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ABSTRACT R�ESUM�E

ackground: To explore evolving surgical techniques and outcomes
r aortic arch surgery.
ethods: A total of 2435 consecutive patients underwent aortic arch

epair with hypothermic circulatory arrest between 2008 and 2018 in
2 institutions across Canada. Trends in patient characteristics, surgi-
al techniques, and in-hospital outcomes, including major morbidity or
ortality, were examined.
esults: From 2008 to 2018, the age of patients (62.3 § 13.2 years)
nd the proportion of women (30.2%) undergoing arch surgery did not
hange significantly. Aortic diameters at operation decreased (2008:
8 § 13 mm; 2018: 53 § 11 mm; P < 0.01). Surgeons performed

Introduction : Examiner l’�evolution des techniques chirurgicales et les
r�esultats de l’intervention chirurgicale de l’arc aortique.
M�ethodes : Un total de 2 435 patients cons�ecutifs ont subi une
r�eparation de l’arc aortique en arrêt circulatoire en hypothermie entre
2008 et 2018 dans 12 �etablissements du Canada. Nous avons examin�e
les tendances en ce qui concerne les caract�eristiques des patients, les
techniques chirurgicales et les r�esultats cliniques intrahospitaliers,
y compris les principales causes de morbidit�e ou de mortalit�e.
R�esultats : De 2008 �a 2018, l’âge des patients (62,3 § 13,2 ans) et
la proportion de femmes (30,2 %) subissant l’intervention chirurgicale
de l’arc n’a pas montr�e de changement significatif. Les diam�etres
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Aortic arch surgery has traditionally been associated with high rates
of morbidity and mortality, largely due to complications associated
with interrupting flow to the cerebral and systemic circulations.
Over the past several decades, stepwise advances in circulatory
management, surgical technique, anesthetic administration, and
perioperative care have made it possible to more safely repair the
aortic arch.1-4 The first successful arch replacement was performed
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in 1957 by DeBakey, using cardiopulmonary bypass.5 In 1975,
Griepp and colleagues introduced the concept of hypothermia to
reduce the metabolic demand on the brain.6 Ueda in 1990, based
on work by Mills and Ochsner, proposed the use of continuous
retrograde cerebral perfusion as an adjunct to hypothermic circula-
tory arrest (HCA).7 In the 1980s and 1990s, the more physiologic
antegrade cerebral perfusion (ACP) with HCA was proposed by
Kazui, aimed at extending the safe duration of HCA.8 These
advances, along with modifications in cannulation techniques, use
of the frozen elephant trunk, and changes in temperature manage-
ment,9-11 have contributed to better outcomes, with contempo-
rary studies reporting mortality rates of 2%-5%12-14 and stroke
rates of 2%-7%.12,15-18

The adoption and impact of these evolving techniques on
outcomes of aortic arch surgery are unclear. This study aimed
to explore the trends in patient characteristics, surgical
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aortiques �a l’op�eration ont diminu�e (2008 : 58 § 13 mm; 2018 :
53 § 11 mm; P < 0,01). Les chirurgiens ont r�ealis�e un plus grand
nombre de remplacements de la racine aortique sans remplacement
de la valve (2008 : 0 %; 2018 : 15 %; P < 0,001) et un moins grand
nombre d’op�erations de Bentall (2008 : 27 %; 2018 : 20 %; P < 0,01).
Les taux totaux de remplacements de l’arc �etaient similaires
(P = 0,18). Toutefois, les taux de r�eparation avec la technique de la
trompe d’�el�ephant; (2008 : 9,5 %; 2018 : 19 %; P < 0,001) et de la
trompe d’�el�ephant congel�ee (2008 : 3,1 %; 2018 : 15 %; P < 0,001)
ont augment�e. Avec le temps, des nadirs sup�erieurs de temp�erature
(2008 : 18 [17-21]°C; 2018 : 25 [23-28]°C; P < 0,001) et des perfu-
sions c�er�ebrales ant�erogrades plus fr�equentes (2008 : 61 %; 2018 :
83 %; P < 0,001) ont �et�e utilis�es. Pour les cas non urgents, les taux de
mortalit�e intrahospitali�ere (2008 : 6,8 %; 2018 : 1,2 %; P = < 0,01) et
les taux de morbidit�e grave et de mortalit�e (2008 : 24 %; 2018 :
13 %; P < 0,001) et de transfusion (2008 : 61 %; 2018 : 41 %;
P < 0,001) ont d�ecru, mais les taux d’accidents vasculaires c�er�ebraux
(2008 : 6,8 %; 2018 : 5,3 %; P = 0,12) sont demeur�es constants. Les
r�esultats cliniques sont demeur�es identiques au fil du temps pour les
cas urgents ou les nouveaux cas.
Conclusions : Au Canada, les r�esultats de l’intervention chirurgicale
non urgente de l’arc aortique se sont am�elior�es au cours de la derni�ere
d�ecennie dans le contexte de l’op�eration d’aortes plus petites et de
l’utilisation plus fr�equente de l’hypothermie mod�er�ee et de la perfu-
sion c�er�ebrale ant�erograde. D’autres recherches sont n�ecessaires
pour am�eliorer les taux d’accidents vasculaires c�er�ebraux et les
r�esultats cliniques dans le cadre d’interventions urgentes.

