted by two
independent researchers (A.C. and D.]J.). Where data
was expressed as median and interquartile range, it was
converted to mean and standard deviation using the
methods of Wan ez al. (23). Pooled data were derived
using meta-analysis of proportions or means. Outcomes
for traditional and hybrid patients were compared and risk
ratios (RR) calculated with 95% confidence intervals (CI). A
random effects model was applied to account for between-
study variance that would be inevitable with patient
selection, procedural and care differences not accounted for
in institutional series.

Digitized Kaplan-Meier curves were aggregated

© AME Publishing Company.

321

using techniques developed by Guyot and colleagues for
conducting secondary analysis of survival data (24). This
method allows individual patient time-to-event data to
be inferred from the Kaplan-Meier equations, taking into
account patient numbers-at-risk and assuming constant
censoring where that data is not provided. Hazard ratios
are calculated from Kaplan-Meier data using the Cox
proportional hazard model.

Publication bias was examined with funnel plots and
also by Egger’s tests. Heterogeneity amongst studies
were assessed using the I’ statistic. Potential sources of
heterogeneity were explored, including with the aid of an
L’Abbe plot, Baujat plot and a leave-one-out sensitivity
analysis conducted to identify studies contributing most to
heterogeneity (assessed as I°) and inconsistency of effect
measure (25). Meta-regression was performed using median
year of patient recruitment to examine temporal influences
on potential heterogeneities of results.

Two-tailed P values <0.05 were deemed as significant.
All statistics were performed with Matlab R2017b [The
MathWorks, Natick, Massachusetts, USA (26)], or R [R

foundation for statistical computing, Vienna, Austria (27)].

Results

The literature search identified 1,268 records, of which nine
satisfied the inclusion criteria and definitions for hybrid
versus traditional aortic arch surgery (6,7,18-20,28-31)
(study details in Tuable SI). Two studies were identified
as high quality, three as intermediate quality and four as
standard quality using the adapted scoring criteria. Overall
there were 2,028 patients, with 1,182 patients who received
traditional/CTAR and 841 patients received hybrid arch
repair. Where a study presented only pooled results,
HAR and CTAR procedure numbers were taken from the
Kaplan-Meier strata (29). The mean length of follow up for
all studies was 3.4 years (95% CI: 2.5-4.4 y). Kaplan-Meier
maximum follow-up within included studies ranged from 4
to 12 years.

The mean age of the overall cohort was 61.8 years
(95% CI: 57.2-66.5), with 70% males. Patient baseline
characteristics are summarized in 7Tuble 1. Characteristics of
patients from individual studies are recorded in Tuble S2.

Operative data for the pooled cohort is presented in
Table 2 and demonstrates that overall, cardiopulmonary
bypass time and cross-clamp time were all slightly shorter
in hybrid cases. Cerebral perfusion time was marginally

longer for HAR than CTAR, with three studies (28,30,31)
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Table 1 Baseline patient characteristics for patients undergoing hybrid or conventional arch replacement

Characteristic

Hybrid repair, n [% (95% CI)]

Conventional repair (CTAR), n [%

(95% Cl)]
Patients 841 1,182
Males 560 761

Age, mean (95% Cl)
Hypertension

Diabetes mellitus

63.5 (54.6; 72.3)
378/483 [81.8 (71.1; 89.1)]
31/483 [7.3 (4.2; 12.4)]

59.0 (54.3; 63.7)
425/566 [72.7 (58.9; 83.2)]
40/566 [6.6 (3.4; 12.6)]

PVD 64/496 [11.4 (4.0; 28.4)] 39/291 [5.8 (1.1; 25.4)]
COPD 95/319 [26.6 (12.7; 47.6)] 157/873 [14.3 (6.1; 30.1)]
Prior CVA 47/564 [9.2 (4.9; 16.5)] 102/868 [12.4 (9.6; 15.9)]

Coronary disease
Renal impairment
Prior sternotomy, cardiac, aortic surgery
Presentation
Aneurysm (degenerative, atherosclerotic)
Acute dissection

Chronic dissection

80/464 [14.9 (4.5; 39.7)]
69/610 [10.1 (4.8; 19.9)]
166/647 [20.1 (10.2; 35.8)]

212/391 [70.5 (48.2; 85.9)]
237/476 [60.6 (32.4; 83.2)]
238/536 [26.3 (11.4; 49.7)]

88/468 [11.7 (5.0; 25.0)]
69/993 [5.5 (2.8; 10.8)]
258/970 [23.1 (10.5; 43.5)]

350/579 [51.8 (28.5; 74.3)]
207/348 [60.6 (32.4; 83.2)]
170/643 [37.8 (16.1; 65.8)]

Percentage values and their Cls were calculated using meta-analysis of proportions or means as appropriate. Cl, confidence interval;
CTAR, conventional total arch replacement; PVD, peripheral vascular disease; COPD, chronic obstructive pulmonary disease; CVA,

cerebrovascular accident.

