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Introduction

Background Surgical thoracoabdominal aortic aneurysm (TAAA) repair remains
challenging. Apart from mortality, spinal cord injury (SCl) is a dreaded complication.
We analyzed our experience to identify predictors for SCl in a nonhigh-volume
institution.

Patients and Methods All patients who underwent TAAA repair between Febru-
ary 1996 and November 2016 (n=182) were enrolled. Most were male (n=121;
66.4%), median age was 68 years (range: 21-84). Elective operations were performed
in 153 instances (84.1%). Our approach to minimize SCl includes distal aortic perfusion,
mild hypothermia, identification of the Adamkiewicz artery, and sequential aortic
clamping. Cerebrospinal fluid drainage was introduced in 2001 and liberal use of
selective visceral perfusion in 2006.

Results Early mortality was 12.1%; it was 8.5% after elective procedures. Reduced left
ventricular function, nonelective setting, older age, and longer bypass time were
identified as independent predictors for mortality in multivariable logistic regression
model. Permanent SCI was observed in nine patients (4.9%), of whom seven (3.8%)
developed paraplegia. In a multivariable logistic regression model for paraplegia,
peripheral arterial disease (PAD), Crawford type Il repair, smaller body surface area, and
era before 2001 were identified as independent predictors, whereas only PAD was
significant for SCI. The incidence of paraplegia was 13.8% in extensive repair out of the
first 91 cases, whereas it was improved up to 2.7% thereafter.

Conclusion Usinganintegrated approach, acceptable outcome of TAAA repair can be
achieved, even in a nonhigh-volume center. PAD and extensive involvement of the
aorta are strong independent predictors for spinal cord deficit after TAAA repair.

of many organs may cause various postoperative complica-
tions. This is one of the reasons for a relatively high postop-

Thoracoabdominal aortic aneurysm (TAAA) repair still  erative mortality compared with routine cardiac operation in
remains a challenging operation. It includes extensive expo-  the modern era. A recent meta-analysis showed that the
sure and reconstruction of the aorta involving multiple vital ~ pooled mortality rate in experienced centers is still 11.26%

aortic branches. Subsequent ischemia and reperfusion injury  (including 5.5% rupture cases).
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The most relevant morbidity after TAAA repair is spinal
cord injury (SCI), which limits the quality of life of the patients
and leads to increased late mortality. The incidence of SCI was
more than 10 to 20% even in the experienced hands in early
series.” With recent technical modifications based on better
understanding of the pathophysiology and mechanisms of SCI,
this incidence of SCI has improved up to 3 to 8% in experienced
centers.! In the hands of experts in TAAA repair, permanent
paraplegia and paraparesis have decreased up to 2.9 and 2.4%.3
Itis well known that the incidence of SCI depends on the extent
of aortic involvement.* In the most extended type of TAAA
(Crawford’s classification type II), SCI still occurs in 8 to 10% in
high-volume centers.> Thus, spinal cord protection during
TAAA repair is still of central importance.

The relevant risk of morbidity and mortality has stimu-
lated the increasing use of endovascular treatment of TAAA.”
Consequently, the number of patients treated surgically has
decreased over time.> Endovascular therapy with modifica-
tions has been shown to have a lower risk of morbidity and
mortality.” On the contrary, there is the unpredictable
probability of treatment failure through endoleaks, and
chimney extensions into selected aortic branches may lead
to separate complications.6

Thus, surgical repair of TAAA still seems to be a valid option
if it can be performed with limited risk, and in particular, with
low incidence of SCI In the current study, we intended to
analyze clinical results in a nonhigh-volume center. In addi-
tion, we investigated the role of technical modifications.

Patients and Methods

In this study, 182 patients who underwent replacement of
the thoracoabdominal aorta in our institution between
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February 1996 and November 2016 were enrolled
(=Fig. 1). The study was approved by the regional ethics
committee for the analysis and publication in anonymized
fashion.

There were 121 male (66.4%) individuals, and the age
ranged from 21 to 84 years (median: 68). The etiology was
dissectionin 54 (29.7%, acute: n =1, subacute: n =4, chronic:
n=49) and Marfan’s syndrome in 15 patients (8.2%). One
hundred and fifty-three patients (84.1%) underwent elective
surgery. The reasons for nonelective surgery (n =29, 15.9%)
were impending rupture (n=15), symptomatic aneurysm
(n=7), mycotic aneurysm (n=3), symptomatic mycotic
aneurysm (n=2), and rupture (n=2). Similar to previous
reports,> more than half of the octogenarians were operated
on nonelective basis (five out of nine, 55.6%). According to
Crawford/Safi’s classification, type I was present in 56
(30.8%), type 1l in 34 (18.7%), type Il in 43 (23.6%), type IV
in 17 (9.3%), and type V in 32 (17.6%) patients. One hundred
and three patients (56.6%) had undergone previous aortic
surgery; the ascending aorta in 59 (32.4%), the aortic arch in
47 (25.8%), the descending thoracic aorta in 32 (17.6%), and
the abdominal aorta in 54 (29.7%) patients. Fifty-seven
patients (31.3%) had undergone previous cardiac surgery
(valvular surgery in 31 [17.0%] and coronary artery bypass
grafting in 34 [18.7%]). The baseline characteristics are listed
in =Table 1.