more valve-sparing root replacements (2008: 0%; 2018: 15%; P <
0.001) and fewer Bentall procedures (2008: 27%; 2018: 20%; P <
0.01). Total arch replacement rates were similar (P = 0.18); however,
elephant trunk (2008: 9.5%; 2018: 19%; P < 0.001) and frozen ele-
phant trunk (2008: 3.1%; 2018: 15%; P < 0.001) repair rates have
increased. Over time, higher nadir temperatures (2008: 18 [17-21]°C;
2018: 25 [23-28]°C; P < 0.001), and more frequent antegrade cere-
bral perfusion (2008: 61%; 2018: 83%; P < 0.001) were used. For
elective cases, in-hospital mortality rates declined (2008: 6.8%; 2018:
1.2%; P =< 0.01), as did major morbidity or mortality (2008: 24%;
2018: 13%; P < 0.001) and transfusion rates (2008: 61%; 2018:
41%; P < 0.001), but stroke rates remained constant (2008: 6.8%;
2018: 5.3%; P = 0.12). Outcomes remained the same over time for
urgent or emergent cases.
Conclusions: Outcomes have improved over the past decade in Can-
ada for elective aortic arch surgery, in the context of operating on
smaller aortas, and more frequent use of moderate hypothermia and
antegrade cerebral perfusion. Further research is needed to improve
stroke rates and outcomes in the emergency setting.
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techniques, and outcomes of aortic arch surgery over time in
Canada.
Patients and Methods

Study population

The Canadian Thoracic Aortic Collaborative (CTAC) is a
national collaborative of cardiac surgeons with expertise in aortic
repair who retrospectively compiled a comprehensive national
registry of consecutive patients undergoing thoracic aortic surgery
with circulatory arrest. All extents of thoracic aortic surgery,
including hemiarch replacements, total arch reconstructions, dis-
tal arch, and descending thoracic aortic repairs, were included in
the registry if circulatory arrest was used during the procedure.
Elective and emergent cases were included, as were cases with
concomitant surgery. Circulatory arrest cases for thoracoabdomi-
nal aortic repair, or those not involving aortic repair (eg, congeni-
tal cases, tumor removal, etc.), were excluded.

For the present study, a total of 2435 consecutive patients
underwent aortic arch repair with HCA from 2008 to 2018.
There were a total of 52 contributing surgeons from 12
centres, with the lowest-volume centre contributing 43 cases,
and the highest-volume centre contributing 387 cases. Each
centre obtained local ethics approval from their respective
institutional review boards, and individual informed consent
was waived at all centres.

Trends analysis

Trends in 3 clinical areas were examined: (i) patient charac-
teristics; (ii) surgical techniques; and (iii) in-hospital
outcomes. For preoperative baseline characteristics, variables
assessed included age, aortic valve disease, aortic diameter,
presence of dissection or rupture, urgency, and comorbidities.
Surgical techniques evaluated included extent of aortic recon-
struction, concomitant surgeries, surgical times, nadir temper-
atures, circulatory arrest times, and cerebral protection
strategies. Outcomes evaluated included in-hospital mortality,
in-hospital stroke, transfusion rates, and a modified Society of
Thoracic Surgeons−defined composite endpoint for major
morbidity and operative mortality.19 This composite endpoint
was defined as the occurrence of 1 or more of the following:
in-hospital mortality, stroke, dialysis-dependent renal failure,
deep sternal wound infection, reoperation, or prolonged venti-
lation of more than 40 hours.9 A subgroup analysis of elective
(n = 1510) and urgent or emergent operations (n = 905) was
performed as well, and outcomes were evaluated.
Statistical methods