Table 2 Pooled intraoperative data

Hybrid repair (HAR)

Conventional repair (CTAR)

Parameter

Value n reported Value n reported
Concomitant AVR, n [% (95% CI)] 117/631 [15.6 (9.2; 25.4)] - 147/937 [18.0 (9.3; 31.8)] -
Concomitant CABG, n [% (95% CI)] 87/689 [13.0 (9.5; 17.4)] - 161/1,061 [15.0 (11.7; 19.0)] -
CPB time (min) 201.1 (187.8; 214.5) 660/841 208.9 (175.6; 242.3) 1,107/1,182
Aortic cross-clamp time (min) 105.3 (95.8; 114.8) 616/841 122.3 (100.0; 144.7) 1,053/1,182
Cerebral perfusion time (min) 51.1 (35.2; 67.1) 559/841 49.6 (22.2; 76.9) 866/1,182

Values are given as pooled mean and 95% CI. The percentage was calculated using meta-analysis of proportions and means. Cl,
confidence interval; AVR, aortic valve replacement; CABG, coronary artery bypass grafting; CPB, cardiopulmonary bypass.

out of four reporting SCP use for both CTAR and HAR.
It is important to note that not all hybrid procedures
utilized bypass, cross-clamping or cerebral perfusion.
Concomitant procedures were reported for both CTAR and
HAR patients across six of nine studies (6,7,20,28,30,31).
Operative data for individual included studies is detailed in
Table S3.
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Aggregated survival data is shown in Figure 1. For the
pooled hybrid cohort, survival at 1, 2, 3, 5 and 7 years was
87%, 85%, 83%, 78% and 75% (respectively). Survival
in the conventional repair cohort at 1, 2, 3, 5 and 7 years
was 84%, 82%, 80%, 75% and 71% (respectively). Hazard
ratio for survival was calculated from the overall Kaplan-
Meier curves as favoring hybrid repair [HR 0.82 (0.69; 0.99),
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Survival by repair type
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Figure 1 Kaplan-Meier survival of entire pooled cohort. Patient time-to-event data was individually calculated for each study and all

patients then combined into an aggregated cohort.

P=0.04]. Secondary analysis with a leave-one-out method
found that exclusion of Sun ez 4. (31) changed direction of
the results to favor survival in the CTAR group (HR 1.21;
95% CI: 1.01-1.46, P=0.04, Figure S2).

Meta-analysis of outcomes (Table 3) demonstrated
CTAR was associated with less spinal cord injury (RR 2.36;
95% CI: 1.29-4.33; P<0.01, Figure 2), while a trend existed
for reduced risk of reoperation for bleeding in the HAR
cohort (RR 0.71; 95% CI: 0.5-1.00, P=0.05, Figure 3).
No significant differences were seen for early mortality
(Figure S3), stroke, transient ischaemic attack, acute kidney
injury, requirement for post-operative hemodialysis, or
prolonged ventilation (Figures S4-S6). Individual study
outcome data is summarized in Tuble S4.

Meta-analysis of proportions revealed that there was
significant heterogeneity for most postoperative outcomes.
However, I’ CIs (32) were often wide and sensitivity
analysis demonstrated individual studies often exerted a
disproportionate effect on overall/point heterogeneity [early
mortality (19), transient ischaemic attack (7), acute kidney
injury (7), prolonged ventilation (20)].

Meta-regression for early mortality found that the
median year of patient recruitment may account for some
inter-study variance (R’ =75%) but the meta-regression
coefficient did not reach statistical significance (P=0.13).
These findings indicate the regression is likely under-
powered (Figure S7). Visual inspection of funnel plots and
the results of Egger’s test were examined for all studies
and bias was not evident [the authors note Egger’s test
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results may not be as robust for less than 10 studies (33)].
The funnel plot for the primary end-point is provided in
Figure S§.

