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Abstract

OBJECTIVES: Recent advances in endovascular aortic repair have changed the treatment of aortic arch aneurysms. The purpose of this
study was to compare the early and mid-term outcomes of open repair and hybrid arch repair for aortic arch aneurysms.

METHODS: This study included 143 and 50 patients who underwent open aortic repair and hybrid thoracic endovascular aortic repair
(TEVAR), respectively, for non-dissecting aortic arch aneurysms from 2008 to 2013. The European System for Cardiac Operative Risk
Evaluation Il scores were 4.35 + 3.65% and 7.78 + 5.49% for the open and hybrid TEVAR groups, respectively (P < 0.001). Furthermore, 35
patients from each group were matched using propensity scores to adjust for differences in patient characteristics.

RESULTS: There was no significant difference in early mortality between the open and hybrid groups (3 vs 2%, P = 0.76). Early morbidity was
equivalent in both groups, but intensive care unit (ICU) lengths of stay were shorter in members of the hybrid group (4.7 vs 1.6 days,
P =0.018). During the follow-up, survival rates were not significantly different (87 vs 81% at 3 years, P = 0.13), but reinterventions for the aortic
arch were required in 1 patient (pseudoaneurysm) in the open group and 5 (endoleak in 4, brachiocephalic artery stenosis in 1) in the hybrid
group. The rates of freedom from reintervention at 3 years were 99% in the open group and 80% in the hybrid group (P < 0.001). Propensity
score matching yielded similar results for shorter ICU and hospital lengths of stay and more frequent reintervention in the hybrid group.

CONCLUSIONS: Surgical outcomes in both groups were satisfactory. Hybrid TEVAR was superior in terms of early recovery from surgery;
however, open arch repair showed more reliable long-term outcomes. When properly selected according to patient risk, these two strategies
improve the surgical results in all patients with aortic arch aneurysms.

Keywords: Aortic arch aneurysms « Hybrid arch repair « Open arch repair « Endovascular procedures * Propensity score matching

INTRODUCTION

the arch vessels; therefore, this less-invasive alternative technology
is regarded as hybrid TEVAR [5, 6]. Ever since a commercially avail-
able TEVAR device was introduced in Japan in 2008 [7], this new
surgical technique has been used at our institution mainly for
high-risk patients such as elderly patients, those with severe co-
morbidities and those with a history of cardiac surgery.

Therefore, the surgical technique used for repairing aortic arch
aneurysms must be reconsidered given the widespread applica-
tion of hybrid TEVAR and the improved outcomes of open aortic
arch repair. However, to our knowledge, few reports comparing
the surgical outcomes of these two therapeutic strategies exist [8].
We assumed that this is perhaps related to the differences of pre-
operative patient characteristics because hybrid TEVAR is usually
indicated for high-risk patients.

In the present study, we assessed the early and mid-term results
of open repair and hybrid arch repair for aortic arch aneurysms,

"Presented at the 27th Annual Meeting of the European Association for Cardio- and compared propensity score-matched groups for adjusting the
Thoracic Surgery, Vienna, Austria, 5-9 October 2013. differences in patient characteristics.

Surgical treatment for aortic arch aneurysms has been considered
challenging because of its significantly high mortality and morbid-
ity. However, recent advances in surgical techniques and manage-
ment have improved outcomes during the past two decades. In
particular, the widespread use of selective cerebral perfusion
(SCP) to prevent brain damage has contributed to lower mortality
and stroke rate for open arch repair [1-4]. Endovascular aortic
repair has been implemented as an alternative option for the
treatment of aortic aneurysms. This new technology was used ini-
tially for descending thoracic and abdominal aortic aneurysms.
However, with improvements in devices and techniques, the ap-
plication of this endovascular repair modality has been extended
to aortic arch lesions. Thoracic endovascular aortic repair (TEVAR)
of the arch lesion often requires a supra-aortic bypass to debranch

© The Author 2014. Published by Oxford University Press on behalf of the European Association for Cardio-Thoracic Surgery. All rights reserved.
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MATERIALS AND METHODS

From 2008 to 2013, 143 patients underwent total arch replacement
(TAR) and 50 patients also underwent hybrid TEVAR for non-
dissecting aortic arch aneurysms at our institution. The exclusion
criteria included thoracic aneurysms extending below the level of
the carina, acute or chronic aortic dissection, and those in patients
requiring a concomitant cardiac procedure. The patient characteris-
tics of both groups are listed in Table 1. The mean ages were
72.1 £9.2 years in the TAR group and 78.6 + 9.3 years in the hybrid
group (P < 0.001). Six patients each in the TAR group (4%) and in the
hybrid group (12%) had a past history of cardiac surgery (P = 0.049).
There were 3 (2%) patients with poor cardiac function in the TAR
group and 5 (10%) in the hybrid group (P=0.016). European
System for Cardiac Operative Risk Evaluation (EuroSCORE) Il is a
new model for calculating the risk of death after heart surgery [9].
EuroSCORE Il was 4.35 + 3.65% for the TAR group and 7.78 + 5.49%
for the hybrid group (P < 0.001). Characteristics of a matched popu-
lation according to propensity scores are given in Table 1, and the
procedural details of TAR and hybrid TEVAR are given in Table 2.

Data were collected from the medical records for patients who
visited our outpatient department for follow-up, and the data for
the others were acquired by telephone or mail. The follow-up rate
was 94% and the mean follow-up period was 25 * 16 months (1-
63 months: median, 24 months). Our institution approved this
retrospective study and patient consent was waived on the condi-
tion that the patients were not identified.

Operative techniques

Open arch repair (TAR). The details of our surgical technique for
open arch repair (TAR) have been reported previously [10-15].
Median sternotomy was performed as the approach to repair aortic
arch aneurysms. To establish a cardiopulmonary bypass, perfusion
using the distal part of the right axillary artery (RAXA) in the axilla

Y. Iba et al. / European Journal of Cardio-Thoracic Surgery

was routinely used together with ascending aortic or femoral artery
cannulation. Our strategy for brain protection employed SCP with
perfusion through the RAXA and two other arch vessels using
hypothermic circulatory arrest (HCA). During the term of this study,
we have preferably used moderate HCA of 25°C-28°C at the lowest
bladder and nasopharyngeal temperatures, except in high-risk
patients with cerebrovascular disease (CVD) or chronic kidney
disease (CKD). After the induction of HCA, RAXA perfusion
permitted rapid conversion to SCP by clamping the brachio-
cephalic artery (BCA). After the ascending aorta and aortic arch
were opened, balloon-tipped SCP cannulas were inserted into the
left common carotid artery (LCCA) and left subclavian artery (LSCA).
Open distal anastomosis was performed during HCA of the lower
body. A stepwise distal anastomosis was frequently used to perform
an easy and secure anastomosis. An invaginated tube graft was
inserted into the descending aorta. The proximal end was
anastomosed to the descending aorta and the distal end of the
inserted graft was extracted proximally. Debris was flushed from
the descending aorta using femoral artery perfusion. The
multibranched aortic arch graft was connected to this interposed
graft. Systemic circulation was resumed through a side branch of
the arch graft. The LSCA was reconstructed using a branch of the
arch graft and the patient was rewarmed to 30-32°C. The proximal
aortic stump was anastomosed to the main graft above the
sinotubular junction. Finally, the coronary circulation was initiated
by unclamping the main graft. The other two arch vessels were
reconstructed individually with the branch of the arch graft and the
patient was fully rewarmed.

Hybrid thoracic endovascular repair

Zone 2 (n = 6). In cases in which the RAXA was used as the inflow
artery, both axillary arteries were exposed under the subclavicular
incision. An 8 mm expanded polytetrafluoroethylene (ePTFE) graft
was sutured onto both axillary arteries in a side-to-end fashion. In
patients for whom the LCCA was used as the inflow, the LCCA and

Overall Matched cohorts
TAR Hybrid TEVAR P-value  TAR Hybrid TEVAR P-value
- Number of patients 143 50 35 35
" Age (year) 72192 78693 <0001 763:85 75793 0.85
. Median 73 80 77 77
- Range 17-87 44-95 37-87 44-89
. Male gender 17 82% 40 80% 0.78 25 71% 29 83% 0.26
~ Hypertension 127 89% 48 96% 0.13 33 94% 33 94% >0.99
- Diabetes 23 16% 9 18% 0.75 5 14% 5 14% >0.99
© Hypelipidaemia 64 45% 18 36% 0.28 15 43% 16 46% 0.81
Prior cardiotomy 6 4% 6 12% 0.049 4 1% 5 14% 0.72
- QVD 25 18% 12 24% 0.31 12 34% 9 26% 0.43
- Coronary artery disease 28 20% 14 28% 0.21 8 23% 10 29% 0.58
. Lowejection fraction (<40%) 3 2% 5 10% 0.016 2 6% 3 9% 0.64
COPD 20 14% 10 20% 0.31 5 14% 7 20% 0.53
- Arteriopathy 63 44% 25 50% 0.47 13 37% 15 43% 0.63
~ CKD (Creatinine>1.5) 18 13% 8 16% 0.54 4 11% 6 17% 0.50
- Emergency 12 8% 1 2% 0.12 2 6% 1 3% 0.56
(%)

 EuroSCORE Il

structive pt
| archreplacement TEVAR thor,
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~Table 2 Details of the procedures

Variables

Open arch repair (TAR)

Operation time (min) 393+ 103
Cardiopulmonary bypass time (min) 220+ 49
Myocardial ischaemic time (min) 128+ 35
Selective cerebral perfusion time (min) 148+ 42
Lower body circulatory arrest time (min) 6313
Bleeding (ml) 2326 1762
Hybrid arch TEVAR
Proximal landing zone of stent-graft Design of bypass
Zone 0 14 (28%)
Total debranching bypass through sternotomy 8 Asc Ao to BCA, LCCA and LSCA: 4
Asc Ao to BCA, LCCA and LAXA: 4
Chimney graft technique and supra-aortic bypass 5 RCCA to LCCA and LAXA: 4
RAXA to LCCA and LAXA: 1
Bypass from abdominal aorta 1 Abd Ao to RAXA, LCCA and LAXA: 1
Zone 1 30 (60%) RAXA to LCCA and LAXA: 20
RAxXA to LCCA and LSCA: 5
RCCA to LCCA and LSCA: 3
RCCA to LCCA and LAXA: 2
Zone 2 6(12%) RAXA to LAXA: 5
LCCA to LSCA: 1
Device
TAG 41 (82%)
Valiant 7 (14%)
Talent 2 (4%)

: kTEVAR thoracic endovascular aortic repair; Asc Ao: ascending aorta; BCA: brachaocephahc artery; LCCA left common carotld artery; LSCA: left subclavnan
i artery, LAXA: left axtllaxy artery, RCCA right common carotad artery; RAxA right axillary artery.

the LSCA were exposed through the same incision, and an ePTFE
graft connected the LCCA to the LSCA in an end-to-side fashion.

