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3. Results

The median duration of lower body circulatory arrest, SCP,
CPB, and surgery were 68, 147, 209, and 415 min, respectively.
The median transfusion volume was 2400 ml. There were three
hospital deaths (2.5%) from perioperative myocardial infarc-
tion, low cardiac output with bowel necrosis, and mediasti-
nitis. Two patients (1.7%) developed permanent neurological
dysfunction (small stroke), and three patients (2.5%) suffered
from transient cerebral deficits. Three patients (2.5%)
required reentry for bleeding. In none of them, bleeding from
the distal anastomosis was found. Other complications
occurred: low cardiac output in 5.0%, respiratory failure in
10.0%, renal failure in 3.3%, hepatic failure in 0.8%, bowel
necrosis in 1.7%, and sepsis in 0.8%.

4. Discussion

The most common approach for arch to distal arch
aneurysms is currently through median sternotomy [1—4].
This approach aims to provide cerebral and cardiac safety.
However, the distal anastomosis tends to be difficult because
of poor, distant, and limited view [6,7]. In our technique, the
arch aneurysm is not incised to prevent injury to the nerves
and lung. Through the aneurysm, the descending aorta is
divided and the distal anastomosis takes place. Subsequently,
the surgical view is limited. Furthermore, bleeding from this
anastomosis is a major concern. We have therefore evolved a
novel stepwise technique, which made the distal anastomosis
around the hilum feasible in our experience.

The end of the descending aorta is often fragile with much
atherosclerosis. Even with the stepwise technique, we
experienced bleeding from the anastomosis in seven
patients. The stepwise technique was therefore refined by
the “mini-elephant trunk”. With this refinement, we have

not experienced any major bleeding from the distal
anastomosis.

The stepwise technique has some drawbacks. Graft
insertion carries a risk of dislodging mural atheroma. We
experienced one case of bowel necrosis. To prevent this
problem, in the refined technique, the distal end was tucked
inside to shorten the graft length. Graft insertion must be
done carefully into the atheromatous descending aorta.
Direct anastomosis of a short-length graft without graft
insertion is a good alternative. Another disadvantage is the
need for a graft—graft anastomosis, which is fortunately easy
with a good view taking iﬁ—10 min.
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Background. We assess the outcome of emergency total
arch replacement with a modified elephant trunk tech-
nique for acute type A aortic dissection to clarify whether
our aggressive approach is justified in certain patients.

Methods. Between 2000 and 2006, 54 patients (55.1% of
all) underwent emergency total arch replacement for
acute type A aortic dissection. The surgery was per-
formed using open distal anastomosis with selective
antegrade cerebral perfusion under hypothermia. Total
arch replacement with individual arch-vessel reconstruc-
tion was applied in the following settings: the intimal
tear in the transverse arch or the proximal descending
aorta, massive arch dissection, Marfan syndrome, arch
aneurysm, and atheromatous arch. At the distal anasto-
mosis, a modified elephant trunk procedure was added
for secure anastomosis and early thrombosed closure of
the false channel in the descending aorta.

Acute type A aortic dissection is a potentially cata-
strophic event and requires surgical repair on an
emergency basis. Despite recent favorable outcomes by
leading centers [1, 2], the surgery still has a high mortal-
ity rate of 14% to 32.5% [3-6]. In these circumstances,
limited ascending aortic or hemiarch replacement is
widely accepted to permit a primary goal of immediate
survival by preventing secondary cardiac events. How-
ever, the residual dissection’s behavior in the aortic arch
.or thoracoabdominal aorta after the limited repair is still
unclear. In the long term, repeated surgery for the
residual dissection of the arch, descending thoracic aorta,
and abdominal aorta would be necessary in some in-
stances [7, 8]. Extended total arch repair is then more
advantageous for complete resection of the intimal tear
and the massively dissected arch [9]. In particular, with a
modified elephant trunk technique, total arch repair
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Results. Only 2 patients (3.7%) died of low cardiac
output, in whom cardiac arrest had developed preopera-
tively owing to rupture of the arch or to left coronary
artery malperfusion. There were 4 late deaths from non-
aortic events. On the follow-up computed tomographic
scanning, a high incidence of early thrombosed closure
of the false channel in the dissected descending aorta
was found. Only 2 patients, whose tear had not been
resected in the first surgery, required reoperation of the
descending aorta.

Conclusions. Total arch replacement with an elephant
trunk procedure, which permits immediate survival and
provides early thrombosed closure of the distal false
channel, is justified in certain patients with acute type A
dissection.

(Ann Thorac Surg 2007;84:1585~-91)
© 2007 by The Society of Thoracic Surgeons

might be more beneficial to prevent late enlargement of
the residual aortic dissection.

In this study, we evaluated the early and midterm
outcome of emergency total arch replacement with a
modified elephant trunk technique for acute type A
aortic dissection to clarify whether our aggressive ap-
proach is justified in certain patients who would have
potential for enlargement of the distal dissection.

Patients and Methods

Patients

Between 2000 and 2006, a total of 98 patients underwent
emergent or urgent surgery for acute type A aortic
dissection in the National Cardiovascular Center, Japan.
Extended total arch replacement was performed in 54
patients (55.1%) of them (Table 1). One patient had
previous history of type B dissection. Another patient
developing significant distal anastomotic leak immedi-
ately after emergent hemiarch replacement was also
included, although patients having iatrogenic dissection
were excluded. Other 40 patients underwent hemiarch
replacement and 4 patients partial arch replacement with
reconstruction of the innominate artery. The institutional
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Table 1. Preoperative Patient Characteristics

Characteristic Value
Age (years) 66 (28-86)
Sex (male/female) 30/24
Marfan syndrome (n) 3
Onset to surgery (n)
Within 6 hours 24
624 hours 22
1-7 days 4
1-2 weeks 4
Surgery (n)
Emergent 51
Urgent 3
Persistent malperfusion (n) 11 (20.4%)
Brain 2
Heart (coronary) 1
Bowel (SMA) ’ 1
Limb (arm/leg) 7 (4/3)
Cardiac tamponade (n) 16 (29.6%)

11 (20.4%)
13 (26.3%)

Aortic valve insufficiency, grade =III (n)
Shock, blood pressure <80 mm Hg (n)

Cardiac arrest on CPR 4
Rupture (n) 9 (16.7%)
Patent false channel (n) 48 (88.9%)
Range of dissection (n)

Ascending-descending aorta 49 (90.7%)

Ascending aorta—arch 5
Location of the intimal tear (n)

Ascending aorta 23

Arch ’ 18

Descending aorta 13

CPR = cardiopulmonary resuscitation;
artery.

SMA = superior mesenteric

approval for this study was obtained, and each patient
within the study gave informed consent for serving as a
subject.

Surgical Technique

CARDIOPULMONARY BYPASS WITH ADDITIONAL AXILLARY ARTERY
PERFUSION. With standard retrograde perfusion through
the femoral artery, an additional right axillary artery
perfusion was used for maintaining the true channel
circulation and easy shift to selective antegrade cerebral
perfusion (SCP [Fig 1]) [10]. The right axillary artery was
quickly exposed and easily cannulated in the axilla, to
where arterial dissection hardly extends. A 10F to 16F
thin-wall cannula was inserted. The femoral artery was
also cannulated with a 16F to 21F cannula. Bicaval venous
drainage with left ventricular venting was used.

BRAIN PROTECTION. Patients were cooled to the range of
20°C to 28°C (Fig 1). With hypothermic circulatory arrest,
SCP through the right axillary artery was quickly com-
menced by clamping the innominate artery. The ascend-
ing aorta was opened without aortic clamp. The site and
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extent of intimal tear was defined. A SCP balloon-tipped
cannula was inserted into the left common carotid artery
with the left subclavian artery clamped. During the SCP,
the superficial temporal artery or the balloon-tip pres-
sures were regulated in the range of 30 to 50 mm Hg by
the SCP flow of approximately 10 to 12 mL - kg™ ! - min™".
Since 2003, the left subclavian artery perfusion has been
included with moderate hypothermia. The SCP flow was
also increased to maintain the pressure at approximately
50 mm Hg.

TOTAL ARCH REPLACEMENT WITH A MODIFIED ELEPHANT TRUNK
TECHNIQUE. Ascending aortic or hemiarch replacement
was the procedure principally performed for our tear-
oriented surgery (Fig 1) [1, 2]. With hypothermic circula-
tory arrest, the ascending aorta was transected proximal
to the innominate artery, excising a tear. With a tear in
the minor arch curvature, the arch including a tear was
beveled for hemiarch replacement. The false channel was
closed with internal and external Teflon felt strips. A 22
mm to 26 mm single-branched Dacron graft was anasto-
mosed with an open aortic technique. The antegrade
distal aortic perfusion was commenced using the branch
graft, and the patient was rewarmed. In contrast, ex-
tended total arch replacement with a modified elephant
trunk technique [11] was attempted in the following
settings: (1) tear (entry) in the arch (excluding the minor
curvature); (2) tear in the descending aorta (“retrograde
dissection”); (3) reentry in the arch or the proximal
descending aorta; (4) Marfan syndrome; (5) arch aneu-
rysm or dilatation; (6) atheromatous arch; (7) massive
arch dissection; and (8) relatively young age less than 70
years [9, 12, 13].