Discussion

The present meta-analysis pooled results from nine
institutional series comparing hybrid and conventional
open arch procedures. Kaplan-Meier survival analysis
showed hybrid arch patients had higher survival rates than
conventional arch repair patients (Figure I) and hazard ratio
for long term survival favored hybrid repair. However, these
long-term survival results were sensitive to the inclusion
of particular studies (Figure S2), making it difficult to draw
conclusions. Secondary morbidity endpoints demonstrated
conventional arch replacement was associated with lower
risk of spinal cord injury, while hybrid procedures had
less risk of re-intervention for bleeding. Considerable
heterogeneity was identified between studies which limits
the generalizability of these findings.

Individual Kaplan-Meier survival curves from included
studies showed survival for CTAR above HAR for five of
the nine studies, contrasting with our pooled overall survival
curve (Figure 1). Close examination showed Kaplan-Meier
curves from Sun (31) had significantly higher survival
rates than other studies and a mean patient age 16 years
younger than the mean of all other studies. Additionally,
Sun er al. included hemi-arch replacement patients as
part of their conventional repair cohort, a criteria other
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Qutcome Hybrid repair, n [% (95% Cl), IZ]

CTAR, n [% (95% Cl), ]

Relative risk (95% CI) P value

TIA 9/218
(5.5 (3.0; 10.0), I*=0%]

44/844

0.88 (0.3; 2.65) 0.83

(5.0 (1.7; 14.0), I’=91%]

Paraparesis, paraplegia 32/841

[4.0 (1.9; 8.4), ’=73%]

16/1,108

2.36 (1.29; 4.33) <0.01

[1.8 (0.9; 3.5), ’=38%]

33/453

Requiring RRT
(5.3 (2.2; 12.3), '=68%]

31/863

1.03 (0.62; 1.73) 0.90

[4.1 (1.7; 9.3), ’=80%]

Re-operation for bleeding 55/647 100/785 0.71 (0.50; 1.00) 0.05

[7.4 (3.9; 13.3), '=72%] [11.7 (7.6; 17.8), '=74%]

Hybrid  Traditional

Study Events Total Events Total Paraparesis, paraplegia RR 95%-Cl Weight
Benrashid, 2016 3 101 1 47 * 140 [0.15; 13.07] 7.3%
Leontyev, 2013 10 46 5 125 = 543 [196; 15.06] 353%
Milewski, 2010 2 27 0 45 827 [041;166.03] 41%
Preventza, 2015 0 45 2 274 121 [0.06; 24.73] 4.0%
Shrestha, 2015 9 180 5 97 — 097 [0.33; 281] 323%
Sun, 2011 7 29 1 120 289 [0.36; 2321] 84%
Tokuda, 2016 1 58 1 124 214 [014; 3358] 48%
Yoshitake, 2017 0 42 1 276 217 [009; 5237] 36%
Random effects model 790 1108 == 236 [1.29; 4.33] 100.0%
Heterogeneity: 1 = 0% [0%; 64%], t° = 0, 33 = 6.37 (p = 0.50) T T 1

Test for overall effect: z=2.79 (p < 0.01) 0.01 0.1 1 10 100

Favours hybrid Favours traditional

Figure 2 Forest plot for relative risk of spinal cord injury following HAR and CTAR. HAR, hybrid aortic arch repair; CTAR, conventional

total aortic arch repair.

studies used as basis for exclusion (6,18-20). Given the
differing baseline patient characteristics of Sun’s study,
pooled Kaplan-Meier analysis excluding these results was
conducted, showing better long-term survival and reduced
death rate for conventional repair than hybrid repair
(Figure §2). The hazard ratio for long term survival also
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turned to favor conventional repair.

