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Figure 4. AAD in BAPN/Angli-treated wild type (WT)
mice is accompanied by enhanced MMP3 expression,
neutrophil infiltration, and superoxide production. A,
Analysis of MMP9 mRNA expression by reverse tran-
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thoracic aortas (Figure 5). In control mice treated with BAPN
alone or BAPN and NE, immunostaining of MMP9 and
neutrophils was only rarcly observed in the tissues (Figure 5).
These findings suggest that the increased levels of MMP9
detected in the AAD aortas are derived primarily from
neutrophils that infiltrate both the aortic intima and media.

Reduction of AAD Incidence by Pharmaceutical
and Geneltic Depletion of MMP9 or by

Neutrophil Depletion

To determine whether MMP9 plays a direct role in the AAD
mouse model, BAPN/Angll-treated mice were treated with
synthetic MMP inhibitor ONO-4817. As shown in Figure 6A,
when ONO-4817 was administered orally on daily basis to
BAPN-treated W mice from 48 hours prior to Angll
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scription polymerase chain reaction in aortic tissues
from the WT mice treated with vehicle (control), BAPN,
BAPN/Angll (BAPN-+Angll), or BAPN/NE (BAPN-+NE),
Polymerase chain reaction products of 3 independent
samples from each group are shown. B, Gelatinolytic
activity of the aortic tissue homogenates was assessed
by gelatin zymography. BAPN/Angll-treated WT aorta
shows gelatinolytic bands of 92 kDa and 87 kDa, cor-
responding to pro-MMPS and active MMPS, respec-
tively. C, Serial paraffin sections of dissected thoracic
aorta of BAPN/Angll-treated WT mice were stained
with H&E and immunostained with anti-MMP9 anti-
body, antineutrophil antibody, or control immunoglobu-
lin G, Note the infitration of MMP9-positive neutrophils
in the media of the dissected lesion. D, Film in situ
zymography and dihydroethidium staining of aortic tis-
sues from BAPN/Angll-treated or control vehicle-
treated WT mice. Serial frozen sections were made and
stained with H&E or subjected to film in situ zymogra-
phy using gelatin films coated with or without 1,10-
phenanthroline. Frozen sections were also stained with
dihydroethidium. Scale bars, 200 um. AAD indicates
acute aortic dissection; BAPN, j3-aminopropionitrile
monofumarate; Angll, angiotensin Il; WT, wild type;
MMP9, matrix metalloproteinase 9; NE, norepinephrine;
HRE, hematoxylin and eosin stain; FIZ, film in situ

DHE zymography, GAPDH, glyceraldehyde 3-phosphate

dehydrogenase; and DHE, dihydroethidium,

infusion until sacrifice, the incidence of AAD decrcased
significantly from 100% to 60%, and spontanecous death
caused by aortic rupture was blocked completely. Consistent
with these observations, when MMP9™/" mice were treated
with BAPN/Angll, AAD incidence was atienuated remark-
ably to basal levels (L0% of the MMP9™'" mice) whereas
BAPN alonc induced thoracic aneurysm formation at a
frequency compurable with that observed in WT mice (Figure
6A and 6B). Hence, these findings support a direct role for
MMP9 in the development of AAD.

Although multiple cell populations are capable of express-
ing MMP9 (eg, macrophages,'? endothelial cells, and vas-
cular smooth muscle cells®), neutrophil infiltrates dominated
the alfected tissues, As such, we depleted neutrophils during
ancurysm formation by treating the mice with anti-Gr-1

Figure 5. Infiltration of MMP8-pasitive neutrophils
in the intima of nondissected lesions of BAPN/
Angll-induced AAD thoracic aortas. MMP9 expres-
sion and neutrophil infiltration were examined by
histology and immunchistochemistry in the aortas
of untreated wild type mice {(control) or wild type
mice treated with BAPN alone, BAPN+Angll, and
BAPN-+NE. Note the accumulated MMP8-positive
neutrophils in the intima of nondissected aorta
from BAPN/Angll-treated mice. Inlets in the
BAPN+Angll group show a higher-power view of
the rectangular areas. Scale bar, 200 um. MMPS
indicates matrix metalloproteinase 9; H&E, hema-
toxylin and eosin stain; BAPN, j-aminopropionitrile
monofumarate; Angll, angiotensin Il; AAD, acute
gortic dissection; and NE, norepinephrine.
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Figure 6. Pharmaceutical and genetic depletion of
MMPS or immunological depletion of neutrophils
attenuates AAD incidence in mice. A, AAD inci-
dence in BAPN/Angli-treated WT mice that were
treated with ONO-4817 (BAPN +Angll-++ONO-4817)
(left) or anti-Gr-1 antibody (BAPN-+Angll-+Gr-1)
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neutralizing antibody. The number of circulating neutrophils
was reduced to 20% of control levels by intraperitoneal
injection of the antibody for 48 hours prior to Angll infusion
(data not shown), and, as expected, neatrophil depletion
attenuated AAD incidence significantly (Figure 6A).