In total arch replacement, the descending aorta was
transected distal to the left subclavian artery. A modified
elephant trunk technique was used for secure anastomo-
sis with less anastomotic bleeding and early thrombosed

[Modified elephant trunk |

16 - 24 mm tube graft
& {3 — 10 cm length)

:

a_

+ AV resuspension

Separate arch-vessel
reconstruction

Fig 1. Total arch replacement with a modified elephant trunk tech-
nique using antegrade selective cerebral perfusion (SCP) with right
axillary artery (AxA) perfusion. (AV = aortic valve; FA = femoral
artery; GRF-glue = Gelatin-Resorcin-Formal glue.)
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closure of the distal false channel {12, 13] . Depending on
the size and condition of the true channel in the descend-
ing aorta, a prosthetic graft of 16 mm to 24 mm in
diameter and 3 cm to 10 cm in length was carefully
inserted into the distal true channel. The proximal end of
the elephant trunk graft was attached to the completely
divided descending aorta using a 4-0 polypropylene
continuous suture. The anastomosis was reinforced by an
external Teflon felt strip. Another quadrifurcated Dacron
arch graft of 20 to 24 mm in diameter was anastomosed to
this aortic stump with a 4-0 polypropylene continuous
suture. The antegrade distal aortic perfusion was com-
menced with a branch graft of the arch graft.

By transesophageal echocardiography, good shape of
the inserted elephant trunk graft without kinking was
confirmed. The left subclavian artery was reconstructed
using a branch graft with the reinforcement of an exter-
nal felt. The patient was then rewarmed. At the proximal
site, the ascending aorta was transected just around the
sinotubular junction. The proximal false channel was
closed with internal and external Teflon felt strips. When
the commissures of aortic valve detached, they were
attached using 5-0 polypropylene pledgeted mattress
sutures in 25 patients. In most, the proximal false channel
was fixed using Gelatin-Resorcin-Formal glue (Cardial,
Sainte-Etienne, France) [3]. In a recent 5 patients, an
adventitial inversion technique was used without Gela-
tin-Resorcin-Formal glue. The main graft was anasto-
mosed to this end with a 4-0 polypropylene continuous
suture. Finally, the other two arch vessels were recon-
structed using branch grafts with 5-0 polypropylene
continuous suture under SCP.

Data Collection and Statistical Analysis

Medical records were reviewed. All patients have been
followed at our outpatient clinic at intervals of 3 to 12
months. The follow-up rate was 100%, and the mean
duration was 2.9 = 1.8 years. We reviewed the early and
midterm outcomes and investigated risk factors for in-
hospital mortality and for reoperation of the distal dis-
section by univariate and multivariate analyses, which
were carried out using SPSS software (SPSS, Chicago,
Illinois). Values are expressed as the mean * SD or
medians {range), with p values less than 0.05 considered
significant. Univariate analysis was carried out using the
x* test or Fisher exact test. Stepwise logistic regression
was used for multivariate analysis. A logistic regression
model was used with p less than 0.10 as the limit for
selecting variables for entry into the model. Kaplan-
Meier estimates were used to calculate long-term sur-
vival and reoperation-free rates.

In the follow-up, enhanced computed tomography
(CT) scanning of the entire aorta was undertaken annu-
ally to assess late enlargement of the distal dissection and
the fate of the distal false channel. The diameter of the
dissected aorta was measured on the short-axis view at
four points of the proximal, middle, and distal descend-
ing aorta, and the abdominal aorta around the origin of
the superior mesenteric artery. The conditions of the
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false lumen were evaluated using three grades: (1)
thrombosed closure, (2) nearly closed with most of parts
thrombosed, and (3) patent. The authors had full access
to the data and take responsibility for its integrity. All
authors have read and agree to the manuscript as
written.

Results

Total arch replacement was performed in certain patients
with the following settings: tear in the arch (n = 18), tear
in the descending aorta (13), massive arch dissection (17),
Marfan syndrome (2), arch aneurysm (1), atheromatous
arch (1), distal end of dissection in the arch (2), arch
rupture (1), and descending aortic rupture (1). Concom-
itantly, aortic valve resuspension (n = 25), composite root
replacement (2), valve-sparing root surgery (3), aortic
valve replacement (1), mitral valve plasty (1), coronary
artery bypass grafting (5), and ascending aorta to external
iliac or femoral artery bypass for limb ischemia (2) were
performed. The median duration of open distal anasto-
mosis, cardiac arrest, SCP, cardiopulmonary bypass, and
surgery was 55.5 minutes (range, 34 to 130), 136.5 minutes
(84 to 379), 167.5 minutes (50 to 455), 236 minutes (124 to
789), and 462.5 minutes (237 to 1,375). The stay in the
intensive care unit and the hospital was 5 days (range, 1
to 52) and 31.5 days (16 to 130), respectively. The amount
of transfusion was 3,780 mL (range, 0 to 20,000 mL).

The following complications occurred: bleeding in
5.6% {n = 3), cardiac in 5.6% (3), respiratory in 13.0% (7),
renal in 1.9% (1), hepatic in 1.9% (1), gastrointestinal tract
in 1.9% (1), limb (leg) ischemia in 3.7% (2), infection in
1.9% (1), and wound in 1.9% (1). Cerebral deficits oc-
curred in 11.1% (6): temporary neurologic dysfunction in
5.6% (3) and permanent dysfunction in 5.6% (3). One
severe permanent neurologic dysfunction was due to
preoperative cardiac arrest in the anesthetic induction
owing to rupture, and cardiac massage was required
until the establishment of cardiopulmonary bypass.
The other 2 permanent dysfunctions were presumably
due to preoperative serious cerebral malperfusion
caused by extended dissection of the innominate artery
to the right common carotid artery. The surgery
needed to be rushed for cardiac tamponade, although
both of the patients were unconscious. These 2 patients
rehabilitated eventually.

There were two 30-day deaths (3.7%) due to low cardiac
output. Both of these 2 female patients with preoperative
deep shock had fallen into cardiac arrest during the
anesthetic induction owing to ascending aorta to aortic
arch rupture in 1 patient or to coronary malperfusion in
1 patient. For the first patient, hemiarch replacement was
initially attempted because all of the three intimal tears
were located in the ascending aorta. However, rupture of
the transverse arch close to the arch vessels was found
after the proximal anastomosis so that total arch replace-
ment was performed after recooling the patient. This
patient had severe edema of the whole body and abdom-
inal distension associated with severe acidosis; she did
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Table 2. Univariate Analysis of Risk Factors for In-Hospital
Mortality

Factor p Value
Super acute (<6 hours from onset) 0.872
Female 0.193
Age =70 years 0.508
Marfan syndrome 0.727
Cardiac tamponade 0.509
Shock (blood pressure =80 mm Hg) 0.055
Cardiac arrest before surgery 0.004*
Aortic valve insufficiency (=III) 0.466
Rupture 0.308
Tear in arch/descending aorta 0.915
Malperfusion 0.370
Coronary malperfusion 0.037°
Patent false channel 0.610
Concomitant surgery 0.369
Open distal anastomosis =60 minutes 0.177
Cardiac arrest =180 minutes 0.03%9°
Cardiopulmonary bypass =5 hours 0.073
Surgery =10 hours 0.055
Blood transfusion =5,000 mL 0.161

2p < 0.05.

not recover despite cardiopulmonary support using
femorofemoral circuit. In the second patient, having deep
shock and severe pulmonary congestion due to left
coronary malperfusion preoperatively, severe hypokine-
sis of the anteroseptal wall with left ventricular dilatation
and mitral regurgitation of grade IV due to left coronary
malperfusion were revealed on transthoracic echocardi-
ography. Total arch repair was carried out because of the
primary tear located in the transverse arch just close to
the left common carotid artery. After that, at the proximal
site, routine supracoronary anastomosis was done with
Gelatin-Resorcin-Formal glue. However, after the anas-
tomosis, rupture of the right coronary artery due to
extension of the dissection was noticed. Full root repair
was carried out using a porcine stentless valved graft.
However, cardiac function did not recover despite intra-
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Fig 2. Midterm survival, Kaplan-Meier method. (Pt = patients.)
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Fig 3. Freedom from reoperation, Kaplan-Meier method. (Open cir-
cles = replacement of root [2] or ascending aorta [1]; solid circles =
replacement of descending aorta [2]; Pt = patients.)

aortic balloon pumping and percutaneous cardiopulmo-
nary support using a femorofemoral circuit.

On the univariate analysis, significant risk factors for
30-day mortality were cardiac arrest before surgery, cor-
onary malperfusion, and the duration of cardioplegic
cardiac arrest more than 180 minutes (Table 2). In the
following multivariate analysis, no independent predic-
tors for mortality were found.