Zone 1 (n =30). Either the right common carotid artery (RCCA)
or the RAXA was chosen as the inflow artery. The RCCA and the
LCCA were exposed through a middle cervical incision, and the
RAXA was exposed at the subclavicular incision. The LSCA was
often exposed at the supraclavicular incision when the RCCA was
the inflow artery for the bypass, and the left axillary artery (LAxA)
was exposed through the subclavicular incision when the RAXA
was the inflow artery. After systemic heparinization, a T-shaped
branched-type 8-mm ePTFE graft was anastomosed.

Zone 0 (n=14). In cases involving total debranching of the arch
vessels, median sternotomy was performed. After systemic
heparinization, the ascending aorta was partially clamped and a
Dacron prosthetic graft was sutured in a side-to-end fashion. The
BCA was clamped and divided while the mean systemic
blood pressure was increased to >80 mmHg, reconstructed in an
end-to-end fashion. Then, the LCCA was anastomosed in the
same fashion. Next, the LSCA was reconstructed in an end-to-end
fashion near its origin, or the LAXA was reconstructed in a
side-to-end fashion at the axillary segment. The origin of the LSCA
was closed by coil embolization after TEVAR. In cases using the
chimney graft technique, supra-aortic bypass was established in
the same fashion as for Zone 1 landing, and a sheath was inserted
through the RAXA as a chimney graft access. The main device was
advanced into the ascending aorta from the femoral artery to

provide a sufficient proximal landing zone. Furthermore, a
self-expandable stent graft (Excluder lliac Extender; W.L. Gore &
Associates, Inc., Flagstaff, AZ, USA) was introduced into the
ascending aorta from the RAXA and positioned at the proximal
edge of the main stent graft. Next, the stent graft in the BCA was
deployed first, followed by the main stent graft.

The transfemoral approach was selected as the access route for
main stent-graft placement, if possible. If the femoral artery was
unsuitable as the access route, the external iliac artery was
selected. The Gore TAG (W.L. Gore & Associates, Inc.) was used in
41 patients (84%), the Valiant (Medtronic, Inc., Minneapolis, MN,
USA) was used in 7 patients (14%) and the Talent (Medtronic, Inc.)
was used in 2 patients (2%). For preventing supra-aortic bypass
graft occlusion, all patients were given low-dose aspirin. Warfarin
was concomitantly administered to patients who had severely dis-
eased arteries or whose left vertebral artery was reconstructed.

Definitions

Early mortality was defined as death during hospitalization or within
30 days after surgery. Permanent neurological dysfunction (PND)
was defined as the presence of either new permanent focal or
global neurological dysfunction persisting at discharge. CVD
included a history of cerebrovascular events or severe carotid artery
lesions with >75% stenosis or multiple plaques revealed using ultra-
sound examination. Chronic obstructive pulmonary disease (COPD)
was defined as a forced expiratory volume <70% of the normal value
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or daily use of a bronchodilator. Arteriopathy was defined as previ-
ous or planned intervention on the abdominal aorta or coexistence
of peripheral artery disease. CKD was defined as a serum creatinine
level >1.5 mg/dl or a requirement for haemodialysis.

Statistical analysis

Continuous variables were expressed as mean + standard deviation
and compared using Student’s t-test or the Mann-Whitney U-test.
Category variables were compared using z? tests or Fisher's exact
tests. Survival and aortic reintervention-free rates were estimated
using the Kaplan-Meier method, and differences between each
group were determined using log-rank analysis. P-values <0.05
were considered significant. When we noted marked differences in
a patient's preoperative characteristics, patient matching was
employed to compare the results between both groups. Therefore,
propensity score-matching analysis was performed to compensate
for this difference. The propensity scores were estimated using
multivariable logistic regression analyses for each patient, and the
covariables included age, gender, hypertension, diabetes, hyperfip-
idemia, prior cardiotomy, CVD, coronary artery disease, poor
cardiac function, COPD, arteriopathy, CKD and emergencies. A
patient in the hybrid group was then matched with a patient in the
TAR group with the closest propensity score, and the maximum dif-
ference of the propensity score was <0.02. Statistical analysis was
performed using JMP version 9.0 (SAS Institute, Inc., Cary, NC, USA).

RESULTS
All patients

Early mortalities were 3 and 2% in the TAR and hybrid groups, re-
spectively (P=0.76). The causes of early death in the TAR groups
were sepsis in 2 patients and respiratory failure in 2 patients, and 1
patient in the hybrid group died because of cerebral infarction.
PND developed in 3 patients each in the TAR (2%) and hybrid (6%)
groups (P=0.17). No spinal cord injury occurred in either group.
Renal failure requiring haemodialysis occurred in 2 patients (1%) in
the TAR group, but not in the hybrid group (P = 0.40). Re-entry for
bleeding was required necessary for 8 (6%) patients in the TAR

group and for 4 patients (8%) in the hybrid group (P=0.54).
Prolonged ventilation for >72 h was required for 8 (6%) and 2 (4%)
in the TAR and hybrid groups, respectively (P = 0.66). The lengths of
stay in the intensive care unit (ICU) were 4.7 + 9.0 and 1.6 + 2.2 days
for the TAR and hybrid groups, respectively (P < 0.001). The duration
of postoperative hospitalization was 32.9 + 35.7 and 25.9 £ 29.5 days
in the TAR and the hybrid groups, respectively (P=0.001) (Table 3).

During the follow-up period, there were 9 deaths in the TAR
group; 2 were cardiovascular related, including 1 due to ventricular
arrhythmia and the other due to residual thoracoabdominal aortic
aneurysm rupture. The patient with thoracoabdominal aortic an-
eurysm rupture had been observed medically because of her
compromised condition. The other causes of late death were sepsis
in 2, cancer in 2, gastrointestinal complication in 2 and pneumonia
in 1. In contrast, there were 6 late deaths in the hybrid group, in-
cluding respiratory failure in 3, a cerebrovascular event in 2 and due
to cancer in 1. The cumulative survival rates at 1, 2 and 3 years were
96, 91 and 87%, respectively, in the TAR group and 91, 88 and 81%,
respectively, in the hybrid group (P =0.13) (Fig. 1A).

Late reintervention for the previously repaired arch segment
was required for 1 patient in the TAR group and 5 patients in the
hybrid group. The patient in the TAR group received TEVAR for a
pseudoaneurysm at a distal anastomotic site 1 month after TAR. In
the hybrid group, the causes of late reintervention for the aortic
arch were type la endoleak in 4 patients including one case of an-
eurysmal rupture, and BCA stent-graft stenosis after the chimney
graft technique in 1 patient. In recurring cases of type la endoleak,
3 patients had endoleaks after the Zone 1 landing endografting
and 1 had an endoleak at the Zone 2 landing. All reintervention
cases of type la endoleak underwent another endografting, which
was performed at a more proximal site. Of 3 cases of type la endo-
leak after TEVAR with Zone 1 landing, 1 patient underwent a total
debranching bypass from the ascending aorta through a median
sternotomy for Zone 0 landing TEVAR, and the other case received
Zone 0 landing TEVAR using the chimney graft technique. The last
case involved an additional left external iliac artery to supra-aortic
bypass and followed Zone O landing endografting. The patient
with endoleak after Zone 2 landing TEVAR underwent an addition-
al LCCA bypass from the previous RAxA-to-LAXA bypass, and a
Zone 1 landing endografting was performed. The remaining case
of the BCA stenosis after the chimney graft technique received
stenting using a bare stent. The rates of freedom from

Matched cohorts

Qverall
TAR Hybrid TEVAR P-value TAR Hybrid TEVAR P-value
- Number of patients 143 50 35 35
In-hospital death 4 3% 1 2% 0.76 1 3% 1 3% >0.99
PND 3 2% 3 6% 017 0 0% 3 9% 0.077
- Renal failure 2 1% 0 0% 0.40 1 3% 0 031
~ Re-entry 8 6% 4 8% 0.54 2 6% 3 9% 0.64
- Prolonged ventilation 8 6% 2 4% 0.66 2 6% 2 6% >0.99
ICU length of stay 4 16+22 <0.001 48+5.1 18+25 <0.001
Median (IQR) 3 1(1-7) 3(2-5) 1(1-1)
Hospitalization (day) 3 25.9x295 0.001 328+£213 277314 0.015
2 15 28{18-38) 17 (11-31)

 Median (IQR)

1QR: ihtkgfquartilyérangket; TA total arch rep

thoracic endovascular aortic -~
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Figure 1: Cumulative survival curve. (A) All patients. (B) Propensity score-
matched cohorts of the TAR and hybrid groups.

reintervention for previously repaired arch segment at 1, 2 and 3
years were 99, 99 and 99%, respectively, in the TAR group, and 97,
86 and 80%, respectively, in the hybrid groups (P < 0.001) (Fig. 2A).