Similar to outlying long-term survival data from
particular studies (31) affecting aggregated survival,
individual studies also demonstrated outlying early mortality
data, particularly where event rates were low or zero (19,20).
Contribution to heterogeneity was evidenced by a leave-
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Hybrid  Traditional
Study Events Total Events Total
Leontyev, 2013 6 46 24 125
Milewski, 2010 0 27 1 45
Preventza, 2015 0 45 34 274
Shrestha, 2015 30 180 23 97
Sun, 2011 15 291 7 120
Tokuda, 2016 4 58 11 124
Random effects model 647 785

325

Re-op for bleeding RR 95%-Cl Weight
— 068 [0.30; 1.56] 18.0%

0.55 [0.02;13.07] 12%

0.09 [0.01; 1.40] 16%

L] 0.70 [0.43; 1.14] 527%
—a&— 0.88 [0.37; 211] 16.3%
— 0.78 [0.26; 2.34] 10.2%

: 4 : ; 0.71 [0.50; 1.00] 100.0%

Heterogeneity: /1> = 0% [0%: 54%], t° =0, y2=2.77 (p = 0.74)

Test for overall effect: z = -1.94 (p = 0.05)

0.01

0.1 1 10 100

Favours hybrid Favours traditional

Figure 3 Forest plot for relative risk of re-operation for bleeding following HAR and CTAR. HAR, hybrid aortic arch repair; CTAR,

conventional total aortic arch repair.

one-out analysis, demonstrating improved heterogeneity
statistics and additionally, significance being reached for
early mortality when a particular outlying study (19) was
excluded [RR 0.65 (0.47; 0.91), P=0.01, I’=0%, Figure S9].
While similar analysis for secondary (morbidity) endpoints
showed potential to reduce I’ statistics (where they were not
already 0%), no change in significant findings occurred.

Meta-analysis of all studies reporting spinal cord injury
showed conventional repair had a lower risk than hybrid
repair, however, conventional repair had a higher relative
risk of requiring re-operation for bleeding. Relative risk
favoring CTAR for freedom from spinal cord injury
is an acknowledged advantage (3,28). Reduced rates
of re-intervention for bleeding in HAR are expected
given less anastomoses would be required and there is
reduced requirement for cardiopulmonary bypass and/or
hypothermia. Increased rates of spinal cord injury in the
hybrid cohort is also unsurprising given the length of stent
graft to cover aneurysmal sections of aorta may occlude
intercostal artery branches arising from the false lumen.
This effect may be exacerbated in acute presentations,
where there has been insufficient time for collateral supply
to develop (31,34). Meta-analysis of early mortality and
secondary outcomes of stroke, transient ischemic attacks,
acute kidney injury, postoperative dialysis, and prolonged
ventilation were equivocal.

While the present results agree with findings from
similar analyses (11,35), it is worth noting the significant
degree of heterogeneity seen across almost all results. The
I’ CIs were often wide and sensitivity analysis revealed
heterogeneity was often largely contributed to by a minority
of studies (7,19,20). We believe there are several key areas
that contribute to this. Firstly, a lack of consensus on
procedural definitions makes between-study comparisons
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problematic (7). Some studies include frozen elephant
trunk under CTAR and classify hybrid procedures as only
hybrid type I and II (7). Others classify procedures where
access to the aortic arch is purely endovascular (and supra
aortic vessels are bypassed via a subclavicular incision) as
hybrid (36-38). These broad definitions for conventional
repair and hybrid repair may be an additional source of
heterogeneity and effect attenuation—for example, one type
of hybrid procedure may have a much higher risk of stroke
than another hybrid procedure but the net effect is lost in
pooling (21).

Attenuation of overall effect due to broad definitions was
evident when examining particular meta-analytic outcomes
for our included studies. For example, for early mortality,
those hybrid cohorts with a large (or total) proportion of
debranch procedures (6,7,18,19) had RRs closer to unity
than for hybrid cohorts consisting of predominantly FET
patients (28,30,31). Differences in intra-operative factors
such as usage of cardiopulmonary bypass usage for hybrid
procedures (7) or concomitant procedures potentially also
lead to heterogeneity.

There were several limitations to this study, not least
the suitability of only a small number of comparative
studies for inclusion and the presence of many factors
contributing to heterogeneity within, and between studies.
In addition to possible under-powering of this study, all
included studies were retrospective, institutional series.
It should also be considered that hybrid procedures are a
relatively recent introduction, with only a limited number
of centers applying them. This not only adds learning curve
as a potential confounder to the analysis, but also affects
the generalizability of the findings. Additionally, included
studies all utilized long, retrospective patient recruitment,
with periods that averaged 10 years, reaching back to the
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turn of the century. For a dynamic and constantly evolving
field such as aortic surgery, this means that poorer historical
results would be included along with likely improved
contemporary results, dampening their effect and increasing
between-study variance. Finally, several authors describe
hybrid repair patients as higher risk (7,36) compared to
conventional repair candidates, however, no specific risk
score for aortic surgery is utilized to clearly stratify patients
and establish if uniform risk cohorts are being compared (4).