During the mean follow-up period of 2.9 * 1.8 years, 4
late deaths (7.8%) occurred from nonaortic events such as
pneumonia (n = 2), cancer (1), and suicide (1; Fig 2). The
actuarial survival including hospital deaths was 87.8% =
1.2% at 3 years. Five patients (9.6%) required reopera-
tion: root replacement for recurrent aortic regurgitation
{n = 2), ascending aortic replacement for proximal anas-
tomotic stricture due to the internal felt strip (1), and
descending replacement (2; Fig 3). Regarding the reop-
eration of the distal dissection with the incidence of 3.8%,
1 of the 2 patients had suffered from type B aortic
dissection before acute type A dissection. In the total arch
replacement for new type A dissection, the previous tear
of old dissection in the descending aorta was not re-
sected, resulting in the enlargement of the descending
aorta. Another patient had the tear in the descending
aorta, which was not noticed through a median approach.
The tear was not resected in the total arch repair,
resulting in the descending aortic dilatation. The overall
reoperation-free rate was 88.4% * 11.7% at 3 years. On
univariate analysis, no resection of the tear in the de-

Table 3. Univariate Analysis of Risk Factors for Reoperation
of the Descending Aorta

Factor p Value
Patent false channel before surgery 0.610
Marfan syndrome 0.727
Tear in the descending aorta 0.427
No tear resection 0.004*
Patent false channel in the proximal descending 0.144

aorta

2p < 0.05.
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Fig 4. Behavior of distal false channels after total arch replacement
with a modified elephant trunk technigue on the follow-up computed
tomography scans. Numbers in parentheses indicate median diame-
ter of the distal dissected aorta including true and false channels.
(Postop = postoperative, before discharge.)

scending aorta was a risk factor for distal aortic reopera-
tion (Table 3).

The follow-up CT scans showed early thrombosed
closure of the distal false channel (Fig 4). Particularly, in
the proximal, middle, and distal descending aorta, the
complete thrombosis was demonstrated at the incidence
of 43.2%, 45.5%, and 43.2% immediately after the surgery
(n = 49); 84.6%, 73.1%, and 77.8% in 1 year (n = 34); and
100%, 77.8%, and 66.7% in 3 years (n = 21). Including the
condition of nearly closed with most of parts throm-
bosed, the rate of thrombosed closure of the distal false
channel was 88.6%%, 84.1%, and 79.5% immediately after
the surgery; 92.3%, 84.6%, and 84.6% in 1 year; and 100%,
88.9%, and 77.8% in 3 years.

Comment

The outcome of total arch replacement with a modified
elephant trunk under SCP with axillary artery perfusion
was satisfactory, with a low in-hospital mortality rate.
The primary goal of emergency surgery for acute type A
aortic dissection is to save patients’ lives. Limited ascend-
ing aortic or hemiarch replacement is then widely rec-
ommended [1-6]. With recent advances of diagnosis and
surgery, the outcome has improved to less than 10%
mortality in the leading centers [1, 2]. In our institution,
the overall mortality in emergency surgery for acute type
A aortic dissection, including ascending or hemiarch
repair, was 2.9% during the same period. The in-hospital
mortality rate in extended total arch replacement was
3.7%, which did not increase dramatically. This satisfac-
tory outcome is, we believe, based on our surgical back-
ground consisting of a large number of arch surgeries [10,
14, 15]. During the same period, a total of 458 patients
underwent total arch replacement for a variety of aortic
pathologies including chronic dissecting and nondissect-
ing aneurysms. The in-hospital mortality rate for elective
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total arch replacement for nondissecting aneurysm in 305
patients was 2.3% [15].

For arch surgery, we have established an integrated
circulatory support system consisting of axillary artery
perfusion for cardiopulmonary bypass coupled with fem-
oral artery or ascending aortic perfusion and of SCP [10,
14, 15]. In particular, we have advocated routine use of
axillary artery perfusion [10]. The exposure of the distal
part of axillary artery in the axilla is quicker and easier
than that in the subclavicular region. Arterial dissection
rarely extends to this portion of the axillary artery. Secure
perfusion of the true channel can be commenced quickly,
improving cardiac and cerebral safety. Furthermore, easy
shift to the SCP is feasible by clamping the innominate
artery without cannulation. Our increasing experiences
with arch replacement using SCP with the axillary artery
perfusion has led to our growing confidence in the safe
application of this prompt approach of total arch replace-
ment even on an emergency basis [10, 13-15].

Previous reports identified various risk factors for
mortality such as early year operation, increasing age,
history of aortic valve replacement, high New York Heart
Association class, diabetes mellitus, shock, cardiac tam-
ponade, rupture, coronary malperfusion, visceral malp-
erfusion, limb malperfusion, root replacement, arch re-
placement, coronary artery bypass graft surgery, or
longer circulatory arrest [4-6]. In the presented series,
cardiac arrest before surgery as well as coronary malp-
erfusion was a risk factor for in-hospital mortality in the
univariate analysis. It was extremely difficult to rescue
these 2 critical patients having serious coronary malper-
fusion or aortic arch rupture. Given a larger number of
such critical patients, the outcome might have been much
worse with a higher mortality.

Compilete resection of the primary tear is a key to good
early and long-term outcomes. In previous reports, no
differences were recognized in mortality or reoperation
rate whether the tear was resected or not [16, 17]. How-
ever, subsequent reports noted that the reoperation rate
was significantly higher without tear resection [3, 18-20].
Since then, “tear-oriented surgery” has been widely
recommended [1-6]. In previous studies, anastomotic
leakage, no tear resection, younger age, Marfan syn-
drome, and severe aortic regurgitation were significant
determinants for reoperation [3, 18-22]. Given a tear in
the arch excluding the minor curvature site or in the
proximal descending aorta, total arch replacement is then
reasonable [3, 13, 18, 19, 21, 22]. Furthermore, in cases
with massive arch dissection, complete arch replacement
would be more beneficial to avoid bleeding, anastomotic
leak, progression of aneurysmal dilatation, rupture, re-
operation, and cerebral malperfusion [3, 18, 19]. Recently,
the Mount Sinai group [22] described that repeated
surgical intervention was most frequently required in the
aortic arch and abdominal aorta in a large series. We
believe our aggressive total arch replacement for com-
plete resection of massive arch dissection as well as the
primary tear can reduce the incidence of distal reopera-
tion, in particular, for arch dilatation.
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Coupled with the total arch repair, a modified elephant
trunk technique was used for secure anastomosis and for
early thrombosed closure of the distal false channel [11,
12]. Without the internal reinforcement by elephant
trunk graft, the distal anastomosis would be more trou-
blesome with bleeding because of a fragile dissected
descending aorta. Literally, the patent false channel was
recognized in the incidence of approximately 50% to 80%
after the conventional ascending aortic replacement. In
our series, having total arch repair with a modified
elephant trunk, early thrombosed closure or obliteration
of the false channel in the descending aorta was recog-
nized frequently on the follow up CT scans. From this
point of view, we believe this unique technique plays an
important role or is essential for total arch replacement
for acute type A dissection [12]. It does, however, have
some shortcomings. The true channel in the descending
aorta is generally too small to accept a large-size graft,
making necessary the use of another smaller-size graft.
With such a size mismatch, the inserted elephant trunk
graft might be kinked or wrinkled, resulting in stenosis or
hemolysis. Its adequate length is also unknown. The
longer the graft is, the greater the impact of elephant
trunk on closure or obliteration of the distal false channel
is. However, with a too-long elephant trunk, the potential
risk of spinal cord injury or new tear formation would
increase [23]. Regardless, we propose as another advan-
tage, with the elephant trunk, that the reoperation of the
descending aorta would be much easier {11, 12]. The
elephant trunk procedure should be coupled with total
arch replacement.

The aim of the elephant trunk procedure was to reduce
the reoperation rate by preventing enlargement of the
distal dissected aorta. However, 2 patients, whose tear
had not been resected in the first surgery, required
descending aortic replacement in the late stage. In 1
patient having the tear in the descending aorta that was
not noticed intraoperatively, the elephant trunk was 5 cm
in length. It was subsequently too short to cover the tear.
If the tear had been identified, we could have closed the
tear using a longer elephant trunk. Kato and colleagues
[24] and Ishihara and associates [25] reported greater
impact of stent graft as an elephant trunk on closing the
false channel, instead of standard prosthetic graft. How-
ever, in the use of stent graft for acute aortic dissection, a
potential risk of new intimal tear formation exists [26].
More flexible stent graft might be preferable for such
fragile aortic wall of acute dissection. For reoperation of
the descending aorta, patent false channel, anastomotic
leakage, no tear resection, younger age, and Marfan
syndrome were reportedly risk factors [3, 18, 19]. In this
series, reoperation of the descending aorta was required
only in the 2 cases without resection of the tear in the
descending aorta. For such patients having a potential
risk of distal dilatation, meticulous follow up using CT
scans is mandatory.

Postoperative cerebral morbidity remains one of the
critical complications, particularly in total arch repair
requiring longer SCP. Generally, the incidence is higher
compared with ascending or hemiarch repair. In total, 3

Ann Thorac Surg
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patients had strokes due to brain damage during cardiac
resuscitation or to preoperative cerebral malperfusion.
Although 2 patients having cerebral malperfusion were
unconscious before surgery, the surgery was indicated
because brain CT scans did not reveal any infarction.