Angll-Induced Neutrophil Infiltration to Aortic
Intima Independent From MMP9 Expression
Infiltration of neutrophils into the aortic intima was observed
in BAPN/Angll-treated WT mice with or without ONO-4817
administration, as well as in BAPN/Angll-treated MMPY™'~
mice (Figure 7A). Hence, these data demonstrate that Angll
promotes neutrophil infiltration independent of MMPY ex-
pression in our AAD model, but these results do not exclude
the possibility that normal rates of neutrophil infiltration are
maintained only within the noncross-linked, [ragile vesscl
wall caused by chronic BAPN trcatment. Thus, we further
assessed the effect of Angll on neutrophil infiltration by

BAPN+Angll

{middle) and the incidence in BAPN/Angli-treated
MMPS~"" mice (right) were compared with that in
BAPN/Angli-treated WT mice (n=10 for each
group). The probability value was adjusted with the
Bonferroni method for pairwise comparisons.
*P<0.05 versus BAPN/Angll-treated WT mice. B,
Three-dimensional images of enhanced computed
tomographic scan (upper) and histology (middle
and bottom) of the aortas from MMP3~/~ mice
that were treated with vehicle for 4 weeks (con-
trol), BAPN alone for 4 weeks (BAPN), or BAPN
for 4 weeks and then Angll for 24 hours
(BAPN+Angll). Note that AAD formation is blocked
in BAPN/Angll-treated MMP9™"~ mice. (Bottom)
High-power view of the rectangular areas in the
middle panel. Scale bars, 200 um and 100 um for
the middle and bottom panels, respectively. MMP9
indicates matrix metalloproteinase 9; AAD, acute
aortic dissection; BAPN, B-aminopropionitrile
monofumarate; Angll, angiotensin II; anti-Gr-1,
anti-granulocyte-differentiation antigen-1; WT, wild
type; and H&E, hematoxylin and eosin stain.

infusing Angll in BAPN-untreated WT or MMP9™'™ mice
wherein vascular structural integrity is intact. As shown in
Figure 7B, ncutrophil infiltration into the aortic intima was
unaffected between the 2 groups, indicating that Angll infusion
evokes neutrophil infiltration to the intact aortic wall indepen-
dent of MMP9 expression.

Discussion
In the current study, we demonstrated that serum levels of
MMP9 and Angll are elevated in AAD patients, but not in
patient populations with chronic, nonruptured aneurysms.
Furthermore, increased circulating levels of MMP9 correlated
with the presence of MMP9-positive neutrophils that accu-
mulated in the aortic tissues of AAD patients. Given these
findings from studics of human AAD specimens, we estab-
lished a novel mouse model that develops AAD unfailingly
within 24 hours of Angll infusion. This mode! was dependent
on preconditioning mouse aortas with the lysyl oxidase
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Figure 7. Angll-induced neutrophil infiltration in aortic intima is independent of MMP9 expression or BAPN treatment. A, Histological and
immunohistochemical analyses of MMP9 expression and neutrophil infiltration in the aortic intima of the WT mice treated with BAPN and
Angll (BAPN+Angll); BAPN, Angll, and ONO-4817 (BAPN +Angll+ ONO-4817); or BAPN, Angll, and anti-Gr-1 antibody (BAPN-+Angli-+Gr-1);
and those in the intima of the MMP9~/~ mice treated with BAPN and Angll (BAPN+Angll) (n=10 for each group). Note that neutrophil infiltra-
tion is independent of MMPS expression. Scale bar, 200 um. B, Histological and immunohistochemical analyses of MMP9 expression and
neutrophil infiltration in the aortic tissues of BAPN-untreated WT and MMP9™"~ mice 24 hours after Angll infusion. Note that neutrophil infil-
tration is independent of BAPN treatment. Scale bar, 200 um. Angll indicates angiotensin Il; WT, wild type; MMP9, matrix metalloproteinase
9; H&E, hematoxylin and eosin stain; BAPN, -aminopropionitrile monofumarate; and anti-Gr-1, anti-granulocyte-differentiation antigen-1.

inhibitor BAPN to create an aneurysmal, pre-AAD status in
immature mice. Collagen and clastin cross-links, which are
critical for maintaining vessel wall integrity, arc disrupted by
BAPN administration,?? leading to the generation of mechan-
ically fragile aortas that both display medial degeneration and
develop aortic aneurysms. This type of aortic ancurysm is
typically seen in human connective tissue diseases such as
Marfan syndrome, but the histology of cystic medial degen-
eration is commonly seen in aneurysms that arise secondary
to aging and atherosclerosis as well.®3 It is not clearly
elucidated whether aortic matrix cross-links are different
between normal and ancurysmal aorta®®; however, scveral
studies from human pathological samples indicate that the
composition of the aortic extracellular matrix changes as
medial degeneration procecds with enhanced deposition of
protcoglycuns and decreased collagen content, coupled with
apoptosis of vascular smooth muscle cells3® These findings
suggest that the aortic media and its matrix components are
disorganized as a function of discase progression, thus leading to
the generation of an ancurysmal aorta with weakened mechan-
ical propertics. As such, our mouse model would appear to
recapitulate a similar state in which suitable triggers, such as
Angll, precipitate the transition from a preconditioned, chronic
aortic aneurysm to AAD.