Trends over time for binary, ordinal, categorical, or contin-
uous variables were assessed using mixed-effect models with
logit, cumulative ordinal, multinomial logit, or identity link,
respectively, with a random-effect for the centre to account
for the effect of the individual centres using PROC GLIM-
MIX in SAS 9.4 (SAS Institute, Cary, NC). Statistical signifi-
cance was set at a = 0.05. For variables that were not
normally distributed (eg, surgical times), a logarithmic trans-
formation was used in mixed-effect models. Two mixed-effect
models were built for every variable. First, a piecewise linear
random-effect model was built using date of surgery as a con-
tinuous measure with time knots every 2 years (ie, at 2008,
2010, 2012, 2014, and 2016). Second, a simpler model was
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built without time knots to assess an overall linear trend
through the years. For linear trend analyses, values at the
beginning and the end of the curve may not exactly corre-
spond to the 2008 or 2018 biyearly raw values or biyearly
model estimates. For all models, for binary, categorical, and
continuous variables, results are presented with a 95% confi-
dence interval.
Results

Baseline characteristics

A total of 2435 patients undergoing aortic arch surgery,
with an average age of 62.3 years § 13.2 years, were
included in this study, of whom 1700 (69.8%) were
Table 1. Baseline patient characteristics over the study period, 2008 to 2018

Year
2008

(n = 148)
2010

(n = 267)
201

(n = 3

Age, y 63 § 13 62 § 13 62 §
Female 41 (32) 73 (27) 102 (3
Hypertension 80 (63) 188 (70) 222 (7
Connective tissue disorder
None 117 (94) 235 (89) 279 (9
Confirmed 8 (6.4) 28 (11) 27 (8
Suspected 0 (0) 0 (0) 2 (0.6

Diabetes mellitus 12 (9.4) 35 (13) 38 (1
Dyslipidemia 45 (36) 136 (52) 149 (4
Renal failure 16 (13) 28 (10) 28 (9
Cerebrovascular disease 18 (12) 23 (8.6) 34 (1
Peripheral vascular disease 20 (14) 53 (20) 56 (1
Smoker 63 (43) 140 (52) 140 (4
COPD 25 (20) 45 (17) 40 (1
Previous cardiac surgery 20 (16) 47 (18) 47 (1
Atrial fibrillation 20 (16) 31 (12) 44 (1
Coronary artery disease 19 (15) 59 (22) 64 (2
LVEF, %
> 60 97 (76) 197 (74) 257 (8
40−60 23 (18) 54 (20) 30 (1
20−40 6 (4.7) 14 (5.2) 19 (6
< 20 2 (1.6) 2 (0.75) 4 (1.

Anatomy
Body surface area, m2 1.9 § 0.2 1.9 § 0.2 2.0 §
Maximum aortic diameter, mm 58 § 13 55 § 11 54 §
Maximum indexed aortic

diameter, mm/m2
31 § 8 29 § 7 28 §

Aortic valve anatomy
Tricuspid valve 97 (76) 196 (74) 208 (6
Bicuspid valve 31 (24) 68 (26) 95 (3
Unicuspid valve 0 (0) 0 (0) 2 (0.6

Aortic stenosis 24 (19) 59 (22) 80 (2
Aortic insufficiency 62 (48) 144 (54) 166 (5
Presentation
Acute dissection or rupture 38 (30) 69 (26) 65 (2
Dissection 51 (40) 110 (41) 108 (3
Rupture 8 (6.3) 16 (6.0) 16 (5

Urgency status
Elective 64 (50) 146 (55) 202 (6
Urgent 25 (20) 44 (16) 38 (1
Emergent (< 6 h) 36 (28) 70 (26) 61 (2
Salvage 3 (2.3) 7 (2.6) 9 (2.
Emergent or salvage 39 (30) 77 (29) 70 (2

Table shows trends in baseline characteristics in 2435 patients who underwent ao
in 12 institutions across Canada. Values are n (%) or mean § standard deviation.