Analysis of matched cohorts by propensity score
matching

There was no significant difference in baseline patient characteris-
tics of matched pairs (Table 1). The early mortality rate was identi-
cal (3%) in the TAR and hybrid groups. There was no significant
difference in early morbidity in both groups, and the incidence of
PND (P =0.077), postoperative renal failure (P =0.31), re-entry for
bleeding (P =0.64) and prolonged ventilation (P >0.99). The ICU
lengths of stay (P < 0.007) and the duration of postoperative hospi-
talization (P = 0.015) were significantly shorter in the hybrid group
(Table 3). There was no significant difference in cumulative sur-
vival (P =0.098) (Fig. 1B); however, freedom from aortic reinter-
vention for a previously repaired arch segment was higher in the
hybrid group (P = 0.024) (Fig. 2B).

DISCUSSION

Because of the recent widespread application of endovascular
aortic repair, the surgical strategy for aortic arch aneurysms needs
to be reconsidered on the basis of recent outcomes of open arch
repair and hybrid arch repair.

In open arch repair, recent advances in brain protection, surgical
techniques, prosthetic grafts and critical care have improved surgi-
cal outcomes. Of these, antegrade SCP with HCA is widely accepted
as a reliable technique for brain protection. Subsequent to the
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Figure 2: Freedom from late aortic reintervention for previous arch repair. (A)
All patients. (B) Propensity score-matched cohorts of the TAR and hybrid
groups.

widespread use of SCP, some reports indicate that the core tem-
perature at circulatory arrest should be increased from deep hypo-
thermia to moderate or mild hypothermia to avoid deep
hypothermia-associated coagulopathy and to decrease the level of
inflammatory substances associated with prolonged cardiopulmon-
ary bypass [4, 16]. Moreover, recent reports demonstrated that
some refinement of technical aspects and modification of SCP
resulted in lower mortality rates of 3.4-5.2% and lower incidence
rates of PND of 2.5-6.7% [15-20]. Kazui et al. [2] reported actuarial
survival rates at 5 and 7 years of 79 and 77%, respectively, and Patel
et al. [17]reported a 12-year survival rate of 51.2%. Furthermore, we
reported that the rate of freedom from aortic reintervention related
to initial arch repair was 96.9% at 8 years [15].

The results of the present study indicate that our surgical tech-
nique of open arch repair, which included routine use of SCP,
preferable application of moderate HCA and stepwise distal anas-
tomosis, contributed to the low mortality rate of 3% and the lower
incidence rate of PND of 2%. The data show that open arch repair
was reliable with a remarkably lower incidence of aortic reinter-
ventjon for previous aortic repair during follow-up.

Endovascular aortic repair has recently been recognized as an al-
ternative therapy for thoracic aortic aneurysms because of its
minimal invasiveness. This new technique requires a supra-aortic
bypass or debranching of arch vessels with or without sternotomy
to repair aortic arch lesions. Milewski et al. [6] also published a com-
parative study of open arch debranching with endovascular stent
placement and conventional total and distal aortic arch reconstruc-
tion, which concluded that the hybrid arch approach had a lower
mortality for high-risk patients aged more than 75 years. In our in-
stitution, this less-invasive alternative was applied predominantly to
high-risk patients such as the elderly (>75 years of age), those with
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severe comorbidities (e.g. impaired cardiac, pulmonary, liver or
renal function) and those with a history of cardiac surgery [21].
Some reports of hybrid arch procedures reveal an early mortality
rate of 7.4-23.7% and incidence rate of stroke of 0-13.1% [5, 6, 22,
23]. Furthermore, Koullias et al. [24] reported a meta-analysis of 463
patients who underwent hybrid arch surgery that reveals a 30-day
mortality rate of 8.3% and incidence rates of stroke and paraplegia
of 44 and 3.9%, respectively. Compared with these findings, our
results for hybrid TEVAR are favourable with a low mortality rate of
2%, lower incidence rate of PND of 6% and no spinal cord injury.

Therefore, the optimal therapeutic strategy for aortic arch
aneurysms should be considered on the basis of these recent data
for both procedures. The results of a meta-analysis of open TAR vs
hybrid TEVAR for aortic arch aneurysms showed that hybrid
TEVAR did not significantly improve operative mortality, whereas
it was associated with a slight, insignificant increase in PND. The
authors concluded that no definitive evidence supports the super-
jority of the hybrid TEVAR relative to open arch repair [8].
However, most cases of employing hybrid TEVAR have included
high-risk patients unsuitable for conventional open aortic repair.
Thus, these results cannot be easily compared. Prospective rando-
mized control trials seem to be the most desirable to compare the
outcomes of both surgical strategies; however, this was difficult. To
overcome this issue, we performed propensity score-matching
analysis to compensate for the patient selection bias. This analysis
shows that there were no significant differences in early mortality
and PND incidence; however, the hybrid group experienced
shorter ICU lengths of stay and lesser in-hospital days. In the
mid-term follow-up, late survival rates were similar in both
groups; however, more frequent late aortic reintervention oc-
curred significantly in the hybrid group. Most of the reinterven-
tions for previous aortic repair were performed for type la
endoleaks, which caused further dilatation of the aneurysm with
persistent risk of rupture. Hence, the superiority of hybrid TEVAR
compared with open arch repair was not evident except for
shorter 1CU lengths of stay and lesser in-hospital days even in this
matched analysis. Recently, Cao et al. [25] published a systematic
review of the clinical outcomes for the hybrid arch procedure and
concluded that the hybrid repair of the aortic arch carries not neg-
ligible risks of perioperative mortality and neurological morbidity,
and also described that no reliable long-term data exist to ascer-
tain the durability of the hybrid arch procedure. As we previously
reported, we agree that hybrid TEVAR is a beneficial alternative for
high-risk patients in whom high mortality and morbidity rates are
expected by conventional open arch repair [21]. Hybrid arch
TEVAR is still in a developing stage and new techniques such as
the chimney stent graft technique, or new fenestrated or branched
devices are under trial; however, we now advocate that the
extended application of this new technology to patients with a
reasonable risk should be reconsidered according to the results of
the present risk-adjusted study. In any case, we should reconsider
the classification criteria for regarding patients as high risk for
aortic repair. Furthermore, we suggest that the establishment of a
‘risk-oriented strategy’ based on a proper risk evaluation for aortic
repair is an important issue to be addressed in the future.

In conclusion, the recent outcomes of open arch repair and
hybrid TEVAR demonstrate acceptable results, particularly early after
the procedure; however, open arch repair provides more reliable
outcomes in follow-up. These two surgical strategies when properly
selected according to each patient’s risk improve the surgical out-
comes in all patients with aortic arch aneurysms. The limitations of
this study include the size of each cohort and the small number of

matched pairs between both groups. Therefore, further investiga-
tions and follow-up are required to support decision-making in
choosing a surgical strategy for aortic arch pathologies.
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APPENDIX. CONFERENCE DISCUSSION

Dr V.X. Mosquera Rodriguez (A. Coruna, Spain): Dr iba and coworkers have pre-
sented an interesting study comparing early and mid-term outcomes of open
repair and hybrid endovascular procedures for treating aortic arch aneurysms.
There is a lack of prospective randomized or large nonrandomized studies
addressing this issue, which is why this sort of study is so important.

The proportion of patients with previous cardiac surgery or low ejection frac-
tion was significantly higher in the hybrid group. Thus, as expected, hybrid
patients presented a higher surgical risk, and their predicted in-hospital mortal-
ity was almost two-fold. The authors concluded with an important issue sug-
gesting that the establishment of a "risk-oriented strategy" based on proper
preoperative risk evaluation of patients with aortic arch disease is of paramount
importance in deciding from which approach patients will derive most benefit.

Dr tba, | would like to draw your attention to some shortcomings present in
your study as well as to ask you a couple of technical questions. My first tech-
nical question is whether or not you used any neuroprotective measures such
as carotid filters to prevent atheroembolic events, especially when performing
the chimney technique. In case of an affirmative answer, do you use them on a
routine basis when stenting the aortic arch? Secondly, it is quite striking that
the rate of reoperation for bleeding was so high at 8% in the hybrid group.
Please, could you comment more on this fact?

Another point which is one of the major drawbacks of this study is that the
authors resorted to the use of many different techniques for hybrid procedures.
Therefore such heterogeneity in the hybrid techniques may have jeopardized
the comparability of the outcomes. Although the authors claim that there were
no significant differences in the rate of PND between both groups, the
matched cohort reveals a marked trend to a higher incidence of PND in the
hybrid group: it was indeed 8.6% versus 0%. Furthermore, 1 think it would be
very interesting to underline which type of hybrid procedure the patients who
suffered a stroke had undergone. Please, can you specify which proximal
landing zone was used in the hybrid patients suffering a preoperative stroke?

And finally, although in my opinion the patient population in the present
study reflects the wide anatomical spectrum normally seen in clinical practice,
this study may lack sufficient statistical power to determine with confidence
clinically relevant differences between both approaches. Future studies should
incorporate data on outcome variables acquired during a longer follow-up
period and use objective assessment of outcomes to make definitive conclu-
sions on the effectiveness and indications of the hybrid arch repair.

Dr Iba: | will first answer your question about the detail of the chimney graft
technique. The indication for the chimney graft technique is in high-risk patients
where sternotomy is not feasible for those with prior cardiac surgery or severely
compromised respiratory function. With regard to the chimney graft procedure,
supra-aortic bypass was established at first. Recently, we performed right carotid
to left carotid and left axillary artery bypass as a supra-aortic bypass, because a
sheath was inserted through the right axillary artery as a chimney graft access.
The main device was advanced into the ascending aorta from the femoral artery.
Furthermore, an iliac extender device was introduced into the ascending aorta.
Next, the stent-graft in the brachiocephalic artery was deployed first, followed by
the main stent graft. There have been no stroke events in the chimney group up
to the present; however, one patient experienced type la endoleak two years
after the hybrid procedure with the chimney graft technique.