Previous studies have suggested possible roles for MMPY
in the development of chronic atherosclerosis-derived ancu-
rysms as well as connective tissue disease-related aortic
aneurysm.*'=* By contrast, our findings demonstrate that
AAD formation itself proceeds in an MMPO-dependent [ashion
that is inhibited significantly by either pharmacological or
genetic targeting of MMPI. A previous study by Gough et al?
has shown that macrophages overexpressing autoactivating
MMP9 induce atherosclerotic plaque rupture by disruptions of
fibrous cap in apolipoprotein E mice, suggesting the ability of

MMP9 to destroy aortic tissue. Altogether, these data support the
notion that MMP9 is responsible for triggering aortic dissection
from the preconditioned ancurysmal aorta. We have further
demonstrated that neutrophil infiltration is observed in the intima
of the predissecting aorta as well as in the dissected media, and
that ncutrophil depletion attenuates AAD incidence  signifi-
cantly. The importance of inflammation in the pathogenesis of
vascular discases is well documented, but until now, it has been
difficult to determine whether neutrophil accumulation triggers
dissection or accurs as a consequence of the massive vascu-
lar damage that develops during dissection. Because MMP9-
positive neutrophils were confined to the intima of nondis-
sccted lesions while the dissecied lesions displayed strong
staining for MMP9-positive ncutrophils primarily within the
media, we posit that neutrophils infiltrate the intima at the
initiation of dissection. Despite the importance of neutrophils,
we cannot rule out the contribution of other immune effector
cells that might be recruited subsequent to the inflammatory
responses initiated by infiltrating neutrophils, as depleting
neutrophils attenuated AAD, but not to the degree observed
with MMP9 targeting. Indeed, the upregulated MMP9 mRNA
levels detected in AAD aortic samples 24 hours after Angll
infusion could result from nonneutrophil effector cells, be-
cause neutrophil MMP9 synthesis is mostly completed at
carlier stages of diflerentiation, with mature neutrophils
primarily storing MMP9 in grunule compartments.3 Never-
theless, the rapid induction of aortic dissection in our model
as carly as 6 hours after Angll infusion, in tandem with the
accumulation of MMP9-positive neutrophils, supports the con-
clusion that infiltrating neutrophils trigger the initiation of
dissection direety or indirectly.

MMP9 is a multifunctional proteinase endowed with the
ability 1o degrade multiple extracellular matrix macromole-
cules, including types Ul, IV, and V collagens; denatured
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collagens (ie, gelatin); and elastin.''-% Furthcrmore, MMP9
can modulate inflammatory responses by hydrolyzing a
variety of cytokines and chemokines 3 For example, MMP9
can activate prointerleukin-1,37 increase the bioactivity of
interleukin 8,8 and promote interleukin 13-induced pulmo-
nary inflammation,® while inactivating neutrophil chemo-
kines such as growth-regulated oncogene and mature inter-
leukin 1.373% A recent clinical trial has shown that the
treatment of aortic abdominal aneurysms with doxycycline, a
nonspecific MMP inhibitor, reduced neutrophil and cytotoxic
T-cell infiltration into the ancurysmal wall in association with
decreased production of MMP9 and inflammatory cyto-
kines.#® MMP9 has also been reported to affect neutrophil
chemotactic activity in lung injury models.*'* In the current
study, howcever, we detected no differences in neutrophil
infiltration within the aortic tissucs of OND-4817-treated
mice or between WT and MMP9™'" mice in our AAD model.
Furthermore, in contrast to malignant cells, with MMP-
dependent invasive activity that is affected by collagen
cross-links,*s our study showed that neutrophils infiltrate
aorlic tissues similarly in both BAPN-treated and -untreated
mice. Together, these data suggest that neutrophil infiltration
proceeds independently of MMP9 activity or collagen cross-
links in this model system.

A detailed mechanism regarding how MMP9 contributes to
the initiation of AAD remains to be defined. In recent siudics
using Fibrillinl ™'~ mice, which develop AAD spontancously
secondary to connective tissue defect, the elevation of trans-
forming growth factor levels and its downstream signaling
cascade contribute to the pathogenesis of aortic aneurysm and
dissection® In this model, MMP2 and MMP9 were both
upregulated, and doxycycline attenuaied disease progres-
sion3132 Because MMPY is a potent activator of latent trans-
forming growth fuctor * it is interesting to speculate that
upregulated MMP9 activity may trigger AAD by in situ activa-
tion of transforming growth factor in the affected aortic media of
the mice.

Last, our study has validated Angll as a potent inducer of
mousc AAD, a result that complements the higher levels of
Angll detected in our AAD patient population. Long-lerm
Angll infusion is known to lead to sponlaneous aortic
dissection in atherosclerosis models using apoE ™" mice.6
Recent studies have also demonstrated that Losarlan, an
antagonist of the Angll receptor, ATI, prevents aortic aneu-
rysm development and aortic root dilation in Marfanoid mice
and humans. ™7 It is clear that the role of Angll in the
induction of AAD is not a result of vasopressor cffects alone,
because NE failed to trigger AAD in our model despite
similar levels of hypertension. One ol the significant differ-
ences between the aortic lesions observed in BAPN/Angll-
treated versus BAPN/NE-treated WT mice was the presence
of neutrophil infiltrates in the BAPN/Angll-treated mice,
suggesting that Angll acts as a potent stimulus for neutrophil
infiltration into the aorta intima. Indeed. recent studies
indicate that Angll can induce neutrophil infiltration.?223 In
addition, Angll is also able to activate ncutrophils and
stimulate the nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase-dependent production of reactive oxygen
metabolites, which may promote the oxidative autoactivation

of pro-MMP9.4549 [n the current study, we could show the
gelatinolytic metalloproteinase activity and superoxide pro-
duction in the neutrophil-infiltrated dissecting aortic tissue
from the BAPN/Angll-treated mice. Thus, Angll likely plays
a key role in triggering AAD onset not only by attracting
neutrophils to the affected sites, but also by stimulating the
release and activation of pro-MMPY.