Conclusions

Pooled Kaplan-Meier analysis demonstrated long-term
survival in hybrid and conventional aortic arch repair
patients was sensitive to the results of particular studies.
Long-term survival outcomes were affected by outlying
results from centers of excellence and the low number of
suitable comparative studies for hybrid and conventional
arch repair. Additionally, significant heterogeneity was
shown to exist between studies due to multiple factors.
Meta-analysis of secondary endpoints showed conventional
arch replacement was associated with lower risk of spinal
cord injury, while hybrid procedures had less risk of re-
intervention for bleeding. Surgeons should consider their
individual center’s experience and appropriateness of patient
selection in the application of conventional or hybrid arch
repair. Further studies are required to make clear findings
regarding superiority of either the hybrid or conventional
repair technique for long-term survival.
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Figure S1 PRIMSA flow chart detailing the literature search process for hybrid versus traditional aortic arch repair.

© AME Publishing Company.

https://dx.doi.org/10.21037/acs.2018.05.07



Author,
year of Country
publication

Study
ID

Recruitment ~ Study Patients

years design IHE quality Grouping ") Mean f/u (y) KM f/u (y)

2 Leontyey, Germany  2003-2011 R,S Intermediate =~ CTAR 125 5.4+0.3 6
2013

HAR 46 6

4 Nakamura,  Japan 1998-2010 R,M Standard Pooled HAR, 130 4.28+0 10
2014 CTAR

6 Shrestha, Germany  2001-2013 R,S Standard CTAR 97 - 12
2015

HAR 180 12

8 Tokuda, Japan 2002-2014 R,S High CTAR 124 6.18+9.32* 13
2016

HAR 58 1.88+3.04* 4

Total pooled mean follow-up is given at bottom (from inverse variance pooling). *, These studies did not report mean + SD, so the value
reported here was calculated by the authors according to the method outlined by Wan et al. [2014] (23). IHE, (Canadian) Institute for Health
Economics; R, retrospective; P, prospective; S, single-centre; M, multi-centre; CTAR, conventional total aortic arch repair; HAR, hybrid
arch repair; f/u, follow-up.
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Aneurysm
Patients  Males Elective Urgent Emergent (degenerative,

Acute ~  Chronic o red MaxAotic HTN DM PVD GCOPD CVA cap ond Prior
dissection  dissection impairment  sternotomy

Study ID Grouping - - aorta(n)  diametercm) (M) M) () (M) o @ 0 "

™ ") Age (y)

(n) (n) (n) atherosclerotic)

(n)

2 CTAR 125 80 61+13 80 42 73 5 5.2+1.6 94 18 11 3 18

HAR 46 23 69+10 14 27 15 2 5.0+1.4 36 7 2 3 0 9

4 Pooled HAR, 130 98 72.9+6.1 9 130 < 113 7 21 14 17 27 12 4
CTAR

6 CTAR 97 59 61.0+£14.3* 116 43 47 7 0 20
HAR 180 126 60.7+15.7* 62 67 51 0 54

8 CTAR 124 90 69+9 4 10 34 4 19 10 8

HAR 58 49 76+6 1 2 24 6 © 12 6

Not all included studies fully described their patient indications for aortic intervention. Where they were reported either in tables or the article body, those details are included here. Coronary heart disease was either explicitly collected or inferred from listing
in included studies as prior CABG. Renal impairment is pooled definitions of renal disease from each study, including, acute pre-operative renal failure, chronic renal failure, elevated creatinine, haemodialysis requirement. Prior sternotomy incorporates
previous operations performed on the coronary arteries, heart valves or aorta. *, These studies did not report mean + SD, so the value reported here was calculated by the authors according to the method outlined by Wan et al. [2014] (23). HAR, hybrid
arch repair; CTAR, conventional total aortic arch repair; Max, maximum; HTN, hypertension; DM, diabetes mellitus; PVD, peripheral vascular disease; COPD, chronic obstructive pulmonary disease; CVA, cerebrovascular accident; CAD, coronary artery
disease.
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Circulatory
Studv D Groupin Patients  ET/open/cTAR  FET/hybrid  Hybrid Hybrid Zone Zone Operation CPB Crossclamp  CPB time SCP time arrest Concom  Concom
v ping (n) (n) 11 (n) typel(n) typell(n) O() 1(n) time (min) used (n) time (min) (min) (min) temperature AVR (n) CABG (n)
(°C, site)