Turning to your question about stroke events, there were three strokes in our
series in the hybrid group. Two of them received hybrid TEVAR with zone 1
landing. The remaining patient underwent zone 2 landing TEVAR. The patients
who received hybrid TEVAR with zone 0 landing had no stroke events. In three
stroke cases, one patient had a shaggy aorta and developed multiple cerebral
emboli. The other two cases sustained cerebral embolism in the occipital lobe
and the cerebellum, perhaps through the vertebrobasilar artery system.

So in our recent hybrid arch TEVAR series, a left subclavian artery balloon oc-
clusion is routinely carried out at the time of the deployment of the stent graft
for protection from embolisrn. We think it may reduce stroke.

About bleeding complications, postoperative bleeding occurred in four
patients in our hybrid series. Three of them were due to retroperitoneal
haematoma after jliac artery exposure as an access for the stent graft. The
remaining patient experienced postoperative bleeding at a subclavian incision
for supra-aortic bypass. As you say, there were rather frequent bleeding events
in our series, though all cases were not fatal.

Regarding comparability in the study, as you say, TAR is a uniform and estab-
lished procedure for arch pathologies. On the other hand, a hybrid procedure
is now developing. And the outcomes of that hybrid arch procedure may
depend on the concept or the method. The patients’ backgrounds are some-
what different. So a simple comparison of the results of both procedures may
be difficult. Therefore, we performed propensity score-matched analyses of
both procedures.

Even in this risk-adjusted study, early mortality and morbidity were similar
except for shorter ICU stay in the hybrid group. And the mid-term outcomes
showed that TAR is more reliable. The indication may change depending on
future technical advancement or more long-term follow-up data. However, we
think hybrid arch TEVAR should be indicated for limited high-risk patients at
the moment.

Dr J. Bachet (Paris, France): Your experience confirms what | thought for years:
| don't understand the superiority of debranching and the hybrid procedures.
Indeed, you showed us statistics demonstrating that conventional surgery had
less important mortality, that the late survival was much better, and that the rate
of reinterventions was much less. So why do you still propose debranching?

In my opinion, it is not comparing a very simple procedure to a very difficult
one, If the hybrid procedure was very simple, | would understand, but you have
to open the chest exactly as in conventional surgery. You have to do a lot of
anastomosis, et cetera, so it is heavy surgery. So how do you explain your
choice? And in particular, how do you explain that you prefer to do this in what
you call "high-risk patients"?

This is indeed another important issue. Nobody can tell what a high-risk
patient is. I've seen on your slides, for instance, that in both groups, the
EuroSCORE, which is a bad score for aortic surgery by the way, was 5 and 7. 5
and 7 are not high-risk scores. So what are your criteria for deciding that the
patient is a high-risk patient who should have this kind of surgery?

Dr Iba: What constitutes a high-risk group for aortic repair is a very important
issue. Our previously reported experience showed that some organ failures
such as COPD, renal failure, and liver dysfunction are risk factors for early mor-
tality following open arch repair, and age is not necessarily a risk factor of early
mortality and stroke. However, the reliability of long-term outcome is more im-
portant, more especially for young patients than elderly patients. So the deter-
minants of our surgical strategy for arch lesions include the patient’s age.
Anyway, what represents a high-risk group patient for aortic repair is a very im-
portant issue, we think. So proper methods of risk evaluation should also be
established in the near future.

Dr Bachet: Yes, but for instance, look at the mid-term outcome of your
patients, and the rate of reinterventions, which are not a promenade in the
park from the patient’s point of view, as being called again to have a new stent
graft, et cetera, is a real psychological and physical stress. Do you really think
that this is better than having a conventional surgery with maybe a slightly
increased risk than to come back to have one, two, three reinterventions? |
don't think so, really. I'm sorry for this disagreement, but | think we should stop
saying that a hybrid procedure, which represents for me a real heavy surgery, is
a very simple thing as compared to conventional surgery because this is not
true and, obviously, your data show that this is not true.

Dr E. Weigang (Berlin, Germany): That is a very important comment from Dr
Bachet. However, | also agree with the authors’ conclusion. It makes good sense
to establish a risk score for hybrid procedures in the arch and to have available
a genuine tool to help in deciding which patient is most likely to benefit from
the procedure.

Dr K. Minatoya (Osaka, Japan): This was a great comment from Dr. Bachet.
But the main message from this presentation is that open surgery is still sort of
mainstream, in my understanding, and reintervention is sometimes okay for a
really old, high-risk patient. So, therefore, we have the same problem using this
terminology "high-risk”. In really high-risk patients who sometimes had demen-
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tia, who could not have major surgery, we applied this hybrid TEVAR operation
for the pathology. So both of them are applied properly, as Professor Harringer
said. That's my comment.

Dr G. D’Ancona (Palermo, Italy): | have a comment. | am not sure that you are
proposing the correct stent for the arch. There are better stents tailor-made, so
to speak: for example, the Najuta precurved fenestrated graft that's been pro-
posed in over 400 patients by a group from Tokyo, with excellent results in arch

hybrid, fully percutaneously with a precurved stent, without even debranching,
just with fenestration. The results are superior to what you are presenting, in
over 400 patients presented last year at the European meeting. So I'm not sure
you can really come and say something about hybrid arch if you're using the
standard stents. Those are not done for the arch.

Dr Iba: That Najuta fenestrated graft has not been used in our centre
because we don't know its durability.
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Contemporary open aortic arch repair with selective cerebral
perfusion in the era of endovascular aortic repair

Yutaka Iba, MD," Kenji Minatoya, MD, PhD," Hitoshi Matsuda, MD, PhD," Hiroaki Sasaki, MD, PhD,"
Hiroshi Tanaka, MD, PhD,* Junjiro Kobayashi, MD, PhD," and Hitoshi Ogino, MD, PhD"

Objective: With the recent advance of endovascular aortic repair, conventional open repair for aortic arch le-
sions should be reassessed. We reviewed our contemporary open arch repair with selective antegrade cerebral
perfusion by way of the axillary artery with deep or moderate hypothermia.

Methods: From 2001 to 2011, 1007 patients (median age, 72 years) underwent open arch repair with selective
cerebral perfusion through the right axillary artery and hypothermic circulatory arrest: deep (<25°C) in 48% and
moderate (25°-28°C) in 52%. Of the 1007 patients, 73% underwent total arch replacement and 26% emergent
surgery for aneurysm rupture or acute aortic dissection.

Results: The early mortality was 4.7% for all patients. Permanent and temporary neurologic dysfunction oc-
curred in 3.5% and 6.7%, respectively. No spinal cord injury occurred, even with moderate hypothermia.
The independent predictors of in-hospital mortality included chronic obstructive pulmonary disease, liver dys-
function, chronic kidney disease, and concomitant coronary artery bypass. The independent predictors of per-
manent neurologic dysfunction included cerebrovascular disease, emergency surgery, and concomitant
coronary artery bypass. The cumulative survival rate was 80.4% and 71.2% at 5 and 8§ years, respectively. Free-
dom from reoperation related to the initial arch repair was 98.0% and 96.9% at 5 and 8 years, respectively.

Conclusions: Conventional open arch repair yielded satisfactory outcomes and should remain the standard ther-
apy, with good long-term durability in all but high-risk patients. (J Thorac Cardiovasc Surg 2013;145:S72-7)

Iba et al

Open surgical repair for aortic arch aneurysm is associated
with considerable mortality and morbidity, especially
stroke. However, its outcome has been dramatically im-
proved by innovations in surgical technique, including brain
protection, in the past 2 decades. In particular, the wide-
spread use of antegrade selective cerebral perfusion (SCP)
for cerebral protection has contributed to the reduction in
mortality and  stroke rate.'™  However, thoracic
endovascular aortic repair (TEVAR) has been recognized
as an alternative therapeutic option for thoracic aortic
aneurysm, and it has been attempted, mainly for high-risk
patients. Although this new technology was initially applied
for descending aortic aneurysm, its adoption has extended
to complex aortic arch lesions, predominantly in conjunc-
tion with several debranching techniques of the arch vessels
as a less-invasive alternative: hybrid TEVAR.>® Thus,
contemporary open arch repair needs to be reassessed as
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a benchmark for consideration of the optimal therapeutic
strategy for aortic arch aneurysm. In the present study, the
results with our well-established contemporary open arch
repair procedure during the past decade—with sophisti-
cated SCP by way of right axillary artery (RAxA) perfusion
and hypothermic circulatory arrest (HCA)—were reviewed.

PATIENTS AND METHODS

From April 2001 to September 2011, 1007 consecutive patients under-
went open aortic arch repair at the National Cerebral and Cardiovascular
Center, Japan. The inclusion criteria included an approach through a me-
dian sternotomy, the use of SCP with HCA, and hemi- or partial or total
prosthetic replacement of the aortic arch. The patient characteristics are
listed in Table 1. The median age was 72 years, and 66.3% of patients
were men. The present cohort included 30 patients (3.0%) who had a con-
nective tissue disorder such as the Marfan or Loeys-Dietz syndrome. Of the
1007 patients, 33 (3.3%) had a history of previous cardiac surgery and 38
(3.8%) had undergone previous aortic surgery of the aortic root, ascending
aorta, or aortic arch. Aortic pathologic features included acute type A aortic
dissection in 230 patients (22.8%). Emergency operations were performed
in 259 patients (25.7%), including 76 (7.5%) with shock.

The surgical variables are listed in Table 2. In most patients (73.1%),
total arch replacement (TAR) was performed. Concomitantly, coronary ar-
tery bypass grafting (CABG) was performed in 186 patients (18.5%) and
root replacement in 59 (5.9%).

Data were collected from the medical records for the patients who were
followed up in our outpatient department. The data for the others were in-
vestigated by telephone or mail. The follow-up rate was 93.0%. The mean
follow-up period was 44.9 = 33.7 months, with a maximum of 128 months.
The institutional review board of our center approved the present retrospec-
tive study and waived patient consent on the condition that the patients
were not identified.