This retrospective study has some limitations. The
number of patients might be too small to reach definitive
conclusions. For that, a larger number of patients is
necessary. There was no appropriate control group hav-
ing ascending or hemiarch replacement, because the
limited repairs were performed in the patient group
having different conditions including the site of the
primary tear. For definitive conclusions, a randomized
controlled study is required between the extended and
limited repairs in patients having homogenous aortic
lesions.

In conclusion, total arch replacement with a modified
elephant trunk procedure under SCP with right axillary
artery perfusion, which permits immediate survival and
can reduce the distal aortic reoperation rate, would be
justified in certain patients with acute type A aortic
dissection.
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Summary. In this study, we have identified a patient (OSP-1)
with a congenital P2Y), deficiency showing a mild bleeding
tendency from her childhood and examined the role of P2Y;, in
platelet function. At low concentrations of agonists OSP-1
platelets showed an impaired aggregation to several kinds of
stimuli, whereas at high concentrations they showed a specif-
ically impaired platelet aggregation to adenosine diphosphate
(ADP). ADP normally induced platelet shape change and failed
to inhibit PGE,-stimulated cAMP accumulation in OSP-1
platelets. Molecular genetic analysis revealed that OSP-1 was a
homozygous for a mutation in the translation initiation codon
(ATG to AGG) in the P2Y, gene. Heterologous cell expression
of wild-type or mutant P2Y, confirmed that the mutation was
responsible for the deficiency in P2Y ;. OSP-1 platelets showed
a markedly impaired platelet spreading onto immobilized
fibrinogen. Real-time observations of thrombogenesis under a
high shear rate (2000 s™') revealed that thrombi over collagen
were small and loosely packed and most of the aggregates were
unable to resist against high shear stress in OSP-1. Our data
suggest that secretion of endogenous ADP and subsequent
P2Y,,-mediated signaling are critical for platelet aggregation,
platelet spreading, and as a consequence, for stabilization of
thrombus.

Keywords: oy;,Bs, initiation codon, mutation, P2Y > deficiency,
platelets, thrombogenesis.

Introduction

Platelets play a crucial role not only in a hemostatic plug
formation, but also in a pathologic thrombus formation,
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particularly within atherosclerotic arteries subjected to high
shear stress [1,2]. As an initial step in thrombogenesis, platelets
adhere to exposed subendothelial matrices such as von
Willebrand factor (VWF) and collagen, then become activated
and aggregate to each other. These processes are primarily
mediated by platelet surface glycoproteins such as GPIb-IX-V,
o3Py, GPVI, and ay5,8; (GPIIb-I11a) [3,4]. In addition, several
mediators such as adenosine diphosphate (ADP), thrombox-
ane A,, and thrombin cause further platelet activation and
recruitment of circulating platelets to the injury sites through
activation of oyB; and subsequent binding of VWF and
fibrinogen.

Recent studies have demonstrated a critical role for ADP in
arterial thrombogenesis [5-7). ADP is actively secreted from
platelet dense granules on platelet activation and is passively
released from damaged erythrocytes and endothelial cells.
Platelets possess at least two major G protein-coupled ADP
receptors that are largely responsible for platelet responses to
ADP: P2Y, and P2Y,; [6]. P2Y, is the Gg-coupled receptor
responsible for mediating platelet shape change and reversibie
platelet aggregation through intracellular calcium mobilization
[8.9], whereas P2Y, is the G;-coupled receptor responsible for
mediating inhibition of adenylyl cyclase and sustained platelet
aggregation [10-12). P2Y ), is the therapeutic target of effica-
cious antithrombotic agents, such as ticlopidine, clopidogrel,
and AR-C compounds [5,6}, and its congenital deficiency
results in a bleeding disorder [13,14]. The analyses of patients
with P2Y ;, deficiency as well as P2Y;,-null mice would provide
more precise information about the role of P2Y > in platelet
function than those using P2Y), inhibitors. To date, four
different families with a defect in the expression or the function
of P2Y,, have been characterized [10,13-16]. In this study, we
have described a patient with the congenital P2Y, deficiency
due to a homozygous mutation in the translation initiation
codon and analyzed the role of P2Y 5 in platelet aggregation,
platelet spreading onto immobilized fibrinogen, and thromb-
ogenesis on a type I collagen-coated surface under a high shear
rate. Our present data have demonstrated a crucial role of
P2Y 5 in various platelet functions.
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Materials and methods

Patient history

The proband (OSP-1) is a 67-year-old Japanese female with a
lifelong history of easy bruising. She (OSP-1) was born from
non-consanguineous parents who had no hemorrhagic dia-
thesis. Although she showed massive bleeding during delivery
of her son, she had no history of transfusions. Patient OSP-1
showed normal platelet count, normal coagulation tests
(prothrombin time and activated partial thromboplastin
time) and slightly elevated plasma fibrinogen (398 mg dL™").
Ivy bleeding time of the patient was consistently prolonged
(> 15 min). Clot retraction by MacFarlane’s method was
normal (50%; normal values 40%-70%). Her son never
suffered from a bleeding tendency. Informed consent for
analyzing their platelet function and molecular genetic
abnormalities was obtained from OSP-1, her husband and
their son.

Preparation of platelet-rich plasma and washed platelet
suspension

Platelet-rich plasma (PRP) for aggregation studies was pre-
pared by a centrifugation of whole blood anticoagulated with
citrate at 250 g for 10 min and then the platelet count was
adjusted at 300 x 10° mL™! by platelet-poor plasma. Washed
platelets were prepared as previously described [17]. In brief, 6
volumes of freshly drawn venous blood from the patient, her
husband, son or healthy volunteers were mixed with 1 volume
of acid—citrate~-dextrose (ACD; National Institutes of Health
Formula A, NIH, Bethesda, MD, USA) and centrifuged at
250 g for 10 min to obtain PRP. Afier incubation with
20 ng mL™" prostaglandin E1 (PGE;; Sigma-Aldrich, St Louis,
MO, USA) for 15 min, the PRP was centrifuged at 750 g for
10 min, washed three times with 0.05 mol L™! isotonic citrate
buffer containing 20 ng mL™" PGE, and resuspended in an
appropriate buffer.

Platelet aggregometry

Platelet aggregation using PRP was monitored by a model
PAM-6C platelet aggregometer (Mebanix, Tokyo, Japan) at
37°C with a stirring rate of 1000 r.p.m. as previously
described [18]. Protease-activated receptor l-activating peptide
(PAR] TRAP, SFLLRNPNDKYEPF) and adenosine 3',5'-
diphosphate (A3P5P) were purchased from Sigma-Aldrich
Corp. P2Y,; antagonist, AR-C6993MX (2-propylthio-p-fluor-
omethylene adenosine 5-triphosphate) was a kind gift from
AstraZeneca (Loughborough, UK).-

Flow cytometry and measurement of intracellular cAMP

Flow cytometric analysis using various monoclonal antibodies
(mAbs) specific for platelet membrane glycoproteins was
performed as previously described [19].

For measuring intracellular cAMP levels, samples of 200 pL
of washed platelets (60 x 10°) in Walsh buffer (137 mm of
NaCl, 2.7 mm of KCl, 1.0 mm of MgCls, 3.3 mm of NaH,PO,,
3.8 mm of HEPES, 0.1% of glucose, 0.1% of BSA, pH 7.4)
were incubated with 1 pmol L™} PGE, for 15 min, and then
platelets were stimulated with ADP or epinephrine. After
incubation for 15 min, total cellular cAMP levels were
measured using the Biotrak cAMP enzyme immunoassay
system from Amersham Pharmacia Biotech (Piscataway, NJ,
USA).

Platelet adhesion assay

Adhesion study was performed as previously described [20]. In
brief, non-treated polystyrene 10 cm dishes were coated with
100 pg mL™" human fibrinogen in 5 mL of phosphate-buffered
saline (PBS) at 4 °C overnight. After washing with PBS, dishes
were blocked with PBS containing 1% of bovine serum
albumin (BSA) for 90 min at 37 °C. Aliquots (I mL) of
washed platelets (25 x 10° mL™") were added to the fibrinogen-
coated dishes and incubated at 37 °C. Afier incubation for
40 min, adherent platelets were fixed with 3.7% formaldehyde,
permeabilized with 0.1% Triton X-100 and stained with
TRITC-conjugated phalloidin. Platelet morphology and
degrees of spreading were determined by fluorescence micros-
copy (Olympus, Tokyo, Japan).

Platelet thrombus formation under flow conditions

The real-time observation of mural thrombogenesis on a type |
collagen-coated surface under a high shear rate (2000 s™') was
performed as previously described {21]. In brief, type I collagen-
coated glass coverslips were placed in a parallel plate flow
chamber (rectangular type; flow path of 1.9-mm width, 31-mm
length, and 0.1-mm height). The chamber was assembled and
mounted on a microscope (BX60; Olympus, Tokyo, Japan)
equipped with epifluorescent illumination (BX-FLA; Olympus)
and a charge-coupled device (CCD) camera system (U-VPT-N;
Olympus). Whole blood containing mepacrine-labeled platelets
obtained from OSP-1 or control subjects was aspirated through
the chamber by a syringe pump (Model CFV-3200, Nihon
Kohden, Tokyo, Japan) at a constant flow rate of
0.285 mL min~', producing a wall shear rate of 2000 s™' at
37°C.