Technique of Operation

The majority of cases were operated by a corresponding
author (H.J.S.), except for 31 cases operated by the first
author (T.K.). All patients received the same protocol of
anesthesia with neuromuscular blockade and continuous
intravenous injection of fentanyl citrate. Separate bronchial
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Fig. 1 Annual distribution of the number of cases undergoing thoracoabdominal aortic aneurysm repair. Black column means the case
developing paraplegia and gray column means paraparesis. CSFD, cerebrospinal fluid drainage; MDCT, multidetector row computed

tomography.

Thoracic and Cardiovascular Surgeon  Vol. 69 No. 4/2021 © 2020. Thieme. All rights reserved.

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



349

Kunihara et al.

Surgical Thoracoabdominal Aortic Aneurysm Repair

‘pangiyosd AjoLas si uonNquISIp pazuoyineun "AjUo asn [euosiad Joj PapPLOJUMOP SeM JUBWNJ0P SIY L

A1911e 22IM3p|WEepY

LS0 (%€°LE) 0L (%8°11) ¢ (%9°2¢) 1 (%57€2) 8 (%t°0€) L1 (%0°82) LS 33 Jo uoedYIIUP|
A1911e Z21mapjwepy
200 (%6°LL) €2 (%€°5€) 9 (%L°91) €€ (%s°€L) Sz (%0°52) ¥ (%6°0L) 621 ay3 o uonenjeay
290 (%0°52) 8 (%€°5€) 9 (%5°6€) LL (%p'z€) LL (%892) Sl (%€°1€) LS uorjesado delpied snoiadld
o (%€°96) 8L (%T1v) L (%5°€9) €2 (%5°€L) Gz (%9°€S) 0€ (%9°95) €01 A13Buns d1310€ snoAdLd
82°0 (%v°6) € (%5°€0) v (%0°L) € (%9°02) L (%s7zL) L (%z€l) vT aun3ydns buipuadu
60°0 (%0°52) 8 (%€°5€) 9 (%€°6) ¥ (%9°02) L (%s7zL) L (%9°21) z€ dewoldwiAg
€00 (%€°95) 81 (%L'%9) LL (%8°5S) T (%5°92) 6 (%L°L8) 2€ (%9°15) ¥6 3SN 012q0} JUBLIND 10 Jsed
aseasip Areuownd
LE0 (%6°9%) GL (%€°5€) 9 (%6°7€) SL (%5°€2) 8 (%9°82) 91 (%0°€€) 09 SAI}DNIISO DIUOIYD
¥S°0 (€2-970) L'L (zs-80)0'L (£8-9'0) 0'L (8v-20) L'L (e€-50) 0'L (€8-6°0) 0'L | (1Ip/Bw) [9A3] BUILNEID WINISS
L0 (%7°7€) LL (%v'620) S (%6'1¢€) S1 (%5°€20) 8 (%9°61) LL (%5°22) 0S aseasip Asupp| d1uolyd
90°0 (%6°12) L (%9°21) € (%0'v1) 9 (%6°5) T (%9°€) ¢ (%6°01) 0T 90435 J01d
500 (%8°81) 9 (%9°L1) € 0 (%67) L (%8°01) 9 (%8°8) 91 uone||lqy |ely
S0°0 (%9°0v) €1 (%L°Lv) 8 (%9°81) 8 (%9°02) L (%t°L2) 2L (%t°92) 8% aseas|p |elia1le [esaydiiad
%05 > uodeyy
¥9°0 (%s°z1) v 0 (%Lv) T (%6°9) T (%L2) v (%99) zL uond3[e JejndLIuSA Y3
89°0 (%0°06) 9L (%8°85) 0L (%8°8%) LT (%z°8¢) €1 (%9°'v¥) G (%L°9%) S8 aseas|p A1a31e Aleuolo)
LED (%8°81) 9 (%9°L1) € (%0°L) € (%6°9) T (%6°8) S (%t°0L) 61 sny||law sa3aqelq
910 (%6°96) L€ (%Lt6) 9L (%16L) vE (%z°88) 0€ (%£°68) 05 (%5°88) L9L uoISU3IadAH
(w>) 1932Welp
200 (0'6-L€) 8'S (0zL-0€) §°S (0'1L-5%) 9°9 (0°0L-05) 0L (0'11L-0"9) §°9 (0'2L-0'€) §'9 d1310e [e3sIp WNWIXe
L0°0> (%521) ¥ (%6°5) 1 (%9°2€) v1 (%6°2S) 81 (%€°0€) L1 (%£°62) ¥S Uuo1323ssIp 1310y
200 0 (%8°L1) T (%€91) L (%L¥1) S (%8°1) L (%z'8) SL SWOIPUAS S, ueLIB
200 (rzz-9¢7L) €6°L (re'c-89'1L) v6°L (62°c-5S°1) 06°L (95°2-8%'L) S6°L (o€z-svL) 8L | (952-9¢°L) L6'L (;w) ease adeyins Apog
600 | (ocol-Lzv)s6L | (0zoL-0'€9) 028 | (0°S0L-0°LS) 0'6Z | (0°£ZL-0"L¥) 0°08 (0'801L-0"9%) 0°€L (Lzi-rew) siL (%) 3ybram Apog
L00 (96°1-vS°L) 2271 (66'L-€9°L) L1 (00'z-6¥'1) SL°L (L6'1-95°L) £L7L [z6'1-65°1189'L | (00 Z-6V°L) €L7L (w) 3ybiay Apog
80°0 (%0°s2) v (%L°¥9) LL (%t'vL) € (%s°€1) Sz (%8°15) 62 (%t°99) LzL 3le
10°0> (¥8-29) LL (r8-z€) €2 (6£-12) €9 (8£-62) ¥9 (€8-12) 69 (¥8-12) 89 (K) by
(LL=u) (er=u) (re=u)
anjep-d (ze=u) A yes Al plojmesd lll plojmesd Il ploymes) | (9g=u) | p1ojmes) (z8L=u) v