This study has a few limitations. First, we used a mouse
model to demonstrate the role of neutrophil-derived MMP9
activity in AAD formation. Because mouse models do not
recapitulate human discase progression stringently, the results
of our AAD model may be different in humans. In the mouse
model. AAD was induced in the descending thoracic aorta by
Angll infusion to the young mice treated with BAPN,
Preconditioning for the AAD induction (ie, ancurism forma-
tion) by BAPN treatment is artificial and may be applicable
for AAD in patients with connective tissue disorders but not
for commonly observed AAD in humans, such as our patients
in the current study. Another limitation of this study is that
the activation mechanism of pro-MMP9 within aortic tissues
has not been examined in mouse or human AAD. Although
our study on the mouse model has suggested possible
involvement of reactive oxygen species in the activation,
detailed studics regarding whether pro-MMP9 activation and
AAD incidence are suppressed by antioxidant therapy, and
which reactive oxygen specics are required for pro-MMP9
activation in coculture system of ncutrophils and smooth
muscle cells, will be necessary. Moreover, reactive oxygen
species-mediated pro-MMP9 activation in human aortic tis-
sues from AAD patients needs to be investigated by fuwre
work.

AAD is a potentially fatal discase, the prompt diagnosis and
treatment of which are required for successful intervention.
Although the fibrin product, D-dimer, is the only established
biomarker for AAD, the differential diagnosis of AMI versus
pulmonary embolism, which displays similar symptoms to that
ol AAD, can be difficult.35" In this context, MMP9 could serve
as a potential biomarker for the diagnosis of AAD. Furthermore,
although the dominant treatment for AAD relies on surgical
reinforcement of the affected aorta, our data raise the possibility
that the preventive administration of Angll receptor blockers or
MMP9-specific inhibitors to patients at risk with nonruptured
atherosclerotic aneurysm could prove uselul as effective thera-
peutics 1o reduce AAD incidence.
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CLINICAL PERSPECTIVE

Acute aortic dissection (AAD) is a potentially fatal vascular discase, and prompt diagnosis and trcatment by timely surgery
are required for survival of the patients. No cfficient biomarkers are available for diagnosis of AAD prior o determination
ol the disease by computed tomography. Medial degeneration is known as an important risk factor or the development of
AAD; however, the emergent nature of the disease and the paucity of animal models prevent us from studying the
molecular mechanisms for triggering the disease. We found that matrix metalloproteinase 9 (MMP9) and angiotensin 11
were increased significantly in blood samples from AAD paticnts compared with those from normal subjects and the
patients with nonruptured aortic aneurysm. This was accompanied by enhanced infiltrations of MMPS-producing
neutrophils in the dissected aortas. Based on the data, we established a mouse model of AAD, which was induced by
infusion of angiotensin II to mice pretreated with B-aminopropionitrile monofumarate (a lysyl oxidase inhibitor). All mice
exhibited AAD within 24 hours after angiotensin I infusion. Aortic tissue from the AAD mice showed enhanced
expression and activity of MMP9, and MMP9-immunorcactive neutrophils were infiltrated in both dissected media and
intima of nondissected lesions. Genetic depletion or pharmaceutical inhibition of MMP9 and neutrophil ablation attenuated
the AAD incidence. These data demonstrate that neutrophil-derived MMP9 is responsible for triggering AAD in this
model. Taken together, MMP9 could serve as a potential biomarker for diagnostic screening of AAD, and administration
of angiotensin II receptor blockers or MMP9 inhibitors could be effective therapeutic approuches 1o AAD.
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Total Arch Replacement Under Flow Monitoring
During Selective Cerebral Perfusion Using
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Background. Flow in individual vessels is passively
determined when a single pump is used for selective
cerebral perfusion during aortic arch surgery. We in-
stalled a Doppler flowmeter in the circuit and measured
flow in the supraaortic vessels to determine flow distri-
bution during selective cerebral perfusion.

Methods. We cannulated and perfused three supraaor-
tic vessels using a single pump in 203 patients who
underwent elective (n = 158) or emergency or urgent (n =
45) total arch replacement using a four-branched pros-
thetic graft. Flow rates in each branch were continuously
monitored during selective cerebral perfusion.

Results. The respective mean flow rates in the brachio-
cephalic, left common carotid, and left subclavian arter-
ies and total flow rates were 5.8, 3.3, 3.4, and 12.5
mL - kg™" - min~" The ratios of flow in these vessels to
total flow were 46.5%, 26.5%, and 27.0%, respectively, and

Aortic arch surgery is challenging, and the key to
success is protecting the brain. Selective antegrade
cerebral perfusion (SCP) demands meticulous handling
of the arch vessels compared with hypothermic circula-
tory arrest with or without retrograde cerebral perfusion.
However, SCP confers the considerable advantage of not
increasing the incidence of postoperative cerebral com-
plications regardless of duration [1, 2], whereas brain
protection by hypothermic circulatory arrest is seriously
time-sensitive [3]. Most experimental and clinical stud-
ies have found that adding retrograde cerebral perfu-
sion to hypothermic circulatory arrest does not confer
any benefit [4~6].