Amplification and analysis of platelet RNA

Total cellular RNA of platelets was isolated from 20 mL of
whole blood, and P2Y, or P2Y;; mRNA was specifically
amplified by reverse transcription-polymerase chain reaction
(RT-PCR), as previously described [22]. The following primers
were constructed based on the published sequence of P2Y;
¢DNA and used for the first round PCR for P2Y),
cDNA: YI12F1l, 5-GGCTGCAATAACTACTACTTACT-
GG-3' [sense, nucleotide(nt) —74 to —50}; Y12R4, 5-CAGGA-
CAGTGTAGAGCAGTGG-3 (antisense, nt 85 to 105) {10].

© 2005 International Society on Thrombosis and Haemostasis
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Allele-specific restriction enzyme analysis (ASRA)

Genomic DNA was isolated from mononuclear cells using
SepaGene kit (Sanko Junyaku Co Lid, Tokyo, Japan).
Amplification of the region around the initiation codon of
the P2Y,, gene was performed by using primers BsrDI-GF, 5'-
CTTTTGTTCTCTAGGTAACCAACAAGCAA-3"  (sense,
the mismatched base is underlined), and YI12R4 (antisense
described above) using 250 ng of DNA as a template. These
primers can be found in GenBank accession no. AC024886.20
and the sense primer corresponds to 127558-127585. PCR
products were then digested with restriction enzyme BsrDI.
The resulting fragments were electrophoresed in a 6%
polyacrylamide gel.

Construction of P2Y,, expression vectors and cell transfection

The full-length cDNA of wild-type (WT) and mutant P2Y,
was amplified by RT-PCR using primers Y12-HindIII-F, 5'-
GAATTCAAGCTTCAAGAAATGCAAGCCGTCGACA-

ACCTC-3’ (sense, nt —6 -21 for WT, EcoRI and HindlII sites
introduced at the 5’ end were underlined) or Y 12-HindIII-F2,
5-GAATTCAAGCTTCAAGAAAGGCAAGCCGTCGAC-
AACCTC-3 (sense, nt —6 —21 for mutant), and Y12H-Not-R,
5-TCTAGAGCGGCCGCTCAATGGTGATGGTGATGA-
TGCATTGGAGTCTCTTCATT-3 (antisense, nt 10121029,
His x 6 were introduced before stop codon, Noil and Xbal
sites introduced at the 5" end were underlined). The amplified
fragments were digested with HindIIl and Noil, and the
resulting 1059-bp fragments (nt -9 —~1050) were extracted using
QIAquick gel extraction kit (Qiagen, GmbH, Germany). These
fragments were inserted into the pcDNA3 (Invitrogen, San
Diego, CA, USA) digested with HindIll and Noil. The
fragments inserted were characterized by sequence analysis to
verify the absence of any other substitutions and the proper
insertion of the PCR cartridge into the vector.

A total of 10 pg of WT or mutant P2Y,, construct was
transfected into human embryonic kidney 293 cells (HEK293
cells, 10° cells) using the calcium phosphate method as
previously described [22]. Transfectants were lyzed by 1%
Triton X-100 PBS containing protease inhibitors 2 days after
transfection, and proteins were separated by 7.5% SDS-
PAGE. After transferred onto a PVDF membrane, expressed
proteins were detected by rabbit anti-His tag antibody.

Results

Platelet aggregation studies

We first examined the expression of platelet membrane
glycoproteins in OSP-1 by flow cytometry. The patient’s
platelets (OSP-1 platelets) normally express GPIb-IX, oypB3
(GPIIb-I11a), a»B,, and CD36 (data not shown). Fig. 1 shows
platelet aggregation of PRP in response to various agonists.
The aggregation of OSP-1 platelets induced by 20 um of ADP
was markedly impaired with only a small and transient

© 2005 International Society on Thrombosis and Haemostasis
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Fig. 1. Platelet aggregation induced by various agonists. Platelet aggre-
gation was induced by various agonists in citrated PRP from patient OSP-
1 (labeled ‘P’) or a control subject (labeled ‘C’). Agonists used are (A)

20 uM of ADP, (B) 100 pm of ADP, (C) 20 pum of ADP in the presence of
1 pm of AR-C69931MX (‘AR-C), a specific P2Y j;-antagonist, or 1 mm of
A3PSP ('A3PSP), a specific P2Y;-antagonist, (D) 20 pm of ADP in the
presence of 5 mm of EDTA, (E) 0.5 pg mL™" of collagen, (F) 0.63 pm of
U46619, (G) 10 um of epinephrine, and (H) 25 um of PARI-TRAP.

aggregation (Fig. 1A), and the aggregation was still impaired
even at 100 um of ADP (Fig. 1B). As compared with control
platelets, the aggregation of OSP-1 platelets was also impaired
with a transient aggregation in response to low concentrations
of collagen (0.5 ug mL™', Fig. 1E), U46619 (0.63 pum, Fig. 1F),
or PARI TRAP (25 pm, Fig. 1H). In response to 1.3 mg mL™"
ristocetin (not shown) or 10 um of epinephrine (Fig. 1G), OSP-
1 platelets aggregated nommally. When OSP-1 platelets were
stimulated with 20 um of ADP in the presence of 5 mm of
EDTA, the light transmission decreased equivalent to control
platelets suggesting that OSP-1 platelets changed shape
normally (Fig. 1D). We then examined effects of ADP receptor
antagonists on the aggregation of OSP-1 platelets induced by
20 pum of ADP. A total of 1 mMm of A3PSP, a specific P2Y,
antagonist, abolished the residual response of OSP-1 platelets
to ADP, whereas 1 um of AR-C69931MX, a specific P2Y,
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Fig. 2. Platelet aggragation induced by collagen or U46619 at various concentrations. Platelet aggregation in citrated PRP from patient OSP-1 (labeled 'P")
or a control subject (labeled ‘C’) was induced by various concentrations of collagen or U46619. At high concentrations of collagen or U46619, OSP-1

platelets aggregate almost normally.

antagonist, did not induce an additional inhibition on the
platelet aggregation (Fig. 1C). These data suggest that the
impaired response of the patient’s platelets may be due to an
abnormality in signaling evoked by ADP and that P2Y>-
mediated signaling rather than P2Y;-mediated signaling may
be completely defective in patient OSP-1.

We also examined the aggregation of OSP-1 platelets
induced by higher concentrations of agonists. As shown in
Fig. 2, the aggregation response of OSP-1 platelets improved
as the concentrations of agonists increased, and they
aggregated almost normally in response to high concentra-
tions of collagen (5 pug mL™"), U46619 (5 um), or PARI
TRAP (100 pM) (not shown). In addition, we confirmed that
1 uM of AR-C69931MX conferred essentially the same defect
on the aggregation of control platelets in response to U46619
as that of OSP-1 platelets and did not further inhibit OSP-1
platelet aggregation induced by 5 pg mL™" of collagen, 5 pm
of U46619, or 100 um of PAR] TRAP (data not shown).
These data indicated that at high concentrations of agonists
OSP-1 platelets showed the specifically impaired aggregation
to ADP.

Effect of ADP on PGE;-stimulated cAMP accumulation
in platelets

To determine whether P2Y;;-mediated signaling is specifically
impaired, we examined an inhibitory effect of ADP on 1 um
of PGE,-stimulated cAMP accumulation in platelets from
the patient, her husband, their son, and healthy unrelated
controls. ADP inhibited intracellular cAMP levels in platelets
from the patient’s husband, son and healthy unrelated
controls (not shown) by approximately 80%, whereas the
inhibition was only 15% in the patient’s platelets (Fig. 3). In
contrast to ADP, epinephrine normally inhibited cAMP
accumulation in platelets from the patient as well as her
husband and son. These results strongly suggest that the
defect could be due to an abnormality in G; coupling ADP
receptor, P2Y,.

. ADP D EPI

—

D 1um PGE:

1009

Intracetlular cCAMP level
(% of control)
]

§il BEE s

Husband Son

Patient

Fig. 3. Effect of ADP or epinephrine on the inhibition of PGE,-induced
cAMP accumulation in platelets. Washed platelets from patient OSP-1,
husband or son were incubated with I pm of PGE, for 15 min and
stimulated with 20 pum of ADP or 10 um of epinephrine. Intracellular
cAMP levels were expressed as a percent of CAMP levels in the absence of
agonists. Results in OSP-1 are the mean of two experiments.

Nucleotide sequence ana/y.sis of cDNA and genomic DNA
of P2Y72

To reveal a molecular genetic defect in OSP-1, we analyzed the
entire coding regions of both P2Y, and P2Y;, cDNAs
amplified from platelet mRNA by RT-PCR. A single nucleo-
tide substitution (T — G) was identified within the translation
initiation codon (ATG — AGG) in the patient’s P2Y),
cDNA (Fig. 4A). This substitution was also confirmed by
reverse sequencing. No other nucleotide substitutions were
detected within the coding region of either P2Y;, or P2Y;
¢DNA from the patient. OSP-1 appeared homozygous for the
substitution, and the substitution was not detected in 20 contro}
subjects.