uoijesijisse|d m._o—mm\ﬁ._OuF;m._U 0} mC_ULOuum Soi3siiajoeleyd auljeseg | 9jqel

© 2020. Thieme. All rights reserved.

Vol. 69 No. 4/2021

Thoracic and Cardiovascular Surgeon



350

Surgical Thoracoabdominal Aortic Aneurysm Repair

ventilation was employed and the left lung was collapsed
during the operative procedure. All operations were per-
formed through a left thoracoabdominal incision, with the
level of the thoracic incision depending on the proximal
extent of surgery. All patients underwent prosthetic replace-
ment of the diseased aorta with or without reimplantation of
the intercostal/lumbar arteries (ICAs/LAs) using sequential
clamping as far as possible. Left heart bypass was used in
most instances. After 1 mg/kg of heparin was given, left heart
bypass was initiated between the left lower pulmonary vein
and the left femoral artery with mild hypothermia (the
lowest nasopharyngeal temperature: 32 +3°C). The extra-
corporeal circuit was constructed as a closed system with a
soft cardiotomy reservoir and active suction. Steroids were
not added to the priming solution.

Cardiopulmonary bypass between the left femoral artery
and vein (plus additional pulmonary artery if necessary) was
used if deep hypothermic circulatory arrest was planned.
This approach was employed if proximal control of the
descending aorta or arch was difficult (n=24, 13.0%). In
these instances, the patient was cooled to a nasopharyngeal
temperature of 23°C and 3 mg/kg of heparin was given.

Since August 2006, selective visceral perfusion was
utilized whenever visceral arteries had to be reattached
(n=63, 34.6%). The main intention was preservation of the
visceral organs; in addition, we hoped to improve collat-
eral blood flow to the spinal cord. Each vessel including
the renal arteries was cannulated with a balloon catheter
and perfused from a side branch of the arterial return
circuit. They were perfused at a rate of 500 to 800 mL/min
until they were reattached to the vascular graft. A centri-
fugal cell-saving device was used in all patients during
the operation. Postoperative shed mediastinal blood was
discarded.

Adjuncts for Spinal Cord Protection

In elective cases, angiography was performed in most instan-
ces to identify the arteria radicularis magna (Adamkiewicz
artery, AKA) preoperatively (n =129, 72.1%). Since Decem-
ber 2007, multidetector row computed tomography (MD-CT)
was also used for this purpose. When identified and involved
in the diseased aortic segments, the corresponding ICA/LA
was reattached to the vascular graft as the first step after
creating the proximal aortic anastomosis. When the AKA
could not be identified, ICAs with poor back bleeding,
predominantly situated at left side between T8 and L1
were reattached.’