COPD, chronic obstructive pulmonary disease; LVEF, left ventricular ejection fra
*Whether these characteristics changed significantly over time was assessed by m

able to assess a linear trend across the years from 2008 to 2018.
males. From 2008 to 2018, the age of patients (P = 0.60)
and the proportion of women (P = 0.46) remained the
same. There has been a decrease in several patient comor-
bidities over time (Table 1), including preoperative renal
failure (2008:13%; 2018: 5.4%; P < 0.01) and chronic
obstructive pulmonary disease (2008: 20%; 2018:12%; P
< 0.001). The majority of patients had preserved left ven-
tricular ejection fraction (≥60%); this has not changed
over time (P = 0.48). Over the study period, the maxi-
mum aortic diameter of patients undergoing surgery
decreased over time (2008: 58 § 13 mm; 2018: 53 § 11
mm; P < 0.01). There was also a significant decline in
the proportion of urgent (2008: 20%; 2018: 9.1%;
P = 0.04) and emergent (2008: 28%; 2018: 22%;
P = 0.04) cases, and a similar increase in the proportion
2
10)

2014
(n = 584)

2016
(n = 753)

2018
(n = 373)

Modeled linear
regression P value*

13 63 § 13 62 § 14 62 § 13 0.60
3) 180 (31) 218 (29) 108 (29) 0.46
2) 422 (72) 506 (67) 254 (68) 0.86

0.23
1) 539 (93) 723 (96) 350 (94)
.8) 42 (7.2) 28 (3.7) 22 (5.9)
5) 1 (0.17) 1 (0.13) 0 (0)
2) 63 (11) 95 (13) 45 (12) 0.67
9) 270 (46) 324 (43) 134 (36) 0.29
) 54 (9.2) 44 (5.8) 20 (5.4) < 0.01
1) 61 (10) 67 (8.9) 41 (11) 0.48
8) 84 (14) 79 (10) 32 (8.6) 0.77
5) 253 (43) 304 (40) 139 (37) < 0.001
3) 77 (13) 70 (9.3) 43 (12) < 0.001
5) 112 (19) 117 (16) 51 (14) 0.61
4) 74 (13) 89 (12) 35 (9.4) 0.26
1) 144 (25) 143 (19) 63 (17) 0.37

0.48
3) 469 (80) 571 (76) 293 (79)
0) 81 (14) 125 (17) 58 (16)
.1) 22 (3.8) 49 (6.5) 16 (4.3)
3) 12 (2.1) 8 (1.1) 6 (1.6)

0.2 1.9 § 0.2 2.0 § 0.3 2.0 § 0.3 < 0.001
12 53 § 10 52 § 12 53 § 11 < 0.01
7 28 § 12 27 § 7 27 § 6 < 0.001

0.42
8) 386 (68) 520 (73) 268 (72)
1) 174 (31) 193 (27) 97 (26)
6) 5 (0.88) 3 (0.42) 5 (1.4)
6) 160 (27) 218 (29) 125 (34) < 0.001
4) 312 (53) 359 (48) 198 (53) 0.02

1) 135 (23) 181 (24) 81 (22) 0.03
5) 198 (34) 243 (32) 112 (30) 0.01
.2) 31 (5.3) 37 (4.9) 15 (4.0) 0.17

0.04
5) 384 (66) 477 (63) 249 (67)
2) 58 (10) 80 (11) 34 (9.1)
0) 133 (23) 186 (25) 81 (22)
9) 9 (1.5) 10 (1.3) 9 (2.4)
3) 142 (24) 196 (26) 90 (24) 0.04

rtic arch surgery with hypothermic circulatory arrest, between 2008 and 2018,

ction.
ixed-effect linear regression models using date of surgery as a continuous vari-



Table 2. Intraoperative characteristics over the study period, 2008 to 2018

Year
2008

(n = 148)
2010

(n = 267)
2012

(n = 310)
2014

(n = 584)
2016

(n = 753)
2018

(n = 373)
Modeled linear

regression P value*

Aortic replacement
Ascending aorta 111 (87) 231 (87) 274 (88) 492 (84) 648 (86) 315 (84) 0.92

Arch replacement
Hemiarch replacement 85 (66) 177 (66) 216 (70) 446 (76) 600 (80) 290 (78) 0.30
Total arch replacement 23 (18) 44 (16) 43 (14) 76 (13) 126 (17) 75 (20) 0.18

Elephant trunk repair 14 (9.5) 24 (9.0) 14 (4.5) 41 (7.0) 93 (12) 70 (19) < 0.001
Frozen elephant trunk repair 4 (3.1) 9 (3.4) 4 (1.3) 11 (1.9) 46 (6.1) 56 (15) < 0.001