Nucleotide sequence analysis of PCR fragments from the
patient’s genomic DNA also suggested the homozygosity of the
substitution (data not shown). To further confirm the homo-

© 2005 International Society on Thrombosis and Haemostasis
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Fig. 4. Sequence analysis of P2Y ; cDNA and restriction enzyme analysis
of the P2Y, gene. (A) cDNA obtained by RT-PCR from platelet nRNA
was analyzed by sequencing using a sense primer Y12F1. (B) PCR was
performed to generate 130-bp fragments including initiation codon of
P2Y ,» as described in Materials and methods. Undigested (U) or digested
(C) PCR products with BsrDI were analyzed on a 6% polyacrylamide gel.
In patient OSP-1, the T — G mutation at position 2 abolishes a BsrDI
restriction site.

zygosity, allele-specific restriction enzyme analysis (ASRA) was
performed. The region around the initiation codon of the
P2Y,, gene was amplified by PCR using primers BsrDI-GF
and Y12R4. A restriction site for BsrDI would be abolished by
the T — G substitution. As shown in Fig. 4B, ASRA clearly
indicated that the patient and her son were homozygous and
heterozygous for the substitution, respectively. These results
also confirm that the substitution is inheritable.

Heterologous cell expression of WT and mutant P2Y;;

As the substitution at the translation initiation codon might
induce an alternative translation starting at downstream ATGs
leading to an expression of shorter form of P2Y,, we decided
1o investigate effects of the substitution found in the patient on
the expression of P2Y,. Expression vectors encoding WT and
mutant P2Y,» in which His-tag was attached at the C-terminal
portion of P2Y ;» were constructed as described in the Materials
and methods. Wild-type or mutant P2Y,» construct was
transfected into HEK 293 cells, and then expressed proteins
were analyzed 48 h after transfection in an immunoblot assay
employing anti-His antibodies. As shown in Fig. 5, WT P2Y
protein with an apparent molecular weight of ~60 KDa was
expressed in 293 cells as a His-tag-positive protein. In sharp
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Fig. 5. Expression of P2Y), in HEK293 cells transfected with WT or
mutant His-tag attached P2Y,. Wild-type or mutant P2Y ;; construct was
transfected into HEK293 cells using the calcium phosphate method.
Transfectants were lyzed by 1% Triton X-100 PBS containing protease
inhibitors 2 days after transfection. Cell lysates from mock transfectant
(lane 1), cells transfected with WT P2Y, (lane 2) or mutant P2Y, (lane 3)
were separated by 7.5% SDS-PAGE. and immunoblot was performed by
anti-His-tag antibodies.

contrast, the mutant P2Y j,-expression vector failed 1o express
any His-tag-positive protein. These results provide strong
evidence that the T — G substitution at the translation
initiation codon of P2Y,» cDNA is responsible for the P2Y
deficiency.

Platelet spreading on immobilized fibrinogen

As it has been well documented that release of endogenous
ADP is required for full platelet spreading onto immobilized
fibrinogen [23], we next analyzed the patient’s platelet spread-
ing in order to evaluate the role of P2Y». Control platelets
adhered to fibrinogen underwent morphological changes
ranging from filopodia protrusion to complete spreading, and
50.5% =+ 21.3% of the adherent platelets spread (n = 3)
(Fig. 6A). In sharp contrast, the patient’s platelets showed an
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Fig. 6. Platelet spreading on immobilized fibrinogen. (A,B) Washed platelets from a control subject were applied onto fibrinogen-coated polystyrene dishes
and incubated at 37 °C for 40 min without any inhibitor (A) or with 1 pm of AR-C69931MX (B). (C) Washed platelets from the patient were applied onto
fibrinogen-coated polystyrene dishes and incubated at 37 °C for 40 min without any inhibitor. Adherent platelets were then fixed, permeabilized and
stained with TRITC-conjugated phalloidin. Platelet morphology was analyzed by fluorescence microscopy.

impaired spreading and only 2.3% % 1.4% of the adherent
platelets spread (n = 3, P < 0.001, Fig. 6C). Similar results
were obtained with control platelets in the presence of 1 pm of
AR-C69931MX (6.2% + 2.2%,n = 3, P < 0.001, Fig. 6B).
In addition, 1 mM of A3P5P also markedly inhibited platelet
spreading (n = 3, 10.1% + 2.2%, P < 0.001, not shown).
These results suggest that both P2Y |, and P2Y, are necessary
for platelet spreading.

Platelet-thrombus formation on immobilized collagen under
flow conditions

To investigate the role of P2Y,, in thrombus formation, we
observed the real-time process of mural thrombogenesis on a
type | collagen-coated surface under flow conditions with high
shear rate (2000 s™') using the whole blood from OSP-1. Real-
time observation revealed that thrombi formed on type I
collagen were unstable.- As platelet aggregates of the patient
were loosely packed each other and unable to resist against
high shear stress, most of the aggregates at the apex of the
thrombi came off the thrombi constantly. On the other hand,
most of thrombi formed by control platelets were densely
packed with higher fluorescent intensity and were stable with
constant growth during observation (Video 1 and 2).

As shown in Fig. 7A, the area covered with patient platelets
after 7 min of flow was greater than that of control platelets
(91.8% =+ 0.3% vs. 82.2% + 1.4%,n =3, P < 0.01). How-
ever, thrombi formed by OSP-1 platelets were loosely packed,
whereas thrombi were large and densely packed in controls.
The overall fluorescent intensity of thrombi of OSP-1 platelets

was lower than that of control platelets. Three-dimensional
analysis revealed the striking difference in size and shape of
individual thrombus formed after 10 min between the patient
and control platelets (Fig. 7B). Thrombi formed by control
platelets were large in size, clearly edged and surrounded by
thrombus-free areas. On the other hand, individual thrombus
formed by patient platelets was mostly small and appeared to
be a thin layer of platelet aggregates. Thrombus height at the
plateau phase was 10.2 £+ 0.4 pm, which was less than half of
controls (21.2 £+ 0.4 um).

Discussion

P2Y, coupled with G, primarily with Gaya, consists of 342
amino acid residues with seven transmembrane domains (TM),
and its deficiency is responsible for congenital bleeding
diathesis [10-16). To date, five mutations responsible for a
defect in the expression or the function of P2Y), in four
different families have been demonstrated [10,15,16]. Patient
ML possessed a mutation consisting of a two nucleotide
deletion at amino acid 240 (near the N-terminal end of TM6),
which would lead to a premature termination of P2Y > [10,14].
A two nucleotide deletions at amino acid 98 (next to the
N-terminal end of TM3) and a single nucleotide deletion
occurring just beyond TM3 were identified in other two
families, both of which would lead 10 a premature termination
of P2Y , [13,15). However, in these reports expression studies
had not been performed to show the direct association between
these mutations and the P2Y, deficiency [10,15). Patient AC,
whose platelets expressed dysfunctional P2Y)> with normal
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Fig. 7. Thrombus formation on immobilized collagen under flow conditions. (A) Whole blood containing mepacrine-labeled platelets obtained from the
patient or control subjects was aspirated through a chamber with type 1 collagen-coated coverslips. Thrombi formed under a high shear rate (2000 s™') at
indicated time points were observed using a microscope equipped with epifluorescent illumination and a CCD camera system. (B) Three-dimensional
structure of thrombi formed after 10 min flow by platelets from the patient or a control subject was analyzed.

binding capacity of 2-methylthioadenosine 5'-diphosphate
(2MeS-ADP), was compound heterozygous for Arg256 —
Gin in TM6 and for Arg265 — Trp in the third extracellular
loop of P2Y ;. Platelets from patient AC showed an increased
platelet aggregation at high dose ADP compared with low dose
ADP, suggesting the presence of residual receptor function [16].
In this study, we described a patient (OSP-1) with congenital
bleeding diathesis bearing a novel homozygous mutation
within the translation initiation codon (ATG - AGQG) of
the P2Y, gene. Consistent with previous studies, the aggrega-
tion of OSP-1 platelets with P2Y;, deficiency was impaired to
various agonists such as collagen, U46619, and PAR1 TRAP
at low concentrations, but almost normal at high concentra-
tions [11-14]. These findings confirmed the critical role of
P2Y>-mediated signaling evoked by endogenous ADP in
platelet aggregation induced by low concentrations of agonists.
In contrast to patient AC with residual P2Y,>-mediated
signaling, the impaired platelet aggregation in OSP-1 in
response to ADP was neither improved even at 100 um of
ADP stimulation nor reduced by adding 1 pm of AR-
C69931MX, suggesting a complete loss of the P2Y, function.
Family study confirmed that patient OSP-1 was homozygous
for the mutation, and our expression study demonstrated that
the mutation is responsible for the P2Y, deficiency.