We have perfused all three arch vessels with a single
roller pump during aortic arch procedures since 1992.
The flow in each branch is not individually controlled
under these conditions. That is, only total flow can be
controlled and flow distribution among the vessels is
passively determined, which has led to concerns about
whether the flow distribution is adequate. Our early
experiences using this technique showed that monitoring
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they were not affected by the total flow rate. In-hospital
mortality rates among the patients who underwent elec-
tive and emergency or urgent surgery were 1.9% (n = 3)
and 11.1% (n = 5), respectively, and the rates of postop-
erative stroke were 2.5% (n = 4) and 8.9% (n = 4),
respectively. Total flow in the supraaortic vessels during
selective cerebral perfusion was significantly lower in
patients with neurologic complications than in those
without (732 versus 806 mL/min; p = 0.034).
Conclusions. Flow monitoring showed that selective
perfusion using a single pump adequately distributed
flow among all supraaortic vessels. This monitoring
system might help to improve brain protection and
outcomes during total aortic arch replacement.

(Ann Thorac Surg 2013;95:29-35)
© 2013 by The Society of Thoracic Surgeons

the perfusion flow rate through each arch vessel is
necessary to detect imbalances in cerebral blood distri-
bution [1]. However, flow distribution among the su-
praaortic vessels during SCP has not yet been described.
We therefore installed a Doppler flowmeter in the SCP
circuit and measured the blood flow in each supraaortic
vessel during SCP. A constant perfusion temperature
was maintained throughout SCP to minimize changes in
cerebral metabolic demand. The present study aims to
improve brain protection based on assessments of flow
distribution during SCP using a single pump.

Patients and Methods

Our institutional review board approved this retro-
spective study, and individual consent was waived.
Between January 2001 and November 2011, 347 pa-
tients underwent aortic arch surgery using SCP.
Among them, 203 (159 men, 44 women; age, 27 to 84
years; elective, n = 158; urgent, n = 11; emergency, n =
34) underwent total arch replacement using a four-
branched prosthetic graft while the flow of each su-
praaortic branch was measured during SCP. Thus,
patients who underwent hemiarch or partial arch re-
placement with reconstruction of only one or two
branches were not included in this series (Table 1).

0003-4975/$36.00
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Table 1. Patient Characteristics

Variable Number Ratio (%)
Number of patients (n) 203
Age (y)
Mean * SD 67.9 £10.0
Range 27-84
Sex
Male 159 78.3
Female 44 21.7
Marfan syndrome 3
Etiology
Aortic dissection 69 34.0
Nondissection 134 66.0
Elective® 158 778
Urgent? 11 5.4
Emergency® 34 16.7
Cardiac tamponade or shock 13 6.4
Coma 1 0.5
Preoperative morbidity
Cerebrovascular disease® 46 22.7
Coronary artery disease® 61 30.0
Chronic obstructive pulmonary 25 123
disease?
Diabetes mellitus 12 5.9
History of heart surgery 15 7.4
History of aortic surgery 43 21.2

2 Elective is defined as routine admission for surgery; urgent is defined as
patients requiring intervention or surgery on admission for medical
reasons (these patients could not be discharged without a definitive
procedure); emergency is defined as operation needed before the start of
the working day after a decision to operate had been reached.  ° His-
tory of cerebral infarction, transient ischemic attack, subarachnoid hem-
orrhage, stenosis of carotid artery (noninvasive =50%), or prior carotid
surgery. € History of myocardial infarction, coronary artery bypass,
percutaneous coronary intervention, or significant coronary artery steno-
sis by preoperative coronary angiography. 4 Forced expiratory vol-
ume in 1 second to forced vital capacity ratio less than 70%, or on chronic
inhaled or oral bronchodilator therapy.

SD = standard deviation.

Operative Procedures

Patients were placed in the supine position for median
sternotomy. The ascending aorta usually served as a
cannulation site for arterial return, and the right axillary
artery served as the site if atherosclerotic changes in the
ascending aorta were severe or too large for safe cannu-
lation or if aortic dissection was the presenting patho-
logic disease. The right auricular appendage was usually
cannulated for venous drainage. Cardiopulmonary by-
pass was started, and the left ventricle was vented from
the cannula through the right upper pulmonary vein. The
patients were cooled using the alpha-stat method of pH
control until the rectal or bladder temperature reached
between 25° and 28°C. Hypothermic circulatory arrest
was established, and the aorta was incised. Three su-
praaortic vessels were cannulated from their openings
inside the incised aortic arch with balloon-tipped cannu-
las for SCP. The supraaortic vessels were reconstructed
using only a polyethylene terephthalate fiber (Dacron)

Ann Thorac Surg
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graft with three branches for reconstruction and one for
arterial return. All patients underwent open distal anas-
tomosis, and the stepwise technique was applied for
deep anastomoses [10]. This technique included the in-
sertion of a short tube graft into the descending aorta,
anastomosing it at the distal stump, extracting the distal
end of the inserted graft, and proximally anastomosing a
four-branched arch graft. Although this technique re-
quires the additional step of anastomosing an interposed
short prosthetic graft, it guarantees secure hemostasis
and thus we prefer to use this technique. A left thoracot-
omy was added for 16 patients in whom aneurysms
extended further distally and could not be approached
from the median sternotomy. After completing distal
anastomosis, air was removed from the abdominal and
the descending aorta using the additional cannula in the
femoral artery, and then systemic perfusion was resumed
through the branch of the arch graft designed for arterial
return. The supraaortic left subclavian, left common
carotid, and brachiocephalic arteries were then recon-
structed individually in this order. We have never ap-
plied en-bloc repair. Selective perfusion to each su-
praaortic vessel was continued during anastomosis until
immediately before the corresponding vessel was recon-
structed to minimize perfusion interruption. Selective
cerebral perfusion was finally terminated just before
reconstruction of the third branch, or the brachiocephalic
artery, was completed, and then systemic physiologic
warming was started, followed by anastomosis of the
ascending aorta.