2 CTAR 125 125 122447 225+68 42+19 233 (rectal) 10 15
HAR 46 46 100+38 220+61 47+14 2543 (rectal) 0 8

4 Pooled HAR, 130 79 51 223+51.9 107+32 20-25 (rectal)
CTAR

6 CTAR 97 97 348.7+108.3* 142.3+71.4*  239.3+100.0*  54.7+26.3* 25 (np) 36 21
HAR 180 180 362.7+90.4* 129.0+54.6*  232.0+69.5* 75.7£33.6* 25 (np) 34 30

8 CTAR 124 124 464+144 124 132+48 238+5 19

HAR 58 25 32 1 433+101 29 86+33 188+48 9

Not all included studies fully detailed operative details for all patients (procedure types, operation times). Where they were reported either the tables or article body, those details are reported here). For the purposes of pooling
data, “cardiac arrest” time was taken as equivalent to “cross-clamp time” (neither was listed concurrently). *, These studies did not report mean + SD, so the value reported here was calculated by the authors according to the
method outlined by Wan et al. [2014] (23). HAR, hybrid arch repair; CTAR, conventional total aortic arch repair; FET, frozen elephant trunk; ET, elephant trunk; CPB, cardiopulmonary bypass; SCP, selective cerebral perfusion;
Concom, concomitant; AVR, aortic valve replacement; CABG, coronary artery bypass grafting; np, nasopharyngeal.
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Survival by repair type
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80 Conventional/open arch
70 - repair, n=1,062
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S 5oL Hybrid arch repair, n=549
S
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Years post-arch repair

Figure S2 Kaplan-Meier survival of pooled cohort excluding patients from Sun 2011. Patients in Sun 2011 were significantly younger than
patients from other included studies and a large proportion of the conventional repair cohort were hemi-arch repair only: removal of Sun
increased the mean age of the cohort and its subsets by 5 years and significantly narrowed the CIs [all patients: 66.4 (63.7; 69.1) years, hybrid
patients: 68.8 (64.3; 73.2) years, CTAR patients: 63.1 (60.0; 66.2) years]. CTAR, conventional total aortic arch repair.

Hybrid  Traditional

Study Events Total Events Total Early mortality RR 95%-Cl Weight
Benrashid 2016 14 101 5 47 = 1.30 [0.50; 3.41] 14.1%
Leontyev 2013 4 46 27 125 —= 0.40 [0.15; 1.09] 13.4%
Milewski 2010 3 27 7 45 —#H— 071 [020; 253] 91%
Preventza 2015 5 45 28 274 —ii— 1.09 [0.44; 267] 156%
Shrestha 2015 24 180 24 97 L1 054 [032; 090] 309%
Sun 2011 9 291 6 120 — 062 [0.23; 1.70] 13.0%
Tokuda 2016 2 58 0 124 10.64 [0.52;218.14] 1.8%
Yoshitake 2017 0 42 21 276 0.15 [0.01, 245] 21%
Random effects model 790 1108 < 0.70 [0.46; 1.06] 100.0%
Heterogeneity: /% = 22% [0%; 64%], 1* = 0.0772, %2 = 9.02 (p =10.25) T I

Test for overall effect: z = -1.67 (p = 0.10) 001 01 1 10 100

Favours hybrid Favours traditional

Figure S3 Early mortality endpoint RR for included studies. RR, relative risk.
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Early
death’

(n)

Prolonged  Re-op for
ventilation” bleeding LOS (days)
(n) (n)

Patients

(n)

TIA  Stroke Paraparesis, AKI RRT

Study 1D Grouping n M paraplegia (n)  (n) (n)