A number of examples of mutations in the translation
initiation codons have been demonstrated in various discases
[24]. Although some cases having mutations in the initiation
codons did not express any related abnormal protein, Pattern
et al. showed an abnormal Gog protein possibly synthesized as
a result of initiation at downstream ATGs due to a mutation at
an initiation codon (ATG — GTG) in patients with
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Albright’s hereditary osteodystrophy [24,25]. In OSP-1, we
detected the T— G mutation at position +2, and our
expression study denied the possibility that the substitution
might induce an alternative translation at downstream ATGs
leading to an expression of shorter form of P2Y;,. . _

As to platelet spreading onto immobilized fibrinogen, OSP-1
platelets showed the impaired platelet spreading. Similarly,
A3PS5P inhibited the platelet spreading. It has been well
documented that release of endogenous ADP is required for
full platelet spreading onto immobilized fibrinogen [23], and
Obergfell et al. [26] have demonstrated that the platelet
spreading requires sequential activation of Src and Syk in
proximately to ayyBs. In contrast to the ADP-induced platelet
shape change shown in OSP-1 platelets in the platelet
aggregometer, our data indicated that both P2Y,, and P2Y,
were necessary for the full spreading onto immobilized
fibrinogen.

Employing clopidogrel or AR-C69931 MX as an inhibitor
for P2Y,,, several studies examined the role of P2Y,; in
thrombogenesis under flow conditions [27-30]. However, some
discrepancy between the studies was pointed out and non-
specific effects of these inhibitors were not completely ruled out
[28-30]. As patient OSP-1 was deficient in P2Y, as shown in
this study, it would be informative to examine the real-time
process of thrombogenesis on a type I collagen-coated surface
under a high shear rate (2000 s7!) employing whole blood’
obtained from OSP-1. Our data demonstrated that P2Y;»-
deficiency led to the loosely packed thrombus and the impaired
thrombus growth with enhancing adhesion to collagen, which
was consistent with the study by Remijn er a/. {30] employing
patient ML’s platelets. The increase in platelet adhesion to
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collagen was probably due to the-impaired platelet consump-
tion by the growing thrombi [27,30]. Moreover, our real-time
observation indicated that the loosely packed aggregates were
unable to resist against high shear stress, and then most of the
aggregates at the apex of the thrombi came off the thrombi. In
contrast, Andre et al. [12] did not detect significant differences
in ‘ex vivo thrombus volume formed over human type III
collagen under a shear rate of 871 s~ between P2Y,_2/ ~ and
WT mice. Although Andre er al. used non-anticoagulated
mouse blood instead of anticoagulated blood, Roald ef al. [27]
demonstrated that clopidogre! significantly reduced the throm-
bus volume over type 11l collagen employing non-anticoagu-
lated human blood. Loosely packed platelet thrombi with
swollen non-degranulated platelets were detected following
clopidogrel intake, whereas densely packed thrombi with partly
fused platelets were detected before clopidogrel intake by
electron microscopy [27]. Thus, it is likely that differences
between human and mouse, rather than those between non-
anticoagulated and anticoagulated blood, may account for the
discrepancy. Nevertheless, they showed that ex vivo thrombi
were loosely packed and that only small and unstable thrombi
were formed in P2Yl_2/ ~ mice without reaching occlusive size in
mesenteric artery injury model in vivo [12].

Our present study has demonstrated the novel mutation
responsible for the P2Y,, deficiency and suggested that
secretion of endogenous ADP and subsequent P2Y |,-mediated
signaling is critical for platelet aggregation, platelet spreading,
and as a consequence, for stabilization of thrombus. Mild
bleeding tendency observed in patient OSP-1 further empha-
sizes the efficacy of P2Y ), receptor as a therapeutic target for
thrombosis. '

Acknowledgements

We thank Dr Mitsuhiko Sugimoto (Nara Medical University)
for his valuable advice to perform the real-time observation of
thrombogenesis under flow conditions. This study was sup-
ported in part by Grant-in Aid for Scientific Research from the
Ministry of Education, Science and Culture in Japan, Grant-in
Aid from the Ministry of Health, Labor and Welfare in Japan,
Astellas Foundation for Research on Metabolic Disorder,
Tukuba, Japan, and Mitsubishi Pharma Research Foundation,
Osaka, Japan.

Supplementary material

The following supplementary material is available online at
http://www blackwell-synergy.com/loi/jth:

Figure S1. Perfusion study using control platelets. A real-time
movie of platelets perfused over type-I collagen shows that
thrombi formed by control platelets are densely packed and
stable. This S-second movie was taken at S-minute perfusion
under a high shear rate (2000 sH.

Figure S2. Perfusion study using OSP-1 plalelets A real-time
movie of platelets perfused over type-I collagen shows that

thrombi formed by the patient OSP-1 platelets are loosely
packed and unstable. Newly formed aggregates on the top of
thrombi keep on moving toward downstream and some
aggregates came off the thrombi. This 5-second movie was
taken at 5-minute perfusion under a high shear rate (2000 s™').
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Surgical Management of Distal Arch Aneurysm:
Another Approach With Improved Results

Kenji Minatoya, MD, Hitoshi Ogino, MD, Hitoshi Matsuda, MD, Hiroaki Sasaki, MD,
Toshikatsu Yagihara, MD, and Soichiro Kitamura, MD

Department of Cardiovascular Surgery, National Cardiovascular Center, Osaka, Japan

Background. Surgical treatment for distal arch aneu-
rysm carries the risk of stroke. Although left thoracotomy
has been used for repair of distal arch aneurysm as a
standard approach, we have performed total arch replace-
ment under deep hypothermia with circulatory arrest
through a midsternotomy for this subset of aneurysms.

Methods. From January 1998 to February 2003, 119
patients underwent elective total arch replacement (mean
age, 72.3 * 6.0 years) for distal arch aneurysm under deep
hypothermia with circulatory arrest. Antegrade selective
cerebral perfusion was used for brain protection. Arch
vessels were independently reconstructed using quadri-
furcated grafts. Concomitant procedures included tricus-
pid annuloplasty in 1 patient, aortic valve operations in 2,
sinotubular junction plication in 6, and coronary artery
grafting in 22. ’

Results. The early mortality rate was 0.84% (1 of 119).

Aneurysms that arise in the distal aortic arch and
spare the innominate artery but not the left com-
mon carotid or subclavian artery can be approached
through a standard left thoracotomy [1]. There is, how-
ever, a subset of distal arch aneurysms that do not
involve a large segment of the descending thoracic aorta.
This subset of aneurysms can be approached through
midsternotomy. Although few reports are available con-
cerning stroke after descending aortic surgery through
left thoracotomy, stroke does indeed occur after surgery
of the descending aorta, and is as frequent as for surgery
of the ascending aorta [2]. We began to perform total arch
replacement for distal arch aneurysms through a mid-
sternotomy instead of replacement of diseased aorta
through a left thoracotomy in our institution in the early
1990s, with a decrease in operative morbidity [3]. In this
study, we evaluated recent surgical outcomes of total
arch replacement for distal aortic arch aneurysm through
a standard midsternotomy.
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The mean duration of circulatory arrest was 67.1 = 19.7
minutes. Perioperative stroke rate was 0.84% (1 of 119).
This stroke occurred 9 days postoperatively in an 81-year-
old man with a history of cerebral infarction. Other
complications were reexploration for bleeding in 1 pa-
tient (0.84%) and respiratory failure in 6 (5.0%).

Conclusions. This operative approach for distal arch
aneurysm featured a low mortality rate and low risk of
perioperative stroke. Concomitant cardiac surgery could
be performed routinely in standard fashion. Distal arch
aneurysms that do not involve a large segment of the
descending thoracic aorta can thus be repaired with low
mortality and few cerebral complications through a mid-
sternotomy.

(Ann Thorac Surg 2006;81:1353-7)
© 2006 by The Society of Thoracic Surgeons

Patients and Methods

Patients

From January 1998 to February 2003, 119 consecutive
patients underwent elective total arch replacement for
distal aortic arch aneurysm under deep hypothermia
with circulatory arrest, and accounted for 64.3% of all
patients (185) undergoing elective total arch replacement.
Mean age was 72.3 * 6.0 years, and there were 20 women.
All patients underwent surgery on an elective basis. All
aneurysms were atherosclerotic, and 50 patients (42%)
had saccular type and 69 (58%) had fusiform type
aneurysms.

Operative Techniques

The skin incision extended from the suprasternal notch
to a point equidistant between the xiphoid process and
umbilicus. To expose the left subclavian artery, a left
hemicollar incision was added (Fig 1A). All operative
maneuvers were performed through a midsternotomy.
The femoral artery or ascending aorta was used as a
site of cannulation for arterial return. Ascending cannu-
lation is preferable when atherosclerotic change in the
ascending aorta is minimal on epiaortic echography.
However, femoral arterial cannulation is used when the
ascending aorta exhibits severe atherosclerotic change.
Additional cannulation of the right axillary artery was
employed in 97 cases (81.5%). Reperfusion and rewarm-
ing were always performed in antegrade fashion through

0003-4975/06/$32.00
doi:10.1016/j.athoracsur.2005.08.075
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Fig 1. (A) The left subclavian artery. (B) Complete transaction of the
descending aorta distal to the left subclavian artery. (C) A short
graft was introduced into the lumen of the descending aorta, and
then sewn to the aortic wall. (D) The short graft was pulled out of
the descending aorta. (E) Quadrifurcated graft was anastomosed to
the short graft, and then left subclavian artery was reconstructed.
Proximal anastomosis to the ascending aorta was followed. (F) The
left internal carotid artery, and the brachiocephalic artery were
reconstructed.

the side branch of the quadrifurcated graft. For graft
replacement, collagen woven or a gelatin-impregnated
knitted Dacron (C. R. Bard, Haverhill, Pennsylvania) graft
was used. Quadrifurcated graft was used for graft re-
placement. Arch vessels were independently recon-
structed using the quadrifurcated graft, and the en-bloc
repair technique was not used at all.