Concomitant procedures included coronary artery
grafting (n = 41), aortic root replacement (n = 3), aortic
valve replacement (n = 5), aortic valve resuspension (n =
19), mitral valve replacement (n = 1), tricuspid annulo-
plasty (n = 1), and aortic stent-graft (n = 5).

The durations of cardiopulmonary bypass, cardiac
arrest, and SCP were 230 * 62 (mean = standard
deviation), 151 *+ 42, and 106 * 26 minutes, respectively
(Table 2).

Cerebral Perfusion Technique

The brains of all patients were protected by SCP during
distal anastomosis and arch reconstruction. Circulatory

Table 2. Intraoperative Findings

Variable Result

Pump run time (min; mean * SD)

Cardiopulmonary bypass 230 =+ 62
Cardiac arrest 151 *+ 42
Selective cerebral perfusion 106 + 26
Concomitant procedures
Coronary artery bypass grafting 41 (20.2%)
Aortic root replacement 3(1.5%)
Aortic valve resuspension 19 (9.4%)
Aortic valve replacement 5(2.5%)
Mitral valve replacement 1(0.5%)
Stent-graft implantation 5(2.5%)

SD = standard deviation.
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arrest was established after the rectal or bladder temper-
ature fell to between 25° and 28°C. All three supraaortic
branches were cannulated and perfused through individ-
ual balloon-tipped cannulas (brachiocephalic, left ca-
rotid, and left subclavian arteries: 15F, 12F, and 12F,
respectively) that diverged from the single side branch of
the arterial return of the main circuit. All three branches
were perfused using a single roller pump, and flow
distribution was passively determined depending on the
vascular resistance of each vessel. The initial total perfu-
sion rate in supraaortic vessels was regulated to maintain
at least at 10 mL-kg™*-min™". The target pressure
measured at the tip of the left carotid cannula was 30 to
50 mm Hg. When perfusion pressure fell to less than 30
mm Hg or increased to greater than 50 mm Hg, the flow
rate was respectively increased to 18 mL - kg™ - min™" or
initially decreased and followed with vasodilators if nec-
essary. The target hematocrit value was between 20% and
25%. The patients were not warmed, and the perfusate
temperature was maintained at a temperature lower than
that of the rectum until supraaortic reconstruction with
SCP was completed.

The perfusion rate of each supraaortic vessel during
SCP was continuously monitored in real time using an
ultrasound Doppler flowmeter (MedStim, Cleveland,
OH) that was installed in the circuit next to a balloon-
tipped perfusion cannula beforehand (Fig 1). The ceph-
alad positioning of the flowmeters relative to the opera-
tive field ensured that surgical maneuverability was not
compromised.

When the information changed significantly, for exam-
ple, if the flow rate of one vessel fell abruptly while the
other two increased, we considered the possibility of tube
issues, such as kinking or malpositioning, and immedi-
ately examined the cannulas and resolved the matter if
necessary.

Diagnosis and Classification of Neurologic
Disturbances

All patients with postoperative neurologic disturbances
were referred to a neurologist for examination by com-
puted tomography or magnetic resonance imaging, or
both. Postoperative cerebral complications were classi-
fied either as a temporary neurologic disturbance defined
as a delay in awakening of greater than 24 hours or
delirium with negative related focus in the brain and
complete resolution before discharge, or as stroke de-
fined as neurologic disturbances accompanied by new,
documented focal brain lesions regardless of severity.

Statistical Methods

Predictive relationships among variables were deter-
mined using a simple linear regression analysis. Para-
metric variables were compared using Student’s ¢ test.
Results are presented as mean * standard deviation.
Data were statistically analyzed using SPSS version 20.0
(SPSS, Chicago, IL). The significance level was set at a
probability value of less than 0.05.
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Fig 1. Selective antegrade cerebral perfusion. (A) Schema. (B) Photo-
graphed image, All three supraaortic vessels were cannulated by
means of balloon-tipped cannulas positioned from their openings
through the incised aorta and petrfused using a single pump. Flow
distribution was passively determined depending on the vascular
resistance of each vessel. Ultrasound Doppler flowmeters (F1, F2,
F3) were installed in the circuit next to balloon-tipped perfusion
cannulas, and flow rates of supragortic vessels were continuously
measured in real time. Flowmeters were positioned cephalad to the
operative field and did not affect maneuverability.