Aortic valve or root surgery
Aortic valve replacement 17 (13) 36 (13) 47 (15) 104 (18) 128 (17) 81 (22) 0.08
Bentall procedure 35 (27) 80 (30) 90 (29) 194 (33) 208 (28) 73 (20) < 0.01
Ross procedure 0 (0) 1 (0.37) 5 (1.6) 8 (1.4) 16 (2.1) 7 (1.9) 0.03
Valve-sparing root replacement 0 (0) 16 (6.0) 24 (7.7) 44 (7.5) 72 (10) 55 (15) < 0.001
Aortic valve repair 27 (21) 51 (19) 61 (20) 80 (14) 113 (15) 81 (22) 0.88

Concomitant surgery
Any concomitant surgery 49 (38) 92 (34) 110 (35) 207 (35) 224 (30) 125 (34) 0.72
Mitral valve replacement 1 (0.78) 7 (2.6) 11 (3.5) 11 (1.9) 19 (2.5) 3 (0.8) 0.71
Mitral valve repair 2 (1.6) 1 (0.37) 3 (1.0) 12 (2.1) 12 (1.6) 5 (1.3) 0.25
Coronary artery bypass grafting 17 (13) 52 (19) 54 (17) 120 (21) 114 (15) 64 (17) 0.58
ASD or VSD closure 0 (0) 1 (0.37) 8 (2.6) 14 (2.4) 10 (1.3) 4 (1.1) 0.50
Head or neck vessel surgery 22 (17) 42 (16) 31 (10) 65 (11) 88 (12) 53 (14) 0.43
Other 16 (13) 21 (7.9) 29 (9.4) 52 (8.9) 62 (8.2) 34 (9.1) 0.28

Perfusion, min
Cardiopulmonay bypass time 173 [143, 221] 192 [142, 245] 187 [141, 237] 180 [142, 230] 178 [135, 230] 176 [125, 224] < 0.001
Cross-clamp time 92 [64, 129] 107 [65, 144] 107 [67, 154] 120 [77, 161] 114 [74, 165] 111 [72, 165] 0.36
Hypothermic circulatory arrest time 23 [15, 33] 22 [16, 36] 20 [15, 31] 20 [14, 30] 21 [14, 32] 20 [16, 30] < 0.001

Hypothermic circulatory arrest time categories, min < 0.001
≤ 30 90 (70) 182 (68) 227 (73) 440 (75) 552 (73) 283 (76)
31−59 30 (23) 54 (20) 59 (19) 104 (18) 148 (20) 65 (17)
≥ 60 8 (6.3) 31 (12) 24 (7.7) 40 (6.8) 53 (7.0) 25 (6.7)

Lowest temperature,°C 18 [17, 21] 19 [18, 23] 22 [18, 25] 24 [20, 26] 25 [21, 26] 25 [23, 28] < 0.001
Lowest temperature, ≥ 24°C 14 (12) 36 (16) 110 (42) 290 (55) 447 (62) 274 (74) < 0.001
Cerebral perfusion strategy
None 49 (38) 86 (32) 80 (26) 115 (20) 96 (13) 42 (11) < 0.001
Antegrade 78 (61) 181 (68) 222 (72) 431 (74) 618 (82) 309 (83) < 0.001
Retrograde 1 (0.78) 0 (0) 8 (2.6) 38 (6.5) 39 (5.2) 22 (5.9) 0.70
Cerebral perfusion time, min 11 [0, 25] 15 [0, 26] 16 [0, 26] 17 [9, 26] 19 [11, 28] 19 [13, 27] < 0.01
Cerebral ischemia time, min 2 [0, 20] 0 [0, 18] 0 [0, 12] 0 [0, 9] 0 [0, 4] 0 [0, 4] < 0.001
Cerebral ischemia time, ≥ 30 mins 15 (12) 29 (11) 22 (7.1) 21 (3.6) 27 (3.6) 9 (2.4) < 0.001

Transfusion
Any 92 (72) 194 (73) 220 (71) 365 (63) 471 (63) 204 (55) < 0.001
Any pRBC used 67 (52) 133 (50) 153 (49) 248 (42) 340 (45) 147 (39) < 0.001
Any FFP used 74 (58) 156 (58) 178 (57) 279 (48) 362 (48) 159 (43) < 0.001
Any platelet used 76 (59) 163 (61) 180 (58) 285 (49) 358 (48) 173 (46) < 0.001
Any factor VII used 19 (15) 36 (14) 34 (11) 38 (6.8) 39 (5.2) 18 (4.8) < 0.001

Table shows trends in intraoperative characteristics and surgical techniques in 2435 patients who underwent aortic arch surgery with hypothermic circulatory
arrest, between 2008 and 2018, in 12 institutions across Canada. Values are n (%) or median [interquartile range].