The Journal of Thoracic and Cardiovascular Surgery « March 2013
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Abbreviations and Acronyms
CABG = coronary artery bypass grafting
CKD = chronic kidney disease
COPD = chronic obstructive pulmonary
disease

CVD = cerebrovascular disease

HCA = hypothermic circulatory arrest
PND = permanent neurologic dysfunction
RAXA = right axillary artery

SCP = selective cerebral perfusion

TAR = total arch replacement

TEVAR = thoracic endovascular aortic repair

Operative Techniques

The details of our surgical technique of open arch repair have been pre-
viously reported.”'® Aortic arch aneurysms were approached through
a median sternotomy. For establishment of cardiopulmonary bypass,
perfusion by way of the distal part of the RAXA in the axilla was
routinely used, in conjunction with ascending aortic or femoral artery
cannulation. Our routine brain protection was SCP, with perfusion
through the RAXA and 2 other arch vessels, with deep or moderate
HCA. In the early series, the lowest bladder and nasopharyngeal
temperatures during HCA were 16° to 22°C. With the increase in our
experience, both temperatures were increased gradually to 28°C, except
for high-risk patients with cerebrovascular disease (CVD) or chronic kid-
ney disease (CKD). Thus, for 529 patients (52.5%), moderate HCA of
25° to 28°C was applied. After the introduction of HCA, RAXA perfusion
enabled quick conversion to SCP by clamping the innominate artery. After
the ascending aorta and aortic arch were opened, balloon-tipped SCP can-
nulas were inserted into the left carotid and left subclavian arteries.

Open distal anastomosis was performed during HCA of the lower body.
In TAR, a stepwise distal anastomosis was frequently used for an easy and
secure anastomosis. An invaginated tube graft was inserted into the de-
scending aorta. The proximal end was anastomosed to the descending
aorta, and the distal end of the inserted graft was extracted proximally. De-
bris was flushed from the descending aorta by femoral artery perfusion. The
multibranched arch graft was connected to this interposed graft. Then, the
systemic circulation was resumed through a side branch of the arch graft.
The left subclavian artery was reconstructed using a branch of the main
graft, and the patient was rewarmed to 30° to 32°C. The proximal aortic
anastomosis was made above the sinotubular junction. Finally, the coro-
nary circulation was initiated by unclamping the main graft. The other 2
arch vessels were reconstructed with branch grafts, and the patient was
fully rewarmed.

Definitions

Early mortality was defined as death during the hospitalization or within
30 days postoperatively. Permanent neurologic dysfunction (PND) was de-
fined as the presence of either new focal or global permanent neurologic
dysfunction persisting at discharge. Transient neurologic dysfunction
was defined as the presence of postoperative reversible motor deficit, con-
fusion, agitation, or transient delirium, with normal computed tomography
findings of the brain and resolution of all symptoms before discharge. CVD
included a history of cerebrovascular event or a severe carotid artery lesion
with more than 75% stenosis or multiple plaques on the ultrasound exam-
ination. Chronic obstructive pulmonary disease (COPD) was defined as

a forced expiratory volume less than 70% of the normal value or daily
use of a bronchodilator. Liver dysfunction was defined as a serum transam-
inase level more than twice the normal value or a total bilirubin level
greater than 2.0 mg/dL. CKD was defined as a serum creatinine level
greater than 1.5 mg/dL or a requirement for hemodialysis.

Statistical Analysis

Continuous data are presented as the mean + standard deviation. Mul-
tivariate stepwise logistic analysis was used to identify independent predic-
tors for early mortality and PND. The predictive factors with P < .1 on
univariate analysis were used for subsequent multivariate analysis. The re-
sults are presented as the odds ratios and 95% confidence intervals. Cumu-
lative survival and freedom from reoperation rates were calculated using
the Kaplan-Meier methods. All statistical analyses were performed using
SPSS software (IBM SPSS Inc, Chicago, I1i).

RESULTS

The overall early mortality, including 30-day and
in-hospital deaths, was 4.7%. It was 5.0% even for the
emergency cases. The cause of early death was low output
syndrome in 16 patients (34.0%), sepsis in 15 patients
(31.9%)), respiratory failure in 10 patients (21.3%), rupture
of residual aneurysm in 3 patients (6.4%), and intestinal is-
chemia in 3 patients (6.4%). On multivariate analysis, the
independent risk factors for early mortality were COPD
(P = .041), liver dysfunction (P = .014), CKD
(P <.001), and concomitant CABG (P <.001; Table 3).

Cerebral deficits developed in 102 patients (10.2%) post-
operatively, including PND in 35 patients (3.5%) and tran-
sient neurologic dysfunction in 67 (6.7%). No spinal cord
injury occurred in-any patient. The multivariate analysis
showed that the independent predictors for PND were
CVD (P = .002), emergency surgery (P <.001), and con-
comitant CABG (P = .006; Table 4).

Prolonged ventilation—for more than 72 hours—was re-
quired for 146 patients (14.5%). The length of stay in the
intensive care unit and duration of postoperative hospitali-
zation was 3 days (interquartile range, 2-6 days) and 25
days (interquartile range, 19-35 days), respectively.

During the follow-up period, there were 140 late deaths
(14.6%). Of these, 13 were aorta-related deaths, including
rupture of a descending thoracic aneurysm in 5, an abdominal
aortic aneurysm in 5, and sudden death in 3. Of the 10 patients
with aneurysm rupture, regular examinations at the hospital
had been suspended for 5, and the remaining 5 patients had
been observed medically because of their condition or
their wish. Cardiac-related deaths occurred in 25 patients
(17.9%), including congestive heart failure in 14, acute myo-
cardial infarction in 8, and arrhythmia in 3. Other nonaortic-
or noncardiac-related deaths occurred as follows: respiratory
failure in 28 patients (20.0%), cancerin 21 (15.0%), cerebro-
vascular accident in 16 (11.4%), sepsis in 10 (7.1%),
gastrointestinal complications in 5 (3.6%), renal failure in
4 (2.9%), accidents in 4 (2.9%), senility in 7 (5.0%), and
unknown in 7 (5.0%). The cumulative survival was 80.4%
and 71.2% at 5 and 8 years, respectively (Figure 1).

The Journal of Thoracic and Cardiovascular Surgery * Volume 145, Number 3S S73
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TABLE 1. Patient characteristics (n = 1007) TABLE 2. Surgical procedures
Characteristic /alue Variable Value

Age (y) Extent of graft replacement

Median 72 Total arch replacement 736 (73.1%)

Range 12-93 Partial arch replacement 28 (2.8%)
Male gender 668 (66.3%) Hemiarch replacement 243 24.1%)
Hypertension 828 (82.2%) Concomitant procedure
Diabetes 149 (14.8%) CABG 186 (18.5%)
Hyperlipidemia 381 (37.8%) Root replacement 59 (5.9%)
Smoking 221 (21.9%) Composite graft 47
Cerebrovascular disease 124 (12.3%) Aortic valve sparing 12
Coronary artery disease 280 (27.8%) Aortic valve replacement 85 (8.4%)
Ejection fraction <30% 14 (1.4%) Aortic valve repair 2 (0.2%)
COPD 116 (11.5%) Sinotubular junction plication 63 (6.3%)
Liver dysfunction 16 (1.6%) Mitral valve replacement 5(0.5%)
CKD (creatinine > 1.5 mg/dL) 104 (10.3%) Mitral valve repair 10 (1.0%)
Patients with CKD requiring hemodialysis 16 Tricuspid annuloplasty 9 (0.9%)
Connective tissue disorder 30 (3.0%) Maze 6 (0.6%)

Marfan syndrome 25 Intraoperative variables

Loeys-Dietz syndrome 5 Lower body circulatory arrest time (min) 55.5£17.6
Aortitis 23 (2.3%) Selective cerebral perfusion time (min) 1294 + 67.0
Previous cardiac surgery 33 (3.3%) Myocardial ischemic time (min) 139.3 £ 53.9
Aortic redo surgery 38 (3.8%) Cardiopulmonary bypass time (min) 240.3 +99.2
Shock 76 (7.5%) Core temperature at HCA
Emergency 259 (25.7%) Moderate (25°-28°C) 529 (52.5%)
Acute dissection 230 (22.8%) Deep (<25°C) 478 (47.5%)

COPD, Chronic obstructive pulmonary disease; CKD, chronic kidney disease.

Late aortic operations related to the previously repaired
arch segment were required for false aneurysm of the anas-
tomotic site in 12 patients and for graft infection in 2. Of the
patients with false aneurysms at the distal anastomotic site,
8 underwent TEVAR. Four patients who developed false an-
eurysms at the proximal anastomotic site and two who de-
veloped graft infection underwent redo graft replacement
of the aortic arch. Freedom from reoperation for the initially
repaired arch segment was 98.0% and 96.9% at 5 and 8
years, respectively (Figure 2, A). Other late aortic reopera-
tions unrelated to the initial aortic arch replacement in-
cluded composite graft replacement in 6, valve-sparing
root replacement in 2, completion arch replacement after
hemiarch repair in 5, descending aortic replacement in 36,
thoracoabdominal aortic replacement in 28, abdominal aor-
tic repair in 59, and endovascular repair of the descending
aorta in 46 and the abdominal aorta in 10 patients. Freedom
from all late aortic reoperations at 5 and 8 years was 78.0%
and 71.7%, respectively (Figure 2, B).