2 CTAR 125 27 23 20 5 23 24

HAR 46 4 4 6 10 11 6

4 Pooled HAR, 130 5 4 9 2
CTAR

6 CTAR 97 24 12 5 12 27 23 13.2+9.4*
HAR 180 24 24 9 25 44 30 15.7+10.5*

8 CTAR 124 0 2 15 1 4 1 24 11 33+20
HAR 58 2 2 10 1 4 2 19 4 38+29

*, These studies did not report mean + SD, so the value reported here was calculated by the authors according to the method outlined
by Wan et al. [2014] (23); a, early death was defined as in-hospital or 30-day mortality; b, prolonged ventilation was defined as mechanical
ventilation lasting at least 48 hours. HAR, hybrid arch repair; CTAR, conventional total aortic arch repair; TIA, transient ischaemic attack;
AKI, acute kidney injury; RRT, renal replacement therapy; LOS, length of hospital stay.
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Hybrid  Traditional

Study Events Total Events Total TIA RR 95%-Cl Weight
Leontyev, 2013 4 46 23 125 — i 047 [017; 1.29] 32.4%
Milewski, 2010 0o 27 5 45 015 [001; 262] 11.1%
Preventza, 2015 3 45 6 274 T 304 [079;1174] 266%
Tokuda, 2016 2 58 2 124 214 [0.31,1480] 18.7%
Yoshitake, 2017 0 42 8 276 0.38 [0.02; 6.51] 11.2%
Random effects model 218 . 844 _— 0.88 [0.30; 2.65] 100.0%
Heterogeneity: /* = 48% [0%; 81%], ©* = 0.7022, 3> = 7.72 (p'= 0.10) | f T !

Test for overall effect: z =-0.22 (p = 0.83) 0.01 01 1 10 100

Favours hybrid Favours traditional

Hybrid  Traditional

Study Events Total Events Total Stroke RR 95%-Cl Weight
Benrashid, 2016 4 101 0 47 4211[023;7665] 16%
Leontyev, 2013 6 46 20 125 —= 0.82 [0.35; 1.90] 19.0%
Milewski, 2010 1 27 4 45 — 0.42 [0.05; 3.54] 3.0%
Preventza, 2015 4 45 15 274 HE— 162 [0.56; 467] 122%
Shrestha, 2015 24 180 12 97 . 1.08 [0.56; 2.06] 32.6%
Sun, 2011 7 291 1 120 N e — 289 [0.36;2321] 31%
Tokuda, 2016 10 58 15 124 - 143 [068; 298] 252%
Yoshitake, 2017 1 42 7 276 094 [0.12; 744] 32%
Random effects model _ 790 1108 % 1.18 [0.81; 1.70] 100.0%
Heterogeneity: 1 = 0% [0%; 41%], ©* = 0, x2 = 3.82 (p = 0.80)

Test for overall effect: z = 0.86 (p = 0.39) 01 0512 10

Favours hybrid Favours traditional

Figure S4 Neurological endpoint relative risk between HAR and CTAR for all studies reporting those outcomes. HAR, hybrid aortic arch

repair; CTAR, conventional total aortic arch repair.

Hybrid  Traditional

Study Events Total Events Total Acute kidney injury RR 95%-Cl Weight
Benrashid, 2016 6 101 6 47 047 [0.16;1.37] 166%
Leontyev, 2013 11 46 23 125 1.30 [0.69;2.45] 292%
Milewski, 2010 5 27 5 45 167 [0.53;523] 153%
Preventza, 2015 4 45 55 274 044 [0.17;1.16] 19.1%
Sun, 2011 3 291 2 120 062 [0.10;3.66] 7.8%
Tokuda, 2016 4 58 4 124 214 [0.55;8.25] 12.0%
Random effects model _568 735 _Q'_ 0.93 [0.54; 1.59] 100.0%
Heterogeneity: I© = 35% [0%; 74%]), T~ = 0.1548, 1; =771 (p=017)

Test for overall effect: z =-0.27 (p = 0.79) 02 05 1 2 5

Favours hybrid Favours traditional

Hybrid  Traditional

Study Events Total Events Total Haemodialysis post-op RR 95%-Cl Weight
Benrashid, 2016 3 101 4 47 —_— 0.35 [0.08; 1.50] 12.6%
Milewski, 2010 3 27 3 45 — 167 [0.36; 768] 11.5%
Preventza, 2015 0 45 3 214 —————— 0.86 [0.05;16.41] 31%
Shrestha, 2015 25 180 12 97 . 1.12 [0.59; 2.13] 64.8%
Tokuda, 2016 2 58 1 124 —F 428 [040;4621] 47%
Yoshitake, 2017 0 42 8 216 — —1— 0.38 [0.02; 6.51] 3.3%
Random effects model 453 863 $ 1.03 [0.62; 1.73] 100.0%
Heterogeneity: /7 = 0% [0%; 71%], ©° = 0, 2 = 4.43 (p = 0.49)

Test for overall effect: z = 0.12 (p = 0.90) ) 01 051 2 10

Favours hybrid  Favours traditional

Figure S5 AKI and haemodialysis endpoint relative risk between HAR and CTAR for all studies reporting those outcomes. AKI, acute
kidney injury; HAR, hybrid aortic arch repair; CTAR, conventional total aortic arch repair.