Since October 2001, cerebrospinal fluid drainage (CSFD)
was routinely used in 113 patients (62.1%) irrespective of the
use of hypothermic circulatory arrest. Lumbar CSFD was
performed through a 16-gauge indwelling catheter, which
was inserted into the L4/5 intervertebral space before induc-
tion of the anesthesia with careful monitoring of neurologi-
cal disturbance. CSF was allowed to freely drain if CSF
pressure exceeded 13 cmH,0 (or 10 mm Hg). Throughout
its use, CSF pressure was monitored intermittently. CSFD was
started just after the induction of anesthesia and was con-
tinued until intact spinal cord function was confirmed. The
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catheter was generally removed on the second or third
postoperative day.

Postoperatively, mean systemic blood pressure was main-
tained above 80 mm Hg. Low-molecular-weight heparin was
given for anticoagulation (1 mg/kg/d). All patients received
aspirin 100 mg/d.

Statistical Analysis

The statistical analysis was performed by a consultant stat-
istician (F.S.) using the “Statistical Program for Social Scien-
ces” for windows version 23.0 (IBM Corp, Armonk, New York,
United States). All continuous values are expressed as medi-
an (range) or mean 4 standard deviation, as appropriate.
Nonparametric test using either Mann-Whitney U-test or
Kruskal-Wallis’ one-way analysis of variance, as appropriate,
was used for comparison of the continuous variables be-
tween the groups. Categorical variables are presented as
number and percentage. Pearson chi-square test was used for
comparison of frequencies between the groups. A p-value of
less than 0.05 was considered statistically significant. For
multivariable logistic regression model of mortality and
spinal cord deficit, pre- and intraoperative variables showed
in —Appendix 1 were used and analyzed separately. Clinical-
ly relevant factors associated with the outcomes univariately
with a p-value of <0.02 were entered into multivariable
logistic regression models using likelihood ratio forward
selection.

Results

Intraoperative Outcomes

Median aortic cross-clamping, extracorporeal circulation,
and operating times were 53 (15-165), 81 (29-234), and
230 (110-660) minutes, respectively. Seven patients were
operated by simple clamping: one patient with a type I,
another with a type III, and five patients with a type IV
repair. In the 24 patients who underwent hypothermic
circulatory arrest, median circulatory arrest time was 12
(5-36) minutes. Sixty-five patients (35.7%) required blood
transfusion of packed red blood cells with a median of 2.4
(1-22) units, but only half of them (n=31, 17.0%) needed
more than 2 units. Packed red blood cells were significantly
more given to patients who underwent deep hypothermic
circulatory arrest (2.3+2.8 units) than those did not
(0.94+2.2 units, p<0.01). The detail of intraoperative
parameters according to Crawford/Safi’s classification is
illustrated in =Table 2.

Postoperative Mortality

Twenty-two patients died within 30 days after the surgery
resulting in an early mortality of 12% (=Table 3). Early
mortality was 8.5% after elective procedures, whereas it
was 31.0% after nonelective setting (p < 0.01). The patients
who underwent deep hypothermic circulatory arrest died
more frequently (25.0%) than those did not (10.1%, p=0.05).
We could not find any learning curve in mortality; early
mortality was 11.0% among the first 91 cases and it was
13.2% thereafter. The causes of early death were multiorgan
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Table 2 Intraoperative parameters according to Crawford/Safi’s classification
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All (n=182)

Crawford |
(n=56)

Crawford Il
(n=34)

Crawford Il
(n=43)

Crawford IV
(n=17)

Safi V
(n=32)

p-Value

Elective setting

153 (84.1%)

50 (89.3%)

27 (79.4%)

39 (90.7%)

13 (76.5%)

24 (75.0%)

0.22

Era since Octo-
ber 2001 (CSFD)

149 (81.9%)

40 (71.4%)

30 (88.2%)

34(79.1%)

14 (82.4%)

31 (96.9%)

0.04

Era since Au-
gust 2006 (vis-
ceral perfusion)

105 (57.7%)

31 (55.4%)

18 (52.9%)

23 (53.5%)

10 (58.8%)

23 (71.9%)

0.49

Era since De-
cember 2007
(MDCT)

91 (50.0%)

27 (48.2%)

14 (41.2%)

18 (41.9%)

9 (52.9%)

23 (71.9%)

0.08

Bypass grafting
to the mesen-
teric arteries

56 (30.8%)

8 (14.3%)

13 (38.2%)

14 (32.6%)

9 (52.9%)