DISCUSSION

Open aortic arch repair remains challenging, with some
difficulties. In most patients, the etiology of the arch aneu-
rysm is atherosclerosis; therefore, most of patients are quite
elderly and have many atherosclerotic lesions. However, re-
cent advances in brain protection, surgical techniques, anes-
thesia, and critical care have improved the surgical

CABG, Coronary artery bypass grafting; HCA, hypothermic circulatory arrest.

outcomes. Thus, antegrade SCP with HCA has achieved
widespread acceptance as a reliable brain protection tech-
nique.'* Recent reports have suggested some refinement
of surgical techniques, in addition to SCP, and have
demonstrated lower mortality rates of 4% to 8%."''"'> A
gradual increase of the core temperature during HCA
from deep to moderate hypothermia has been encouraged
to avoid deep hypothermia-associated coagulopathy and re-
duce the inflammatory substances associated with pro-
longed cardiopulmonary bypass.*'® Our current basic
management of the core temperature during HCA with
SCP is moderate hypothermia, which has produced
favorable outcomes in aortic arch surgery.'” However,

TABLE 3. Risk factors for in-hospital mortality

Univariate Multivariate
Factor Pvalue Pvalue OR  95% CI

Previous cardiac surgery .063 234

CAD <.001 223

COPD .009 041 2.157 1.030-4.518
Liver dysfunction .007 .014 5.629 1.419-22.331
CKD (creatinine > 1.5 mg/dL)  <.001 <.001 4.637 2.392-8.988
Concomitant CABG <.001 <.001 3.424 1.837-6.382
Deep hypothermia (<25°C) .089 476

OR, Odds ratio; CI, confidence interval; CAD, coronary artery disease; COPD,
chronic obstructive pulmonary disease; CKD, chronic kidney disease; CABG, coro-
nary artery bypass grafting.
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TABLE 4. Risk factors for permanent neurologic dysfunction

Univariate Multivariate
Factor Pvalue Pvalue OR 95% CI
Elderly (age > 75y) .073 068
CVD <.001 .002 3.374 1.589-7.162
CKD (creatinine > 1.5 mg/dL) .081 201
Emergent surgery .002 <.001 4.013 1.887-8.535
Concomitant CABG .044 .006 3.119 1.379-7.057

OR, Odds ratio; CI, confidence interval; CVD, cerebrovascular disease; CKD, chronic
kidney disease; CABG, coronary artery bypass grafting.

deep hypothermia of about 22°C, which has a great advan-
tage for more secure brain, spinal cord, and visceral organ
protection during HCA, is still used in selected higher risk
patients with severe CVD and CKD or requiring a longer
duration of HCA of the lower body because of anticipated
difficulty in performing the distal anastomosis to the de-
scending aorta.'”

To the best of our knowledge, the present study is the
largest scale study of open aortic arch replacement. The pe-
riod of surgery was limited to 10 years, and a similar surgi-
cal technique—including SCP with RAXA perfusion—was
used for all cases. Thus, we believe the outcome is worthy
of assessment. The mortality rate of 4.7% is comparable
to those of recent other reports,”''"'> with a range of 4%
to 9%, although more than 70% of our patients
underwent more extensive TAR and 25% were
emergency cases. In addition, 15.5% of the patients were
older than 80 years, and 24.4% required concomitant
coronary or aortic root surgery. At least 10 surgeons—
including some residents—were involved in the present
series of arch repairs. In terms of the incidence of
neurologic deficits, although the overall rate of 10.2%
was similar, the stroke (PND) rate of 3.3% was lower
than those of other reports (4%-7%). We believe our
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FIGURE 1. Survival curve for all patients by Kaplan-Meier method. Cu-

mulative survival rate was 80.4% and 71.2% at 5 and 8 years, respectively.

outcomes have been so satisfactory that our contemporary
aortic arch replacement technique should be recognized as
the standard repair for arch aneurysms.

With regard to risk factor analyses, the independent risk
factors for early mortality were COPD, liver dysfunction,
CKD, and concomitant CABG. The number of in-hospital
deaths from respiratory failure, in particular, interstitial
pneumonia or pulmonary fibrosis, has recently increased
with the increase in patient age. These serious complica-
tions seem to be untreatable after their occurrence postoper-
atively. For these patients, arch TEVAR should be
recommended. Regarding CKD and concomitant CABG,
most such patients have more severe atherosclerosis and
are critically compromised hosts, with diabetes and hemo-
dialysis. For some of these patients, percutaneous coronary
intervention before arch repair might be a good option to
improve the outcome.

In terms of PND, CVD, emergency operation, and con-
comitant CABG were risk factors. The former 2 factors
are easily recognized as risk factors for stroke. More me-
ticulous brain protection with deep hypothermia is recom-
mended for such conditions. A requirement for
concomitant CABG is another risk factor for stroke. We
believe this did not result from technical problems, but
rather that these patients tended to have severe atheroscle-
rotic vascular lesions, particularly in the aorta, arch ves-
sels, or intracranial arteries, which might be related to
the occurrence of stroke.

Regarding the technical aspect, our aortic arch repair
technique has some characteristic features. The first is our
routine use of RAxA perfusion by simple direct cannulation
in the axilla.” It can be established easily and quickly, even
in an emergency setting, and can prevent the cerebral em-
boli caused by retrograde femoral artery perfusion. Right-
sided SCP through the RAXA can also be quickly achieved
by simple clamping of the innominate artery. The second
characteristic strategy is a preference for the use of stepwise
distal anastomosis with a mini- or standard elephant trunk
insertion for easier and more secure anastomoses for
TAR.® The third technique is separate reconstruction of
the arch vessels using a multibranched prosthetic graft for
TAR.? We are encouraged to thoroughly remove the ather-
omatous arterial wall around the origin of the arch vessels
and to perform the anastomosis at less atherosclerotic parts
of the arch vessels, resulting in fewer embolic cerebrovas-
cular events.

Long-term survival after open aortic arch repair has been
demonstrated in some other reports. Kazui and colleagues’
reported an actuarial survival at 5 and 7 years of 79% and
77%, respectively, and a recent report by Patel and col-
leagues'* demonstrated a 12-year survival of 51.2%. Their
survival curves were similar to ours, with 80.4% and 71.7%
survival at 5 and 8 years, respectively. The median patient
age in the present series was 72 years, and some of our
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FIGURE 2. A, Kaplan-Meier analysis of freedom from reoperation related to initial arch repair. The rate of freedom from reoperation for the initially re-
paired arch segment was 98.0% and 96.9% at 5 and 8 years, respectively, B, Kaplan-Meier analysis of freedom from all aortic reoperation, including other
segments. Freedom from late aortic surgery was 78.0% and 71.7% at 5§ and 8 years, respectively.

patients died of cancer. Thus, we believe the long-term sur-
vival rate was acceptable in our patient cohort.

Furthermore, reoperation related to the initial arch repair
during follow-up—for anastomotic false aneurysm or graft
infection—was very rare. Most secondary aortic interven-
tions after open arch repair were necessary for the other aor-
tic lesions, including the aortic root, descending aorta, or
abdominal aorta. For anastomotic false aneurysm, open re-
pair or TEVAR can be successfully performed. In particular,
TEVAR is easily applied to such limited lesions, with the
proximal landing zone in the arch graft.

However, endovascular treatments have expanded in the
past decade, and in 2008 some commercially available de-
vices for TEVAR were introduced in Japan. Since then,
our surgical strategy for aortic arch aneurysm has gradually
shifted toward TEVAR. Currently, open aortic repair re-
mains our basic surgical option, because it has been well es-
tablished and has provided satisfactory early and long-term
outcome. However, for its lesser invasiveness, this new sur-
gical technique—including hybrid TEVAR-—has been ap-
plied predominantly in limited high-risk patients,
including the elderly (>75 years old), patients with severe
comorbidities (eg, impaired cardiac, pulmonary, liver, or re-
nal function), and those with a history of previous cardiac
surgery.'® Some reports of hybrid arch procedures have
demonstrated an overall mortality rate of 3.2% to 11%
and a stroke rate of 0% to 11%.7%'?Y A recent meta-
analysis of 463 patients who underwent hybrid arch surgery
reported a 30-day mortality of 8.3% and an incidence of
stroke and paraplegia of 4.4% and 3.9%, respectively.?' Al-
though the study included high-risk patients unsuitable for
conventional open aortic repair, the mortality was slightly
greater rather than the current results of open arch surgery,
including in our study. In addition, the meta-analysis had
a mean follow-up period of 18.9 to 61 months, leaving the
long-term results still unclear.

Several innovations in endovascular devices and tech-
niques have occurred within the past few years. For
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instance, the chimney graft technique, involving the
supra-aortic branches, which can treat up to zone 0O lesions
without sternotomy, was recently introduced. Gehringhoff
and colleagues” reported their experience using this tech-
nique for aortic arch pathologic features in 9 patients. In
that report, 1 patient (11.1%) underwent surgical arch re-
placement because of a persistent type I endoleak, and 1
early death (11.1%) occurred. However, the safety and du-
rability of these new techniques remains unclear, and future
studies are necessary.

Comparing the outcomes between open aortic repair
and TEVAR is complicated by the patient selection bias.
In general, arch TEVAR has been indicated for higher
risk patients with severe comorbidities. Milewski and col-
leagues'? reported that hybrid arch procedures have their
primary benefit in high-risk cases, especially elderly pa-
tients previously considered at prohibitively high risk to
undergo conventional open arch repair. In the present anal-
ysis, the risk factors for early mortality were COPD, liver
dysfunction, and CKD. We agree that arch TEVAR is
a beneficial therapeutic option for patients expected to ex-
perience high mortality and morbidity with conventional
open arch repair. However, we are skeptical about the
adoption of this new technology for patients with a reason-
able operative risk and younger patients, especially those
with connective tissue disorders, because the mid- and
long-term outcomes of TEVAR are still unclear. We
have experienced extremely difficult and high-risk surgical
conversion after TEVAR required for endoleak, infection,
and esophageal fistula in some patients. These less-
invasive TEVAR repairs, including hybrid procedures,
should still be applied predominantly in high-risk patients
with advanced age or many comorbidities.