© AME Publishing Company. https://dx.doi.org/10.21037/acs.2018.05.07



Hybrid  Traditional

Study Events Total Events Total Prolonged]ventilation RR 95%-Cl Weight
Preventza, 2015 17 45 112 274 . 092 [062;138] 26.7%
Shrestha, 2015 44 180 27 97 . 0.88 [0.58;1.32] 264%
Sun, 2011 21 291 6 120 144 [060;349] 150%
Tokuda, 2016 19 58 24 124 169 [1.01;283] 236%
Yoshitake, 2017 2 42 74 276 —*F— 0.18 [0.05;0.70] 84%
Random effects model 616 891 0.98 [0.62; 1.55] 100.0%
Heterogeneity: 1 = 67% [13%; 87%], 1 = 0.1633, 32 = 11.95 (p 3 0.02)

Test for overall effect: z =-0.09 (p = 0.92) 0.1 051 2 10

Favours hybrid Favours traditional

Figure S6 Prolonged ventilation outcome (>48 hours ventilation requirement) relative risk between HAR and CTAR. Note that with
exclusion of Yoshitake, relative risk remained insignificant (I was reduced to 0%). HAR, hybrid aortic arch repair; CTAR, conventional total

aortic arch repair.
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Mixed-effects Model (k = 8; tauA2 estimator: DL)

taur2 (estimated amount of residual heterogeneity): 0.0192 (se = 0.1731)
tau (square root of estimated tausr2 value): 0.1386

IA2 (residual heterogeneity / unaccounted variability): 6.42%

HA2 (unaccounted variability / sampling variability): 1.07

RA2 (amount of heterogeneity accounted for): 75.08%

Test for Residual Heterogeneity:
QE(df = 6) = 6.4113, p-val = 0.3787

Test of Moderators (coefficient(s) 2):
Qu(df = 1) = 2.2937, p-val = 0.1299

Model Results:

estimate se zval pval ci.lb ci.ub
intrcpt -299.9600 197.8093 -1.5164 0.1294 -687.6590 87.7390
year 0.1492 0.0985 1.5145 0.1299 -0.0439 0.3423
signif. codes: 0 ‘*#**’ 0.001 ‘**’ 0.01L ‘*’ 0.05 ‘.’ 0.1 °* ’ 1

Figure S7 Bubble plot and corresponding results from meta-regression of early mortality outcome using covariate as median year of study
recruitment. Although the regression accounts for variance in the data (high R?), the null hypothesis (,=0) for the regression coefficient of

cannot be rejected.
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Figure S8 Funnel plot for assessing bias in outcomes for early death. Egger’s test result indicates the null hypothesis of symmetry holds true
given P>0.05, i.e., bias is unlikely to be present. Note that the test has been applied for less than 10 studies.

Hybrid  Traditional

Study Events Total Events Total Early mortality RR 95%-Cl Weight
Benrashid 2016 14 101 5 47 1.30 [050;341] 121%
Leontyev 2013 4 46 27 125 040 [0.15;1.09] 11.3%
Milewski 2010 3 27 7 45 — s 0.71 [0.20;2.53] 7.0%
Preventza 2015 5 45 28 274 —F— 1.09 [044;267] 139%
Shrestha 2015 24 180 24 97 - 054 [032;090] 432%
Sun 2011 9 291 6 120 — 062 [0.23;1.70] 11.0%
Yoshitake 2017 0 42 21 276 015 [0.01;245] 14%
Random effects model 732 984 < 0.65 [0.47; 0.91] 100.0%
Heterogeneity: 1 = 0% [0%; 70%), 1* = 0, > = 5.82 (p = 0.44) T f !
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Figure S9 Relative risk for early mortality re-evaluated excluding results by Tokuda 2016.
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