12 (37.5%)

0.01

Revasculariza-
tion of the in-
tercostal
arteries

118 (64.8%)

46 (82.1%)

31 (91.2%)

27 (62.8%)

1(5.9%)

13 (40.6%)

<0.01

Cerebrospinal
fluid drainage

113 (62.1%)

33 (58.9%)

24 (70.6%)

25 (58.1%)

6 (35.3%)

25 (78.1%)

0.04

Hypothermic
circulatory
arrest

24 (13.2%)

12 (21.4%)

7 (20.6%)

2 (4.7%)

3(9.4%)

0.03

Selective viscer-
al perfusion

63 (34.6%)

7 (12.5%)

15 (44.1%)

20 (46.5%)

5 (29.4%)

13 (40.6%)

<0.01

Aortic cross-
clamping time
(min)

53 (15-165)

47 (19-120)

73 (15-165)

61 (20-123)

42 (28-78)

38 (16-116)

<0.01

Extracorporeal
circulation time
(min)

81 (29-234)

66 (35-166)

121 (72-234)

89 (34-184)

65 (32-137)

76 (29-147)

<0.01

Circulatory ar-
rest time (min)

12 (5-36)

13 (6-20)

14 (9-36)

12 (7-17)

10 (5-11)

0.37

Operation time
(min)

230 (110-660)

225 (150-425)

300 (195-450)

230 (137-660)

205 (110-288)

205 (120-343)

<0.01

Transfusion of
packed red
blood cells

65 (35.3%)

26 (46.4%)

14 (41.2%)

13 (30.2%)

4 (23.5%)

8 (25.0%)

0.21

Number of
packed red
blood cells
transfused

2.4 (1-22)

2.6 (1-6)

2.5 (1-12)

2.1 (1-22)

2.0 (2-2)

3.0 (1-6)

Transfusion of
packed red
blood cells >2
units

31 (17.0%)

13 (23.2%)

6 (17.6%)

7 (16.3%)

5 (15.6%)

0.28

Abbreviations: CSFD, cerebrospinal fluid drainage; MDCT, multidetector row computed tomography.

failure mainly caused by nonocclusive mesenteric ischemia
in 17 patients and cardiac failure in 5 patients.

Fifteen baseline parameters were significant predictors
for early mortality in univariate analysis, of which reduced
left ventricular function and nonelective procedure were
identified as independent predictors in multivariable logistic
regression model (~Table 4). Mortality was 6.8% in patients
with preserved left ventricular function (ejection fraction
>50%), whereas it was 33.3% in those with reduced function.
In intraoperative variables, age and extracorporeal circula-
tion time were identified as independent predictors in

Thoracic and Cardiovascular Surgeon

multivariate logistic regression model. The mean age of
operative survivors and nonsurvivors was 64412 and
70 + 10 years, respectively. Mean extracorporeal circulation
time of operative survivors and nonsurvivors was 81+ 34
and 118 +47 minutes.

Spinal Cord Deficit

Permanent SCI was observed in nine patients (4.9%); seven
patients (3.8%) developed permanent paraplegia and two
patients (1.1%) paraparesis (=Table 3). The assumed cause
of permanent SCI was failure to identify and reimplant AKA

Vol. 69 No. 4/2021 © 2020. Thieme. All rights reserved.
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Table 3 Early clinical outcomes according to Crawford/Safi’s classification

All (n=182) | Crawford | | Crawford Il | Crawford Ill | Crawford IV | Safi V p-Value
(n=56) (n=34) (n=43) (n=17) (n=32)