The present study had some limitations. It was a retro-
spective study of a single group of patients who underwent
open aortic arch repair with SCP. To compare the results of
the 2 surgical strategies more clearly, a multicenter, pro-
spective, randomized study is required.
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Neutrophil-Derived Matrix Metalloproteinase 9 Triggers
Acute Aortic Dissection

Tomohiro Kurihara, MD; Ryoko Shimizu-Hirota, MD, PhD; Masayuki Shimoda, MD, PhD;
Takeshi Adachi, MD, PhD; Hideyuki Shimizu, MD, PhD; Stephen J. Weiss, MD;
Hiroshi Itoh, MD, PhD; Shingo Hori, MD, PhD; Naoki Aikawa, MD, PhD; Yasunori Okada, MD, PhD

Background—~Acute aortic disscction (AAD) is a life-threatening vascular discase without effective pharmaceutical
therapy. Matrix metalloproteinases (MMPs) are implicated in the development of chronic vascular diseases including
ancurysni, but the key effectors and mechanism ol action remain unknown. To defline further the role of MMPs in AAD,
we screened circulating MMPs in AAD patients, and then generated a novel mouse model for AAD 1o chavacterize the

mechanism of action.

Methods and Results—MMPY and angiotensin 11 were elevated significantly in blood samples from AAD patients than in
those from the patients with nonruptured chronic aortic ancurysm or healthy volunteers. Based on the findings, we
established a novel AAD model by infusing angiotensin 11 to immature mice that had been received a lysyl oxidase
inhibitor, B-aminopropionitrile monofumarate. AAD was developed successfully in the thoracic aorta by angiotensin 11
administration (o B-aminopropionitrile monofumarate-treated wild-type mice, with an incidence of 20%, 80%, and
100% after 6, 12, and 24 hours, respectively. Neutrophil infiltrations were observed in the intima of the thoracic aorta,
and the overexpression of MMPY in the aorta was demonstrated by reverse transcription polymerase chain reaction,
gelatin zymography, and immunohistochemistry. The incidence of AAD was reduced significantly by 40% following
the administration of an MMP inhibitor and was almost blocked completely in MMP ™™ mice without any influence on
neutrophil infiltration. Neutrophil depletion by injection of anti-granulocyte-differentiation antigen-1 (anti-Gr-1)
antibody also significantly decreased the incidence of AAD.

Conclusions—These data suggest that AAD is initiated by neutrophils that have infiltrated the aortic intima and released
MMP9 in response to angiotensin 1L (Circulation. 2012;126:3070-3080.)

Key Words: acute aortic dissection m MMP9 & leukocyles & angiotensin 11

cute aortic dissection (AAD) is a medical emergency

that is associated with high mortality.' Although imag-
ing by computed tomography and elective surgical repair
represent an effective approach, there are neither specific
biomarkers for prompt diagnosis nor alternative therapeutic
strategies for treating the disease. The acute dangers associ-
ated with the active discase in humans do not lend itself
to randomized, controlled trials, and the paucity of animal
models complicates cfforts to design detailed studies of the
disease process. Thus, the underlying pathological mecha-
nisms responsible for triggering the disease remain elusive.?
Medial degeneration including cystic medial necrosis is a
common histological finding in chronically damaged wortas
associated with aging, hypertension, and aortic aneurysm,®

and s widely accepted as an important risk factor for the
development of AAD. However, the direct cellular and
molecular mechanism that links the medial degeneration and
the onset of AAD has not been elucidated. Fibrillinl-
deficient (Fibrillinl ™) mice are often used as a model of
Marfan syndrome, which display spontancous development
of cystic medial degeneration and ascending aortic aneurysm
leading to spontancous rupture or dissection, commonly
emerging at 2 months to 4 months of age.® Lysyl oxidase-null
mice develop aortic rupture spontancously,® and administra-
tion of B-auminopropionitrile monofumarate (BAPN), a lysyl
oxidase inhibitor, can induce cystic medial degeneration in
rats.”% These models have been used classically for ancurysm
studies, and AAD is observed only by chance.37# Thercfore,
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they are not suitable for AAD models with regard 1o predict-
ing the actual onset of the dissection, which is critical for
understanding the pathogenesis of the discase.

Clinical Perspective on p 3080

Recent studies have demonstrated that matrix metalloprotei-
nases (MMPs), including MMPL, 2, 3, and 9, are overproduced
in a wide range of vascular diseases.”1¢ Among these MMPs, the
importance of MMP9 has been documented in the development
of chronic aortic aneurysm formation as & [unction of its ability
to degrade extracellular matrix components directly, such as
clastin.'' The increased expression of MMP9, predominantly
from macrophages, has also been implicated in acute vascular
crises such as atherosclerotic plaque rupture and abdominal
aortic ancurysm.!>" However, little or no information is avail-
able for the involvement of MMPY in the development of AAD.

In the current study, we found significant elevation of MMP9
and angiotensin I (Angll) in human blood samples from AAD
patients. Based on these findings, we established a novel mouse
mode] of AAD by Angll infusion following sustained adminis-
tration of BAPN. Upregulation of MMPY from neutrophils was
noted at the onset of the disease in this model. More important,
genctic and pharmaceutical depletion of MMPS attenuated
dramatically the occurrence rate of AAD without impairing
neutrophil infiltration. Furthermore, Angll per se induced neu-
trophil infiltration into aortic lesions, and neutrophil depletion by
neuiralizing antibody also attcnuated AAD incidence. Taken
together, our study provides the first evidence that MMP9
released from Angll-stimulated neutrophils initiates AAD in
preconditioned aorta.

Methods

Human Blood and Affected Aortic Samples

Between April 2004 and August 2006, 16 patients diagnosed with AAD,
11 patients with acute myocardial infarction (AMI); 12 patients with
chronic, nonruptured aortic aneurysm; and 16 healthy volunteers were
registered in the study. All the AAD patients were free from connective
tissue disorders such as Marfan syndrome, Eblers-Danlos syndrome,
and sortitis diagnosed according to the clinical history and physical
examinations. They were composed of Stanford type A (6 patients) and
type B (10 patients). The blood samples from AAD and AMI patients
were collected within 1 hour after arival in the hospital emergency
room. AAD and AMI patients who arrived at the hospital 10 hours after
onset of clinical symptoms were eliminated from the study. Diagnosis of
AAD and AMI was confirmed by computed tomography and ECG,
respectively. Affected aortic specimens were obtained at surgery from
10 nonruptured aortic aneurysms and 10 AAD patients, who underwent
operation for aortic grafis. The human samples were collected in the
Keio University Hospital, and signed informed consent for the usage of
the samples for the experiments was obtained from all subjects. This
study was approved by the ethics committee of the School of Medicine,
Keio University. :

Development of AAD Model in Mice

Wild-type (WT) and MMP9™'" mice on FVB background were
purchased from Jackson Laboratory (Bar Harbor, ME). Three-week-
old male mice were fed on a regular diet and administered BAPN
(Sigma-Aldrich, St. Louis, MO) dissolved in drinking water (1 g/kg
per day) for 4 weeks.'s At 7 weeks of age, osmotic mini pumps
(Alzet, Cupertino, CA) filled with 1 pg/kg per minute Angll
(Sigma-Aldrich) or 1.3 pg/kg per minute norepinephrine (NE)
(kindly provided by Daiichi-Sankyo Co. Ltd., Tokyo, Japan) were
implanted subcutaneously as described previously,' and the mice

Neutrophil MMP9 Induces Acute Aortic Dissection 3071

Table. Background of Human Peripheral Blood and
Aortic Samples

Nenruptured

Controf Aneurysm AWl AAD

{n=16) {n=12) (n=11) {(n=16)
Age, y 6726 737 71210 6811
Male sex, n (%) 9 (56) 6 (50 6 (55) 10 (63}
Average duration N/A N/A 2.2 3.6
from onset, h
Hypertension, n (%) g (56) 7(58) 8{73) 12 (75)
Hyperlipidemia, n (%) 7 (44) 6 (50) 6 (55) 7 (44)

AM indicates acute myocardial infarction; AAD, acute aortic dissection; and
/A, not applicable.

were euthanized 24 hours afier implantation. Blood pressure was
measured using the tail-cuff method before and after implantation,
and prior to sacrifice.'® Mice were scanned by a microcomputed
tomographic system (GE Healthcare, Tokyo, Japan) for imaging of
aortas. Mouse aortas were enhanced by in situ infusion of the
contrast agent, and the 3-dimensional images were reconstructed, For
pharmacological depletion of MMP9, BAPN-fed mice were admin-
istered by gastric lavage with a broad-spectrum MMP inhibitor,
ONO-4817 (300 mg/kg per day), which was kindly provided by Ono
pharmaceutical Co. Ltd {Tokyo, Japan),"~® daily for 2 days before
Angll administration until sacrifice. Dose of ONO-4817 (300 mg/kg
per day} was determined according to information from previous
studies on the pharmacokinetics and in vivo experiments.'»!8 For
neutrophil depletion experiments, BAPN-fed mice received daily
intraperitoneal injections of 200 pg anti-granulocyte-differentiation
antigen-1 (anti-Gr-1) neutralizing antibody (R&D Systems, Minne-
apolis, MN) or control immunoglobulin G from 2 days before the
Angll infusion until sacrifice.® The depletion of neutrophils was
confirmed by Giemsa stain of peripheral blood smears. All studies in
mice were approved by the Laboratory Animal Care and Use
Committee of School of Medicine, Keio University.

Additional Methods

The expanded Methods section in the online-only Data Supplement
contains information on ELISA, histology and immunohistochemis-
try, veverse transcription polymerase chain reaction, gelatin zymog-
raphy, film in situ zymography, and in situ detection of superoxide.

Statistics

Human blood sample data were analyzed with 2-sample r-tests, and the
oceurrence rate of mouse AAD was analyzed with Fisher's exact test, P
value less than 0.05 was regarded as significant. P value was adjusted
with Bonferroni method for pairwise comparisons in some experiments.