Open distal anastomosis was consistently performed
with complete transaction of the descending aorta distal
to the left subclavian artery (Fig 1B). The stepwise tech-
nique for distal anastomosis was employed in most cases.
A short graft was introduced into the lumen of the
descending aorta from the stump, and then sewn to the
aortic wall with a running suture with 3-0 or 4-0 polypro-
pylene (Fig 1C). The short graft was then pulled out of the
descending aorta (Fig 1D). At the suture line, the graft
was inverted circumferentially and fixed to the aortic wall

Ann Thorac Surg
2006;81:1353-7

properly. In rare cases, bleeding is observed from this
suture line, but hemostasis is easily achieved with an
additional stitch. Finally, quadrifurcated graft was anas-
tomosed to the short graft with running sutures of 2-0 or
3-0 polypropylene (Fig 1E). That was followed by anas-
tomosis of the left subclavian artery, proximal anastomo-
sis to the ascending aorta, the left internal carotid artery,
and final anastomosis of the brachiocephalic artery (Fig
1F).

Antegrade cerebral perfusion was performed with an
ordinary arterial cannula in the right axillary artery, or
with a balloon-tip cannula inserted directly into the
brachiocephalic artery from inside the aortic arch, and in
the left common carotid artery. The left subclavian artery
was usually clamped, except in patients with a dominant
left vertebral artery. Cerebral perfusion flow was main-
tained at 300 to 500 mL/min; the mean pressure in the
superficial temporal arteries ranged from 40 to 60 mm
Hg, and the nasopharyngeal temperature ranged from
20° to 26°C. We have, since 1997, gradually elevated
hypothermc circulatory arrest temperature from 20° to
26°C for aortic arch surgery. Monitoring of perfusion
pressure bilaterally in the superficial temporal arteries
was performed using standard methods. Neurologic
monitoring, including electroencephalography, was not
performed during surgery. ’

Concomitant Procedures

Concomitant procedures included tricuspid annuloplasty
in 1 patient, aortic valve operations in 2, sinotubular
junction plication in 6, and coronary artery grafting in 22.
These procedures could be performed routinely in stan-
dard fashion through a midsternotomy.

Results

The mean duration of circulatory arrest was 67.1 * 19.7
minutes. A second pump run after weaning from
cardiopulmonary bypass was required in 4 patients
because of bleeding at the distal anastomosis. In these
cases, hemostasis was accomplished through midster-
notomy without an additional incision for left thora-
cotomy. The early mortality rate was 0.84% (1 of 119).
This patient was a 72-year-old man with a history of
myocardial infarction, and the reason for death was
low output syndrome due to perioperative myocardial
infarction. Perioperative stroke rate was 0.84% (1 of
119). This stroke occurred 9 days postoperatively in an
81-year-old man with a history of cerebral infarction.
He had exhibited atrial fibrillation postoperatively, and
atrial fibrillation was thought to have been the reason
for the stroke. Seven patients (5.9%) had transient
neurologic deficit, and 4 (3.4%) had hoarseness. Other
complications were reexploration for bleeding in 1
patient (0.84%) and respiratory failure in 6 (5.0%). All
patients who survived surgery underwent postopera-
tive computed tomography, which revealed no prob-
lems with grafts including branches for arch vessels.
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Comment

Distal arch aneurysms have been considered a subset of
aneurysms of the descending thoracic aorta. Left thora-
cotomy has therefore been used as a standard approach
for replacement of the diseased segment in patients with
them. However, the distal arch can also be approached
through a midsternotomy.

Stroke is a devastating complication of aortic surgery.
The occurrence of it after descending aorta surgery
seems somewhat counterintuitive, as the descending
aorta, which is downstream from the head vessels, might
not be expected to be a significant source of air or
particulate matter [2]. Surgical treatment for distal aortic
arch aneurysm through left thoracotomy does, however,
carry the risk of stroke. Although reports on the risk of
stroke after descending thoracic aneurysm repair are
limited, some [4, 5] have indicated that it is 3.3% to 8.1%.
Manipulation of the aortic arch for proximal control in
descending aortic operations is thought to be one factor
predisposing to stroke. The proximal clamp must be
placed close to the subclavian artery with or without
bypass or shunt in most strategies for descending aortic
repair [6].

Surgery of the aortic arch also features the risk of
stroke. It is usually performed under deep hypothermic
circulatory arrest with or without cerebral perfusion.
Techniques for brain protection have gradually im-
proved in the last 10 years, and the rate of stroke has
significantly decreased [7, 8]. Another factor possibly
reducing neurologic complications is right axillary artery
perfusion. Since we began using this type of perfusion,
the rate of stroke in our patients has dramatically de-
creased. The antegradely perfused aortic flow through
the axillary artery conflicts with retrogradely perfused
femoral artery flow in the descending aorta. Cerebral
embolism caused by retrograde femoral artery perfusion
or direct insertion of a perfusion cannula from athero-
matous brachiocephalic artery can be prevented with
axillary artery perfusion [9]. However, because the size of
the artery was only enough for cannulas of 12F to 16F in
size, this axillary perfusion could not sustain total body
perfusion. In the present series, the rate of stroke was
only 0.8%, and the one stroke that occurred was thought
to be due to postoperative atrial fibrillation. This is the
lowest incidence of stroke among reports on the repair of
distal arch aneurysm [10].

During the same period in our institution, 81 consecu-
tive patients underwent descending aortic aneurysm
repair under partial cardiopulmonary bypass through a
left thoracotomy and 24 consecutive patients underwent
descending aortic aneurysm repair under deep hypo-
thermic circulatory arrest through a left thoracotomy.
Although no paraplegia developed in either group, 2
patients (2.5%) in the former group and 3 patients (12.5%)
in the latter group suffered stroke postoperatively. In fact,
the rate of stroke was lower in our group, for which
meticulous brain protection technique was used, than in
these other groups of patients.

Distal anastomosis to the descending aorta should be
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performed within a limited period under hypothermic
circulatory arrest. Technically, the distal anastomosis is
the most strenuous part of total arch replacement per-
formed through a midsternotomy. The suture line is
sometimes quite deep from the midline, and it is difficult
to place an additional stitch for hemostasis. Therefore,
the anastomosis should be secured and safely performed
within a limited amount of time. There have been several
reports on alternative methods of exposure of the distal
aortic arch for surgical intervention [11-13]. These alter-
natives have been introduced for distal anastomosis,
which is usually difficult, especially in patients with
diseased descending aorta. These approaches generally
require longer incisions and cannot be considered less
invasive. Another alternative is stent grafting. Sueda and
colleagues [14] report that transaortic endovascular stent
grafting was an effective alternative approach for distal
arch aneurysm. For unclear reasons, however, it features
the risk of paraplegia. Moreover, long-term follow-up
data have not yet been reported for it.

Complete transection of the descending aorta for open
distal anastomosis is important for preventing injury of
the left recurrent nerve. We believe that the inclusion
technique of anastomosis carries the risk of left recurrent
nerve injury, and that complete dissection of the stump is
of key importance in avoiding such injury. In this series,
only 4 patients had mild hoarseness, but no serious
recurrent nerve palsy followed.

We have used the stepwise technique routinely for
distal anastomosis for the reasons noted above. Though
the anastomosis requires an additional 10 to 15 minutes,
performance of it is much easier than direct suturing
even with limited exposure, and features less risk of
bleeding. With this stepwise technique, no additional
incision is needed for exposure, unless repair of a longer
segment of the descending aorta is necessary. Only when
the anastomosis is difficult with the use of this stepwise
technique should an additional left thoracotomy be con-
sidered. In this series, additional left thoracotomy was
not required, even though some patients required an-
other pump run for hemostasis. The difficulty of anasto-
mosis was appropriately evaluated preoperatively by
computed tomography or magnetic resonance imaging.
When the aneurysm does not extend beyond the level of
the left pulmonary artery, distal anastomosis of the graft
can, in our experience, be performed through a
midsternotomy.

It might still be questioned whether total arch replace-
ment for distal arch aneurysm is excessive, since the
transverse arch and a part of the ascending aorta, which
are not diseased, are also replaced. We believe, however,
that there are several advantages to complete total arch
replacement for patients with distal arch aneurysm. First,
the risk of embolization as a cause of neurologic deficits
can be reduced. Many patients with distal arch aneurysm
have severe atherosclerotic change in the thoracic aorta,
which is often widespread. We often encounter severe
atherosclerotic change at the origin of the arch vessels in
patients with distal arch aneurysm. Thus, the ascending
and transverse aorta are, in addition to the diseased
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