Results

Temperature, Pressure, and Flow During Selective
Cerebral Perfusion

Rectal temperatures at the start of hypothermic circula-
tory arrest, 30 minutes thereafter, at the resumption of
systemic perfusion and at the termination of SCP were
25.8° + 2.7°C, 25.4° = 2.4°C, 25.3° = 2.0°C, and 26.1° =
1.9°C, respectively (Fig 2). The perfusate was maintained
at a lower temperature than the rectal temperature until
SCP was complete. At 30 minutes after starting SCP, the
perfusate temperature was 23.0° = 2.2°C, the pressure of
the top of the balloon cannula into the left carotid artery
was 39.2 *+ 10.3 mm Hg, the total flow of the three supraaor-
tic branches measured using the flowmeter at the roller
pump was 114 mL-kg™ - min~?, and flow rates in the
brachiocephalic, left common carotid and left subclavian
arteries and the total of these three vessels measured by
Doppler flowmeter at the corresponding tube were 5.84 *
1.31, 3.31 * 0.74, 3.38 * 0.86, and 12.5 £ 2.2
mL - kg™ - min~", respectively. The flow in each supraaor-
tic vessel was parallel to the total flow of the three vessels
(Fig 3). The relationships between flow in the brachioce-
phalic, left carotid, and left subclavian arteries and total
flow of the supraaortic vessels is described by the following
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Fig 2. Rectal temperature during selective cerebral perfusion (SCP).
Rectal temperatures (RT) at the start of hypothermic circulatory ar-
rest, 30 minutes later, at resumption of systemic perfusion, and ter-
mination of selective cerebral perfusion were 25.8° * 2.7°C, 25.4° =
2.4°C, 25.3° £ 2,0°C, and 26.1° * 1.9°C, respectively. Body temper-
ature was maintained at a low level until selective cerebral perfusion
was terminated.

regression equations: y = 0.50x — 0.48, y = 0.25x + 0.22, and
y = 0.25x + 0.26, where y is the flow of the brachiocephalic
(R?= 0.68; p < 0.001), left common carotid (R*= 0.51; p <
0.001), and left subclavian (R®= 0.39; p < 0.001) arteries,
respectively, and x is the total flow of the supraaortic
vessels. The proportion of flow among the three vessels was
not affected by the total flow rate (Fig 4). The mean ratio of
the flow of each vessel was 46.5% *+ 6.1%,26.5% *+ 4.1%, and
27.0% * 5.6% of the total supraaortic flow, respectively.

Clinical Outcomes

Three (1.9%) of 158 and 5 (11.1%) of 45 patients who
underwent elective and emergency or urgent surgery
died in hospital of pneumonia (n = 2), respiratory failure
(n = 2), cerebral infarction (n = 1), arrhythmia (n = 1),
sepsis (n = 1), and multiple organ failure as a result of
acute aortic dissection (n = 1).

Tracheal tubes were removed within 24 hours from 120
patients, between 24 hours and 7 days from 71 patients, and
after 7 days from 12 patients. Among 7 patients who required
postoperative hemodialysis, 3 died before discharge and the
remaining 4 were finally weaned from hemodialysis.

Postoperative stroke occurred in 8 (3.9%) patients; 4
each were scheduled for surgery (2.5%) and emergency
or urgent surgery (8.9%) (Table 3). Temporary cerebral
disturbances developed in 20 (9.9%) patients, 13 (8.2%)
were scheduled for surgery, and 7 (15.6%) underwent
emergency or urgent surgery. One patient experienced
paraplegia after extensive repair through a median ster-
notomy and an additional left thoracotomy.

The total flow rate in the supraaortic vessels was signif-
icantly lower in 27 patients who experienced neurologic
complications (1 patient was excluded because of severe
preoperative brain damage) than in 175 who did not (732 *
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146 versus 806 * 170 mL/min; p = 0.034). The total flow rate
per body weight tended to be lower in patients with
neurologic complications than in those without (11.8 + 1.4
versus 12.6 = 2.2 mL - kg™ - min™?), although the difference
did not reach statistical significance (p = 0.073).

Y = 0.50X-0.48
(R?= 0.68, p<0.01)
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Fig 3. Flow rate of supraaortic vessels during selective cerebral per-
fusion. (A) Brachiocephalic artery (BCA). (B) Left common carotid
artery (LCCA). (C) Left subclavian artery (LSCA). Flow in each su-
praaortic vessel was parallel to total flow of all three vessels. Rela-
tionships between flow in BCA, LCCA, and LSCA and total flow in
supraaortic vessels are described by regression equations as given in
the text.
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Fig 4. Proportion of flow in supraaortic vessels versus total flow. (A)
Brachiocephalic artery (BCA). (B) Left common carotid artery
(LCCA). (C) Left subclavian artery (LSCA). Total flow rate did not
affect the proportion of flow in each supraaortic vessel.

Comment

Brain protection is one of the most important issues
involved in achieving successful outcomes of aortic arch
surgery. Antegrade cerebral perfusion is reportedly the
most reliable measure that can be taken to protect the
brain during aortic arch manipulation. Since 1992 we
have perfused all three arch vessels with a single roller
pump during aortic arch replacement. This system is
simple and involves less priming volume than multiple-
pump systems, although some surgeons recommend
using two pumps to perfuse each brain hemisphere and
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prevent maldistribution [7]. The single-pump system
allows measurement of the total flow rate of supraaortic
vessels and not that of each individual vessel. Our early
experiences using this technique showed that the perfu-
sion flow rate through each arch vessel required moni-
toring to detect imbalances in cerebral blood distribution
[1]. We thus installed Doppler flowmeters in the circuit
entering each of the three supraaortic vessels. The real-
time flow rate of each vessel is displayed digitally, and it
is easily visualized, although the flow rate of each vessel
could not be individually regulated.