ASD, atrial septal defect; FFP, fresh frozen plasma; pRBC, packed red blood cell; VSD, ventricular septal defect.
*Trend in time for binary, ordinal, categorical, or continuous variables was assessed using mixed-effect regression models using date of surgery as a continuous

variable to assess a linear trend across the years from 2008 to 2018.
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of elective cases (2008: 50%; 2018: 67%; P = 0.04). The
rates of aortic stenosis (2008: 19%; 2018: 34%; P <
0.001) and aortic insufficiency (2008: 48%; 2018: 53%;
P = 0.02) have increased over time. The proportion of
patients with a bicuspid aortic valve has remained stable at
about 25% of the population undergoing aortic arch sur-
gery (2008: 24%; 2018: 26%; P = 0.42).
Operative characteristics

Over the study period, the types of surgeries have evolved
(Table 2). Surgeons performed fewer Bentall procedures
(2008: 27%; 2018: 20%; P < 0.01) and more valve-sparing
root replacements (2008: 0%; 2018: 15%; P < 0.001),
although the overall proportion of patients undergoing
concomitant root replacement remained stable (P = 0.29).
There was no statistically significant change in the rates of
total arch replacement (2008: 18%; 2018: 20%; P = 0.18);
however, the elephant trunk (2008: 9.5%; 2018: 19%; P <
0.001) and frozen elephant trunk (2008: 3.1%; 2018: 15%;
P < 0.001) repair rates have increased significantly over
time.

Techniques surrounding HCA have also changed over
time. HCA was performed at higher median [IQR] nadir tem-
peratures (2008: 18 [17, 21]°C; 2018: 25 [23, 28]°C; P <
0.001), with more frequent use of ACP (2008: 61%; 2018:
83%; P < 0.001). Accordingly, the use of “no cerebral perfu-
sion” was decreased (2008: 38%; 2018: 11%; P < 0.001),
and the median [IQR] cerebral perfusion time was increased
(2008: 11 [0, 25] minutes; 2018: 19 [13, 27] minutes; P <



Figure 1. Trends in in-hospital mortality among elective (green), urgent (red), and overall (blue) cases, in patients who underwent aortic arch surgery
with hypothermic circulatory arrest between 2008 and 2018, in 12 institutions across Canada. There has been a decline in in-hospital mortality
rates over time among overall cases (P = 0.001) and elective cases (P = 0.0001), but not among urgent cases (P = 0.17). The significance of
trends was assessed using mixed-effect regression models with random-effect for the centre to account for the effect of individual centres. The per-
centages presented are derived from a model and do not translate to a specific number of cases, and they are presented with their 95% confidence
intervals. P value was obtained from a linear regression model using date of surgery as a continuous variable to assess a linear trend across the
years from 2008 to 2018. *P < 0.05.
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0.01) as the cerebral ischemia time decreased (2008: 2 [0, 20]
minutes; 2018: 0 [0, 4] minutes; P < 0.001).

In-hospital outcomes

In-hospital mortality following arch repair declined from
16% in 2008 to 6.2% in 2018 (P = 0.001) (Fig. 1;
Supplemental Table S1). Among elective cases, in-hospital
mortality rates declined from 6.8% in 2008 to 1.2% in 2018
(P < 0.01). However, for urgent and emergent cases, in-hospi-
tal mortality remained higher and constant over the study
period (2008: 23%; 2018: 16%; P = 0.15). Unlike the
improvements observed for in-hospital mortality, in-hospital
stroke rates remained constant over time for the overall group
(2008: 10%; 2018: 8.9%; P = 0.36), patients undergoing
elective surgery (2008: 6.8%; 2018: 5.3%; P = 0.12), and
those undergoing urgent or emergent repair (2008: 15%;
2018: 16%; P = 0.49; Fig. 2; Supplemental Table S1).

Rates of composite outcome of interest major morbidity
and operative mortality decreased over time, from 41% in
2008 to 27% in 2018 (P < 0.001; Fig. 3;
Supplemental Table S1). This improvement was limited to
patients undergoing elective surgery (2008: 24%; 2018: 13%;
P < 0.001) and was not observed after urgent or emergent
repair (2008: 55%; 2018: 54%; P = 0.96). Overall total trans-
fusion rates, including transfusion of the products packed red
blood cells, fresh frozen plasma, platelets, and factor VII,
significantly decreased over time (2008: 72%; 2018: 55%; P
< 0.001; Fig. 4; Supplemental Table S1). Transfusion rates
declined for elective cases (2008: 61%; 2018: 41%; P <
0.001), but not for patients undergoing urgent or emergent
surgery (2008: 85%; 2018: 83%; P = 0.06).
Discussion
Through our study of a nationwide registry, we docu-

mented the evolution of open aortic arch surgery in Canada
from 2008 to 2018. We observed a significant decline in in-
hospital mortality, major complications, and transfusion rates
over the past 10 years, primarily driven by improved outcomes
after elective repair of the aortic arch. The main findings of
our study are summarized in Figure 5.