Death within 30 d 20 (11.0%) 5 (8.9%) 5(14.7%) 3(7.0%) 2 (11.8%) 5(15.6%) 0.63
Stroke 6 (3.3%) 3(5.3%) 1(2.9%) 2 (4.7%) 0 0 0.61
Permanent spinal 9 (4.9%) 2 (3.6%) 3(8.8%) 1(2.3%) 0 3(9.4%) 0.39
cord injury
Permanent 7 (3.8%) 2 (3.6%) 3(8.8%) 0 0 2 (6.3%) 0.27
paraplegia
New onset 22 (12.1%) 4 (7.1%) 7 (20.6%) 5 (11.6%) 2 (11.8%) 4(12.5%) | 0.46
hemodialysis
New onset atrial 38 (20.9%) 15(26.8%) | 6 (17.6%) 8 (18.6%) 3(17.6%) 6 (18.8%) 0.78
fibrillation
Low cardiac output 11 (6.0%) 3 (5.3%) 3 (8.8%) 0 1 (5.9%) 4 (12.5%) 0.23
syndrome
Respiratory failure | 49 (27.0%) 13(23.2%) | 11(32.3%) | 10(23.2%) | 7(41.2%) 8(25.0%) | 0.56
Reintubation 12 (6.6%) 2 (3.6%) 2 (5.9%) 3 (7.0%) 1(5.9%) 4(12.5%) | 0.61
Necessitating 14 (7.7%) 5 (8.9%) 4(11.8%) 1(2.3%) 1 (5.9%) 3(9.4%) 0.58
tracheostomy
New-onset recur- 3(1.6%) 2 (3.6%) 1(2.9%) 0 0 0 0.98
rent nerve palsy
Re-exploration for 12 (6.6%) 4(7.1%) 4(11.8%) 2 (4.7%) 0 2 (6.3%) 0.65
bleeding
Gastrointestinal 10 (5.5%) 3 (5.3%) 3(8.8%) 1(2.3%) 1(5.9%) 2 (6.3%) 0.81
complications
Nonocclusive 19 (10.4%) 6 (10.7%) 4(11.8%) 3 (7.0%) 3(17.6%) 3 (9.4%) 0.81
mesenteric
ischemia
Length of ventila- 1(0-33) 1(1-33) 1(0-22) 1(0-21) 1(0-17) 1(0-24) | 0.88
tion (d)
Length of intensive 2 (0-34) 2 (1-34) 2 (0-22) 2 (1-28) 2 (1-17) 2 (1-23) 0.98
care unit stay (d)
Length of hospital 16 (2-59) 16 (6-48) | 17 (2-53) 16 (2-59) 15 (6-32) 15 (4-41) | 0.98
stay (d)

in eight cases, lack of visceral organ perfusion in six,
extended aortic aneurysm in six (n=3 each in types II
and V), peripheral arterial disease (PAD) including carotid
artery stenosis in five, no CSFD in four, and prolonged aortic
cross-clamping time in three (165, 89, and 62 minutes). The
incidence of SCI became slightly better from the first 91
cases (both SCI and paraplegia: 5.5%) to the recent 91 cases
(SCI: 4.4%, paraplegia: 2.2%). This learning curve became
more evident in the high-risk subgroup for SCI. The inci-
dence of both SCI and paraplegia was 13.8% in 37 cases
undergoing either Crawford type II or Safi type V repair out
of the first 91 cases, whereas they were dramatically
improved up to 54 and 2.7% in the recent 27 cases
(p=0.39 and p=0.16).

Thirteen preoperative parameters were significant pre-
dictors for paraplegia in univariate analysis, of which PAD
was identified as the strongest independent predictors,
followed by Crawford type Il repair and smaller body surface
area in multivariable logistic regression model (=Table 4).

The incidence of paraplegia was 10.4 or 1.5% in patients with
or without PAD, respectively. Crawford type Il repair resulted
in 8.8% paraplegia risk, whereas it was 2.2% in others. Mean
body surface area of patients with or without paraplegia was
1.76+0.29 and 1.92+0.19 m? respectively. In intra-
operative variables, era of CSFD was identified as indepen-
dent predictor in a multivariable logistic regression model.
The incidence of paraplegia was 11.8% before October 2001
and it dramatically decreased up to 2.0% thereafter.

Thirteen preoperative parameters proved to be significant
predictors for SCI in univariate analysis, of which only PAD
was identified as an independent predictor in multivariable
logistic regression model (~Table 4). Incidence of paraplegia
was 12.5 or 2.2% in patients with or without PAD, respec-
tively. No independent predictor for SCI was identified
among intraoperative variables. The use of deep hypother-
mic circulatory arrest or not did not affect both the incidence
of paraplegia (4.2 vs. 3.8%, respectively, p=1.0) and SCI (4.2
vs. 5.1%, respectively, p=1.0) at all.
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Table 4 Multivariable logistic regression model of mortality and spinal cord deficit
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Abbreviations: Cl, confidence interval; CSFD, cerebrospinal fluid drainage; LVEF, left ventricular ejection fraction; OR, odds ratio; PAD, peripheral arterial disease; SCI, spinal cord injury.
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Postoperative Morbidities

Twelve patients (6.6%) underwent re-exploration for bleed-
ing. One-hundred and twenty-five patients (68.7%) could be
extubated within 24 hours postoperatively and 30 patients
(16.7%) required mechanical ventilation for more than
3 days. Reintubation was necessary in 12 patients (6.6%)
and tracheostomy was performed in 14 patients (7.7%).
Postoperative new-onset hemodialysis was necessary in 22
patients (12.1%), of whom renal function recovered to nor-
mal level at discharge in 7 cases (3.8%).