Results

Elevated Levels of MMP9 and Angll in Blood
Samples From AAD Patients
We first screened the circulating levels of MMP1, MMP2,
MMP3, MMP9, and metallopeptidase inhibitor 1 (TIMP1) in
blood sumples from healthy control volunteers and patients with
nonruptured, chronic aortic anearysm; AMI or AAD. There
were no significant differences in average age, ratio of men to
women, or prevalence of major risk factors among these groups
(Table). As shown in Figure 1, the AAD group exhibited
significantly higher levels of MMP9 than the control, nonrup-
tured aneurysm, or AMI groups, whereas the levels of MMPI,
MMP2, MMP3, and TIMP1 did not differ among the groups.
Angll is one of the representative vasopressors implicated
in the pathogenesis of many vascular diseases, including
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aneurysm formation.?! In addition, Angll is known to pro-
mote neutrophil infiltration into vascular walls,222 and to
induce MMP9 expression in cell types such as vascular
smooth muscle cells.* Thus, we also measured the Angll
levels in serum samples of the control, nonruptured ancu-
rysm, AMI, and AAD groups, and found that the circulating
Angll level was significantly higher in the AAD and AMI
groups relative to the other groups studied (Figure 1).

Immunolocalization of MMP9 in Aortic Lesions
From AAD Patients

Immunohistochemistry of patient samples indicated that the
AAD tissues contain abundant MMP9-positive cells located
mainly in the medial layer of dissected aorta, with smaller
numbers of MMP9-positive cells scattered in the aortic tissues of
the nonruptured ancurysm, predominantly localized to areas of
the media displaying severe atherosclerotic changes (Figure 2A
and 2B). Of note, neutrophils accurnulated to much higher levels
in the dissected aorta from the AAD patients relative to the
nonruptured ancurysm  (Figure 2A and 2B), Morphometric
analysis of MMP9 immunoreactive cells in the aortic tissues
showed a statistically significant increase in the aorta from the
AAD patients (171.897.2 cells/mm®) compared with that from
patients with nonruptured ancurysm (47.2:£40.6 cells/mm™;
P<0.05). Because the MMP9 staining pattern in the AAD aorta
was similar to that of antineutrophil clastase (Figure 2A), these
data suggested infiltrating neutrophils as the most likely source
of MMPY in the AAD aortas. Thus, we carried out double
immunostaining of MMP9 and neutrophil elastase in the AAD

150

Figure 1. Circulating levels of MMPQ
and Angll are elevated in the blood sam-
ples from AAD patients, MMP1, MMP2,
MMP3, MMP3, TIMP-1, and Angll were
assayed by the ELISA systems for each
marker in the human peripheral blood
samples from healthy control volunteers
(n=16); patients with nonruptured,
chronic aortic aneurysm {n=12); AMI
(n=11); or AAD {n=18). Values are
mean=SEM. The probability value was
adjusted with the Bonferroni method for
pairwise comparisons, "P<0.05 versus
control. MMPS indicates matrix metallo-
proteinase 9; Angll, angiotensin II; AAD,
acute aortic dissection; TIMP-1, metallo-
peptidase inhibitor 1; and AMI, acute
myocardial infarction.

aortic tissues and demonstrated that both proteinases colocalize
in the cells (Figure 2C).

Establishment of an AAD Model by Angll

Infusion to BAPN-Treated Mice

Bascd on the finding that both MMP9 and Angll arc
upregulated in human AAD, we sought to define their roles in
AAD in vivo by developing a relevant mouse model. Because
previous studies have shown that sustained administration of
a lysyl oxidase inhibitor, BAPN, to premature rodents in-
duces medial degeneration of aorta and results in ancurysm
formation by disrupting the structural integrity of the aortic
wall as a consequence of inhibiting collagen and elastin
cross-linking,” we administered BAPN to 3-week-old WT
mice for 4 weeks. Under these conditions, apparent ancurysm
formation was obscrved secondary to the medial degeneration
(Figure 3A). However, BAPN alone was not sufficient to
rigger AAD (Figure 3A and 3B). Because blood pressure
clevation is considered to be a major inducer of AAD,' we
modified our protocol by infusing vasopressive-equivalent
doses of Angll or NE to BAPN-treated WT mice for up
to 48 hours. Blood pressure elevated equivalently from
96.3£4.6 mmHg to 1194=137 mmHg (P<0.05) and
111.9+5.13 mm Hg (£<<0.05) | hour afier the infusion of
Angll or NE, respectively (data not shown). More important,
24 hours afier the infusion was initiated, Angll led to AAD in
all the mice examined. Furthermore, 30% of the mice died as
a result of aortic rupture and subsequent hemothorax, whereas
AAD was obtained in only 10% of the mice treated with NE
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Figure 2. Dissected aortic media from AAD patients is infiltrated by numerous MMPS8-positive neutrophils. Aortic tissues obtained from
the patients with AAD {A} or nonruptured aneurysm (B) were subjected to histological and immunohistochemical studies for MMPS and
neutrophil elastase (Neutrophil) on setial paraffin sections. High-power view of the rectangular areas is shown in the lower rows in each
panel. Asterisks indicate false lumen of the dissected aorta; red arrowheads, positively immunostained cells. Note that, in AAD sam-
ples, MMP9 is expressed by the cells mainly in the media, and the distribution of MMP3-positive cells and neutrophil elastase-positive
cells is closely related. Scale bars on the upper and lower panels, 200 um and 80 wm, respectively. C, Double immunostaining of
MMPS and neutrophil elastase on paraffin sections of the AAD aortic tissue. Inset shows high-power view of a double immunostained
celis, Red arrowheads indicate MMP9 and neutrophil elastase-double positive cells. Scale bar, 50 um. AAD indicates acute aortic dis-
section; MMPS, matrix metalloproteinase 9; Adv, adventitia; Med, media; Int, intima; H&E, hematoxylin and eosin stain; and Nonim-

mune, nonimmune immunoglobulin G.

infusion or BAPN treatment alone (Figure 3B). Enhanced
computed tomographic scanning and histological examina-
tion demonstrated AAD in the descending thoracic aorta of
the BAPN/Angll-treated mice (Figure 3A). Time course
examination of AAD formation in the BAPN/Angll-treated
mice demonstrated that AAD is initiated as early as 6 hours

after Angll infusion, with 100% of the mice developing AAD
by 24 hours (Figure 3C). Because NE infusion in BAPN-
treated mice failed to induce AAD despite changes in blood
pressure similar to those observed with Angll, the singular
cffects of Angll on triggering AAD onset are independent of
blood pressure change alone.
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Figure 3. Angll infusion to BAPN-treated wild type
(WT) mice induces AAD. A, Demonstration of AAD
in BAPN/Angll-treated mice (BAPN+Angll) by
3-dimentional images of enhanced computed
tomographic scan and histology of mouse aortas.
WT mice were treated with vehicle for 4 weeks
{control), BAPN alone for 4 weeks (BAPN), or
BAPN for 4 weeks and then Angll for 24 hours
(BAPN-+Angll). The inlet in the BAPN+Angh
mouse aorta (upper) shows the horizontal cross-
section image of the dissected lesion. Arrow and
asterisk indicate true and false lumens, respec-
tively. (Lower) Histology of the aortas from the
contral, BAPN-treated, or BAPN/Angll-treated
mice stained by EVG or H&E. (Bottom) High-
power view of the rectangular areas of the middle
panels. Note the aortic dissection (asterisk, false
lumen) in the BAPN/Angli-treated mouse. Scale

e e bars, 200 pm and 100 pm. B, AAD incidence in
WT mice treated with control, BAPN alone,
Control BAPN ~ BAPN+Angll BAPN-- Angll, or BAPN and NE (BAPN+NE) (n=10
for each group). Shaded area in BAPN/Angll-
* treated group denotes aortic rupture with dissection.
B 100 % C 00 — The probability value was adjusted with the Bonfer-
= Aortic — roni method for pairwise comparisons. "P<0.05 ver-
£ 80 ;rupture 2 80 — sus control. C, AAD incidence in BAPN-treated WT
[ J S mice at different time points after Angll infusion
<<t 60 < (n=10 for each time point). Angll indicates angioten-
= < 60 sin II; BAPN, p-aminopropionitrile monofumarate;
hed + : AAD, acute aortic dissection; CT, computed tomog-
5 40 B4 40 | raphy; EVG, elastica Van Gieson; H&E, hematoxylin
K] 3 1 § and eosin stain; and NE, norepinephrine.
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Involvement of MMP9 in an AAD Model

When MMPO expression levels were examined by reverse
transcription polymerase chain reaction in the mouse aortic
tissues 24 hours after the infusion of Angll, high Jevels were
detected in the aortas from the BAPN/Angll-treated mice
whereas aortas from the other groups showed weak or
negligible expression (Figure 4A). Gelatin zymography
showed gelatinolytic bands of 92 kDa and 87 kDa, which
correspond to the latent and active forms of MMP9, respec-
tively, but only in aortas from the BAPN/Angll-induced
AAD mice, and not in aortas from the other groups (Figure
4B). Histological and immunohistochemical study showed
that the accumulation of MMP9-positive cells, which also
immunostained with antineutrophil antibody, localized to the
media of the dissected aortas of BAPN/Angll-treated mice
(Figure 4C). Filin in situ zymography on the aortic tissues
demonstrated that gelatinolytic activity was generated in the
digsected area of the aortas from BAPN/Angll-treated mice,

Time after Angll administaration (h)

whereas the digestion was abrogated in gelatin film treated
with [,10-phenanthroline, and the nondissected aortas from
control mice showed negligible activity (Figure 4D). These
data indicate that metalloproteinases exist within the dis-
sected aortic tissue. Although the experimental methods used
were not specific to detect MMP9 activity, our findings
including the zymographical data in the presence of an active
MMP9 form suggest the possibility that pro-MMPY derived
from neutrophils infiltrated in the aortic media is activated
within the tissue. To study the location of superoxide pro-
duction within the aortic tissues, we used staining with
dihydroethidium, which is specific for superoxide.® As
shown in Figure 4D, strong fluorescence was detected in the
dissected aortic tissue from the AAD mice, whereas control
aortic tissue showed only a low-intensity fluorescence. More
important, the infiltration of MMP9-positive neutrophils was
demonstrated not only in the dissccted media, but also in the
intima of nondissected lesions of BAPN/Angll-induced AAD
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