A number of trends were observed in patient characteristics
that may be linked to these improvements in in-hospital mor-
tality and other complications. The size of the aorta at the
time of intervention has decreased, along with the rates of
baseline comorbidities such as renal failure and chronic
obstructive pulmonary disease, and the proportion of elective
cases has increased. These changes suggest that surgeons are
intervening on healthier patients earlier in their aortic disease
process. This difference may account for the improved out-
comes, despite increases in surgical complexity, as exemplified
by the higher use rates of valve-sparing root procedures and
elephant trunk technique in recent years.



Figure 2. Trends in stroke rates among elective (green), urgent (red),
and overall (blue) cases, in patients who underwent aortic arch sur-
gery with hypothermic circulatory arrest between 2008 and 2018, in
12 institutions across Canada. Stroke rates did not significantly
change over time for overall cases (P = 0.52), elective cases
(P = 0.13), or urgent cases (P = 0.34). Trend in time was assessed
using mixed-effect regression models with random-effect for the cen-
tre to account for the effect of individual centres. The percentages
presented are derived from a model and do not translate to a specific
number of cases, and they are presented with their 95% confidence
intervals. P value was obtained from a linear regression model using
date of surgery as a continuous variable to assess a linear trend
across the years from 2008 to 2018.

Figure 4. Trends in transfusion rates among elective (green), urgent
(red), and overall (blue) cases, in patients who underwent aortic arch
surgery with hypothermic circulatory arrest between 2008 and 2018,
in 12 institutions across Canada. Transfusion rates included packed
red blood cells, fresh frozen plasma, platelets, and factor VII. There
has been a decline in total transfusion rates over time among overall
cases (P < 0.001) and elective cases (P < 0.001), but not among
urgent cases (P = 0.06). Trend in time was assessed using mixed-
effect regression models with random-effect for the centre to account
for the effect of individual centres. The percentages presented are
derived from a model and do not translate to a specific number of
cases, and they are presented with their 95% confidence intervals. P
value was obtained from a linear regression model using date of sur-
gery as a continuous variable to assess a linear trend across the
years from 2008 to 2018. *P < 0.05.
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Recent advances in surgical technique were also associated
with these improved outcomes. During HCA, there was
increased use of ACP and higher nadir temperatures over the
past decade. Retrograde cerebral perfusion has not been popu-
lar in Canada and has been used in only a minority of cases,
ranging from 0% to 5.9% over the study period. By 2008,
the start of the study period, ACP was already used in the
Figure 3. Trends in major morbidity and mortality among elective
(green), urgent (red), and overall (blue) cases, in patients who under-
went aortic arch surgery with hypothermic circulatory arrest between
2008 and 2018, in 12 institutions across Canada. There has been a
decline in major morbidity and mortality rates over time among overall
cases (P < 0.001) and elective cases (P < 0.001), but not among
urgent cases (P = 0.98). The significance of the trends was assessed
using mixed-effect regression models with random-effect for the cen-
tre to account for the effect of individual centres. The percentages
presented are derived from a model and do not translate to a specific
number of cases, and they are presented with their 95% confidence
intervals. P value was obtained from a linear regression model using
date of surgery as a continuous variable to assess a linear trend
across the years from 2008 to 2018. STS, Society of Thoracic Sur-
geons. *P < 0.05.
majority of cases (61%), and by 2018, ACP was the standard
cerebral perfusion strategy during HCA in Canada (used 83%
of the time). ACP may be instituted through the innominate
or right axillary artery for cardiopulmonary bypass and ACP
inflow, providing constant perfusion to the brain during arch
surgery, and reducing the brain ischemic time to
zero.13,14,17,20,21