Twelve out of 26 patients suffering from renal failure died
within 30 days after aortic repair, so the early postoperative
mortality rate in this subgroup was 46.2%. Postoperative
new-onset atrial fibrillation occurred in 38 patients
(20.9%). Recurrent nerve palsy was observed in two patients
with Crawford type I and one with Crawford type Il repairs.
Six patients (3.3%) developed cerebral symptoms, of whom
only two had a permanent stroke (1.1%). Nineteen patients
(10.4%) developed nonocclusive mesenteric ischemia and
underwent consecutive continuous infusion of papaverine
into the superior mesenteric artery. Median length of inten-
sive care unit stay was 2 (0-34)days and almost a quarter of
patients after Crawford type Il repair stayed in intensive care
unit longer than 1 week (n=38, 23.5%). Median length of
hospital stay was 16 (2-59)days and a quarter of overall
patients was discharged at later than 3 weeks after the
operation (n=47, 25.8%) (=~Table 3).

Discussion

This is a single-center, retrospective cohort study to evaluate
early outcomes after TAAA repair. With 182 cases over a 20-
year period, our center is clearly a nonhigh-volume center.
Despite the limited volume, our results, that is, 12.1% mor-
tality and 4.9% permanent SCI, seem comparable with high-
volume centers (7.5 and 5.4%, respectively).? This is even
more relevant after elective procedures. Mortality was 8.5%
and permanent SCI was 4.0% after elective operation in our
cases, compared with 6.2 and 4.8% in a high-volume center,
respectively Probably, our favorable results could be
achieved through our integrated approach toward minimiz-
ing SCI. Namely, we have started TAAA repair with principal
strategy using distal aortic perfusion, mild hypothermia, and
sequential aortic clamping. Then, we have sequentially in-
troduced additional maneuvers such as CSFD since Octo-
ber 2001, selective visceral perfusion since August 2006, and
aggressive revascularization of the AKA by identification of
AKA through MD-CT since December 2007 (=Fig. 1). The era
since incorporation of CSFD was protective for paraplegia in
the current study. In addition, our multidisciplinary aortic
team with cardiologists, anesthesiologists, radiologists,
intensivists, perfusionists, and nurses might play an impor-
tant role to achieve our outcomes.

Multifactorial mechanisms of SCI after TAAA repair can be
classified into the following three key processes: longer
duration and higher degree of ischemia, failure in re-estab-
lishment of blood flow to the spinal cord, and a biochemically
mediated ischemia and reperfusion injury.
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To minimize the duration and degree of spinal cord
ischemia, sequential aortic clamping with mild hypothermic
distal aortic perfusion has been propagated.8 It has been
shown that distal perfusion can minimize SCI especially in
extended type of TAAA (i.e., type 11).>% Recent researchers
have found that blood flow of the anterior spinal artery is
supplied by a rich collateral network."" In the current study,
advanced atherosclerosis (PAD) was identified as predictor of
both postoperative SCI and paraplegia, probably related to
jeopardized collateral blood flow to the spinal cord.>'?
Therefore, it is important to maintain this collateral blood
flow during reattachment of the ICAs/LAs, especially in
patients with degenerative aortic aneurysm with occlusion
or stenosis of the part of ICAs/LAs.

Temperature plays an important role in attenuating
the degree of spinal cord ischemia. Experimental studies
suggest that cooling the spinal cord by 3°C or 5°C prolongs
ischemic tolerance 2-fold or 2.5-fold, respectively.'>'* Deep
hypothermia can thus reduce the incidence of SCI; on the
contrary, increasing morbidity and mortality rates have
emerged as its drawback.'® Therefore, this adjunct should
be considered in balance with advantages (e.g., huge or
extensive aneurysm, friable aortic tissue, high risk of embo-
lization, complex repair, and redo cases) and disadvantages
(e.g., coagulopathy, pulmonary dysfunction, and massive
fluid shift).

To secure spinal cord protection, we have tried to identify
AKA preoperatively as far as possible. This is a technically
demanding by angiography, so we also used MD-CT since
2007. Of the nine patients with permanent SCI, the AKA
could be identified preoperatively in only one at the height of
TH11, out of replaced aortic segment. In the remaining eight
patients, the AKA could not radiologically be identified; this
was due to nonelective operation without preoperative
angiography in four.