Our results showed that blood flow in the brachioce-
phalic artery that supplies the right hemisphere consti-
tuted an average of about half of the total flow of
supraaortic vessels regardless of considerable individual
variability. The supraaortic vessels were perfused by a
single roller pump, and flow distribution in each was
passively determined without artificial control. Although
to our knowledge the normal range of supraaortic vessels
has not been determined, Schoning and associates [8]
reported that side-to-side differences in flow volumes of
the common, external, and internal carotid arteries are
not significant. Flow to the left carotid and left subclavian
arteries averaged about 25% of the total supraaortic flow
in each. The ratio of flow distribution in our series
seemed reasonable and might be similar to the physio-
logic distribution.

Although the pressure at the tip of the cannula into the
left carotid artery was relatively low (mean, 39.2 mm Hg),
postoperative brain complications rarely occurred in our
series. These findings were similar to a report indicating
that brain perfusion is dependent on flow and scattered
almost transversely to mean arterial pressure [9].

Total flow in the supraaortic vessels was significantly
lower in patients with, than without postoperative neu-
rologic complications. These results suggested that the
total flow rate of supraaortic vessels during SCP is closely
related to the incidence of postoperative cerebral com-
plications. Tanaka and colleagues [10] suggested that the
safe range of cerebral perfusion flow during moderate
hypothermia at 25°C is about 10 mL - kg™* - min™" with a
perfusion pressure (carotid arterial pressure) of about 30
mm Hg or greater, and this was extrapolated in an animal
model. We found that a cerebral flow rate of 10
mL-kg™" - min™" is insufficient during SCP in humans
when the body temperature during circulatory arrest
reaches 25° to 28°C. A higher flow rate is recommended,
although we could not define the optimal cerebral flow
rate from the present data.

Measuring the flow of each vessel also conferred another
advantage as an indication of trouble within the circuit.
Flow sensors in arch vessels have often revealed either
kinking or malpositioning of the perfusion catheter by indi-
cating an abrupt reduction in the flow rate of one cannula
with a simultaneous increase in the flow rate of the other
two. During accidental cannula removal, flow in the corre-
sponding branch abruptly increased and that in the other
two branches decreased. We believe that such circuit frou-
ble is a key factor involved in maldistribution during SCP.
This system can help to promptly avoid such issues and
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Table 3. Postoperative Stroke

Ann Thorac Surg
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Patient  Age (y)/ Operative
No. Sex Timing of Surgery Procedures Preoperative Morbidity Outcome
1 64 M Emergency (acute dissection) TAR Malperfusion, convulsion IHD (Coma)
s/p AVR, s/p PMImp
2 82 F Emergency (acute dissection) TAR Cardiac tamponade, shock Alive (full recovery)
3 60 M Urgent (sealed rupture) TAR + SG Occlusion of VA/RtCCA, IHD (craniotomy for
s/p CAB decompression)
4 53 M Urgent (subacute dissection) =~ TAR + AxA bypass Alive (full recovery)
5 69 M Scheduled TAR + Bentall CI Alive (full recovery)
6 77 M Scheduled TAR s/p OAAR, COPD Alive (full recovery)
7 77 M Scheduled TAR s/p CEA, CI, DM Alive (hemiparesis)
8 73 M Scheduled TAR + CAB CAD Alive (monoplegia)
AVR = aortic valve replacement; ~ AxA = axillary artery; ~ CAB = coronary artery bypass grafting;g =~ CAD = coronary artery disease; ~ CEA =
carotid endarterectomy;  CI = cerebral infarction; =~ COPD = chronic obstructive pulmonary disease; DM = diabetes mellitus;  IHD =

in-hospital death;
artery;  SG = stent-graft;

OAAR = open abdominal aortic repair;
s/p = status post;

might have contributed to the extremely low postoperative
mortality and morbidity rates in this study.

Regional saturation of oxygen (INVOS; Somanetics,
Troy, MI)) monitoring has become more frequent during
arch surgery with antegrade brain perfusion. The present
series of 80 (8 with and 72 without central nervous
complications) patients underwent regional oxygen sat-
uration monitoring. Regional oxygen saturation in the
head did not significantly differ between the two groups
(66.7% = 12.4% versus 70.2% = 10.7%; p = 0.385). A larger
scale study is needed to explore this issue and to under-
stand potential correlations among the three systems
(flowmeter, cerebral arterial pressure, and INVOS).

Total arch replacement under selective perfusion of
three supraaortic vessels using a single roller pump and
monitoring the flow of each supraaortic vessel provided
clinically acceptable brain protection and achieved low
mortality and morbidity rates. Blood flow appears to be
distributed adequately when all supraaortic vessels are
perfused using a single pump during SCP. However,
monitoring flow rates in each supraaortic vessel is rec-
ommended to detect kinking or malpositioning of the
perfusion catheter. Flow rate during SCP is related to the
incidence of postoperative cerebral complications.
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INVITED COMMENTARY

This study by Shimizu and colleagues [1] presents a large
series of 203 patients undergoing total arch replacement
by the use of antegrade selective cerebral perfusion
(ASCP) and moderate hypothermia (25° to 28°C). The
postoperative outcomes were remarkably good, as dem-
onstrated by an elective hospital mortality of 1.9%, an
elective stroke rate of 2.5%, and a severe renal failure rate
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(hemodialysis) of 3.4%. Such results, for which the au-
thors are to be commended, confirm once more that
ASCP and moderate hypothermia represent the best
method to protect the brain and other organs during total
arch replacement operations.

In addition, the authors describe in detail their method
and circuit for ASCP, which involves a dedicated single
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