The nadir temperature during HCA has increased to 25°C,
from 18°C a decade earlier. This change was likely driven by
the increased use of ACP, limiting brain ischemic time. Com-
pared with the use of deep hypothermia, the use of moderate
hypothermia has been associated with shorter cardiopulmonary
bypass time, shorter length of hospital stay, and lower early
mortality.22-24 The Canadian Thoracic Aortic Collaborative
recently performed an analysis of 647 propensity score
−matched pairs of patients undergoing aortic arch surgery, and
compared HCA with a nadir temperature < 24°C to a nadir
temperature ≥ 24°C. Use of a nadir temperature ≥ 24°C was a
predictor of improved survival and neurologic outcomes.25 An
additional benefit of avoiding deep HCA is reduced coagulop-
athy, which helps to decrease transfusion requirements and pre-
vent the development of acute lung injury and other
transfusion-related sequelae.26 This benefit was corroborated by
the current study, in which a significant decline in intraopera-
tive use of blood products over the decade was observed.

Despite improvement in outcomes of aortic arch surgery
over the past decade, stroke rates remain concerning and have
not changed significantly. Identification of the risk factors and
understanding of the pathogenesis of intraoperative stroke are
necessary to decrease its occurrence. Most previous reports
regarding stroke risk during aortic arch surgery have shown sev-
eral preoperative factors to be predictors of stroke, including
age, history of diabetes mellitus, renal insufficiency, coronary



Figure 5. Evolving trends for open aortic arch surgery between 2008 and 2018 in Canada. Outcomes have improved over the past decade for elec-
tive aortic arch surgery, in the context of operating on smaller aortas, and more frequent use of moderate hypothermia and antegrade cerebral per-
fusion. Further research is needed to improve stroke rates and outcomes in the emergency setting.
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artery disease, and clinical presentation.27-29 Moreover, the
amount of transfused blood products, which may be a surrogate
indicator of coagulopathy or intraoperative bleeding, has been
shown to be predictive of stroke.28 Additional important predic-
tors of stroke are burden of atheroma in the ascending aorta,
and prolonged brain ischemia time, as reported by Okada et al.
in their retrospective study of 190 consecutive patients who
underwent aortic arch surgery.30 Although much improvement
has been accomplished in surgical techniques for cerebral pro-
tection and the reduction of intraoperative bleeding over the
past decade, it appears to not be enough to offset baseline
patient risk factors for stroke. Rates of diabetes mellitus, coro-
nary artery disease, and history of cerebrovascular disease, all of
which are important predictors for stroke, have not changed sig-
nificantly over the study period. Moreover, other important
predictors for stroke, such as atherosclerotic burden in the aorta
are not accounted for in our study and may have contributed to
the lack of decline in stroke rates. Stroke remains one of the
most devastating complications in aortic arch surgery, and more
research is needed to decrease its occurrence. Development of a
more personalized approach to the application of adjunctive
techniques, such as temperature management and perfusion
strategies adapted to patient characteristics and anatomy, may
be a worthy subject for future research.

In the subgroup analysis of elective vs urgent or emergent
cases, the improvements in outcomes over the study period
were noted to be driven by the elective cases. The incremental
benefits of the surgical techniques discussed above likely are
more pronounced in the elective setting, whereas the hemody-
namic and physiological compromise associated with urgent
arch surgery may be a more dominating factor in early out-
comes. In addition, elective aortic surgery is more likely to be
performed by surgeons with subspecialty training in aortic
surgery. Hence; the growing experience of the cohort of sur-
geons may have contributed to the improvements in outcomes
over the study period.31 Whether outcomes following urgent
aortic surgery would be improved if they were performed by
only specialized aortic surgeons is unproven.
Limitations

The main limitation of our study lies in its observational
and retrospective nature. The improvement in outcomes was
associated with trends in patient characteristics and surgical
techniques but cannot be directly attributed to them. We
were unable to capture other changes in practice over the
same time period that also may have had a significant impact
on outcome, including changes in anesthetic practices and
perioperative medical management. Nevertheless, this study
provides valuable data outlining the current state of aortic
arch surgery in Canada in the context of the past decade and
crystallizes knowledge gaps in need of further study. Finally,
the use of a large national registry does not allow close exami-
nation of highly specific patient-level data. Missing details
include cannulation strategy for ACP, unilateral vs bilateral
cerebral perfusion, head vessel reconstruction technique, and
the sequence of events during arch reconstruction, all of which
may have an effect on stroke and other complications.
Conclusion
Outcomes have improved over the past decade in Canada

for elective aortic arch surgery, in the context of operating on
smaller aortas, and more frequent use of moderate hypother-
mia and ACP. Further research is needed to improve the rate
of stroke and clinical outcomes in the emergency setting.
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