CSFD had already been advocated since more than a half
century ago.'® Its usefulness has recently been documented
through a prospective randomized clinical trial'’ and a
meta-analysis.'® Its clinical role has been believed to en-
hance spinal cord perfusion pressure by decreasing CSF
pressure. Removal of some negative neurotrophic substances
mediated through ischemia-reperfusion injury of the spinal
cord has been proposed as another role of CSFD.'® Currently,
CSFD has been reserved for extensive disease or high-risk
cases for SCI alone because CSFD-associated complications
are rare (0.2%) but miserable.'®%? In the current study,
extensive aneurysm (Crawford type Il and Safi type V) had
a higher incidence of SCI (9.1%) than others (2.6%) (p =0.07),
which was attenuated by CSFD. In this subgroup (types Il and
V), SCI was observed in 6.1% (3/49) or 17.6% (3/17) of cases
with or without CSFD, respectively (p =0.08), whereas they
were 3.1 and 2.0% in the other subgroup (Crawford type I, III,
and V), respectively.

Other preoperative independent predictors for postop-
erative SCI have previously been reported by others, such as
an emergent setting,m’22 aortic dissection,?223 age >75
years old,?®> and renal dysfunction.>* Lack of preoperative
detailed examination, unstable hemodynamics, or injury of

Kunihara et al.

critical ICAs/LAs may contribute to the negative impact of
urgent/emergent setting on postoperative SCI. In our co-
hort, aortic dissection was not associated with increased
risk of SCI (SCI was 3.7% with dissection vs. 5.5% without
dissection). A difference became obvious in type II extent
aneurysm (SCI was 33.3% with dissection vs. 12.5% without
dissection, p =0.59), which is generally regarded as high-
risk subset for SCI. Patients with SCI were older than those
without (7144 vs. 65+12 years old) without statistical
power (p=0.13). Older patients have generally more ath-
erosclerotic disease than younger. Indeed, subgroup with
PAD was significantly older than others (71 +7 vs. 63 +13
years old, p<0.01) and identified as an independent pre-
dictor for paraplegia and SCI In our study, preoperative
serum creatinine level was quite similar between patients
with or without SCI (1.2 +0.3 and 1.3 + 0.8 mg/dL, respec-
tively, p=0.16) and five patients with preoperative chronic
hemodialysis did not develop postoperative SCI.

Study Limitations

Relevant limitations are present in this study. First, this is not
arandomized study but a retrospective study with consecu-
tive patients without a control group. The use of operative
adjuncts has evolved in detail over time. However, the
consistent participation of a single surgeon (HJ.S.) may
minimize the drawback of a retrospective nature of this
study. Second, the number of patients was still small and
SCI occurred very infrequently to assess real effect of
patients’ background and operative maneuvers. Neverthe-
less, we believe we could improve the operative outcomes of
TAAA repair by integrated approach, although our institu-
tion is a nonhigh-volume center. We also believe indepen-
dent predictors for SCI could be identified using a
sophisticated statistical method.

Conclusion

In conclusion, our integrated approach could improve the
operative outcomes of TAAA repair even in a nonhigh-
volume center. PAD and extensive involvement of the aorta
were independent predictors for spinal cord deficit after
TAAA repair.
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Appendix 1 Pre- and intraoperative variables used for

multivariable logistic regression model of mortality and
spinal cord deficit

Kunihara et al.

Appendix 1 (Continued)

Era since introduction of cerebrospinal fluid drainage
(October 2001)

Preoperative variables

Age

Era since aggressive use of selective visceral perfusion
(August 2006)

Gender

Minimum temperature

Body height

Extracorporeal circulation time

Body weight

Aortic cross-clamping time

Body surface area

Circulatory arrest time

Aortic dissection

Use of circulatory arrest

Crawford types I-IV

Operation time

Safi type V

Number of packed red blood cell transfused

Crawford type Il or Safi type V

Transfusion of packed red blood cell

Impending rupture

Mycotic aneurysm

Rupture or mycotic aneurysm

Previous aortic surgery

Previous cardiac surgery

Previous valve surgery

Previous coronary artery bypass grafting

Previous surgery for the ascending aorta

Previous surgery for the aortic arch

Previous surgery for the descending aorta

Previous surgery for the abdominal aorta

Ischemic heart disease

Sinus rhythm

Peripheral arterial disease including carotid artery stenosis

Hypertension

Chronic obstructive pulmonary disease

Diabetes mellitus

Current smoker

Previous smoker

Left ventricular ejection fraction <50%

Stroke or transient ischemic attack

Chronic kidney disease

Serum creatinine level

Hemodialysis

Liver disease

Adamkiewicz artery identified

Maximum aorta diameter

Emergent setting

Intraoperative variables

Number of the intercostal/lumbar arteries reimplanted

Revascularization of the intercostal/lumbar arteries

Selective visceral perfusion

Cerebrospinal fluid drainage
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