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Anatomical Pattern of Feeding Artery and

Mechanism of Intraoperative Spinal Cord Ischemia

Norihiko Shiiya, MD, PhD, Satoru Wakasa, MD, PhD, Kinya Matsui, MD,
Takashi Sugiki, MD, Yasushige Shingu, MD, Tomoshi Yamakawa, MD, and

Yoshiro Matsui, MD, PhD

Department of Cardiovascular Surgery, Hokkaido University Hospital, Sapporo, Japan

Background. We evaluated correlation between ana-
tomical pattern of the spinal cord feeding artery, detected
by preoperative multidetector row computed tomogra-
phy, and the mechanism of spinal cord ischemia during
aortic surgery.

Methods. One hundred sixteen patients underwent
multidetector row computed tomography before de-
scending or thoracoabdominal replacement. Segmental
arteries feeding the spinal cord were detected in 92
patients (79%), and were classified into “critical” (iso-
lated hairpin shaped) or “supplemental” (confluence-
shaped or multiple). Spinal cord ischemia was monitored
together with distal aortic perfusion in 53 of them by
motor-evoked potentials, evoked spinal cord potentials,
or both. The relationship between monitoring results and
operative management to the detected feeding arteries
was analyzed.

Results. When no feeding segmental artery was in-
volved in the extent of replacement (n = 18), spinal cord

Ischemic spinal cord injury is a devastating complica-
tion of aortic surgery. Although it is a multifactorial
event, there is no doubt that anatomical characteristics of
the spinal cord blood supply play a pivotal role. Spinal
cord blood supply has multiple feeders and rich collat-
eral networks both inside and outside the spinal canal,
and is not dependent upon any single artery [1]. How-
ever, several anatomical studies have pointed out that the
anterior spinal artery is sometimes hemodynamically
discontinuous at its junction with the radicular artery [2,
3], which may be a cause of insufficient collateral blood
flow to this area. X

With the recent advance in the imaging technologies,
noninvasive visualization of the spinal cord feeding ar-
teries has become reliable, either by magnetic resonance
imaging (MRI) [4-6] or multidetector row computed
tomography (MD-CT) scan [7, 8]. We have been using
MD-CT scan for this purpose [8]. Based on this experi-
ence, we hypothesized that anatomical pattern of the
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ischemia was detected in 1 (6%), which was due to
cross-clamping the subclavian artery. When a supple-
mental feeding artery was involved (n = 15), ischemia
was detected in 7 patients (47%), and was reversed by
stopping back-bleeding. When a critical feeding artery
was involved (n = 20), ischemia was detected in 6 (30%).
In 3 of them, ischemia was reversed by stopping back-
bleeding, whereas it was reversed only after reconstruc-
tion of the critical feeder in the remaining 3. Paraparesis
occurred in 1 of the latter 3, and the incidence of spinal
cord injury was 2% (1 of 53).

Conclusions. When the involved feeding artery is a
supplemental one, the steal phenomenen is the predom-
inant mechanism of ischemia. Conversely, blood flow
interruption to the critical feeding artery may cause
spinal cord ischemia without steal phenomenon.

(Ann Thorac Surg 2009;88:768-72)
© 2009 by The Society of Thoracic Surgeons

spinal cord feeding arteries, visualized by MD-CT scan,
reflects hemodynamic continuity of the anterior spinal
artery and is related to the prevalence and mechanism of
intraoperative spinal cord ischemia. The study aim was to
test this hypothesis in our clinical experiences.

Material and Methods

We retrospectively analyzed a total of 116 patients who
underwent MD-CT scan to detect spinal cord feeding
arteries, as a part of preoperative evaluation, from Sep-
tember 2001 through January 2009. There were 39 de-
scending and 77 thoracoabdominal lesions, and 36 of the
latter had Crawford I or II extent. Forty-eight had aortic
dissection. The imaging system used had 64 detector
rows. This study was approved by the Institutional Re-
view Board. All the patients gave informed consent.
Segmental arteries that fed the spinal cord were de-
tected in 92 patients (79%), and were multiple in 34
patients (29%). Their anatomical pattern was classified
into the “hairpin” shaped and the “confluence” shaped
(Fig 1). The latter were frequently accompanied by a
more proximally located hairpin-shaped feeding artery.
Distribution of these feeding arteries is shown in Figure 2,
with respect to each anatomical pattern. The hairpin-

0003-4975/09/$36.00
doi:10.1016/j.athoracsur.2009.05.026
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shaped ones were arising from T7 to L1, predominantly
in the left. This finding is consistent with our current
knowledge of the great radicular artery. On the other
hand, confluence shaped ones were distributed more
distally, in accordance with a previous anatomical
study [9].

For the following study on the prevalence and mecha-
nism of intraoperative spinal cord ischemia, isolated
hairpin-shaped feeders were classified as “critical” and
confluence-shaped ones or hairpin-shaped ones that
were accompanied by distal confluence shaped ones
(multiple feeders in continuity) were classified as “sup-
plemental,” based on the assumption that multiple feed-
ers were not clamped simultaneously.

Study on Prevalence and Mechanism of Intraoperative
Spinal Cord Ischemin

Among the 92 patients in whom spinal cord feeding
arteries were detected, 28 without electrophysiologic
monitoring, 10 undergoing deep hypothermic operation,
and 1 without distal aortic perfusion were excluded from
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Fig 1. Anatomical patterns of the spinal cord
feeding artery detected by multidetector row
computed tomography (MD-CT) scan: (A)
confluence-shaped, (B) hairpin-shaped. The
confiuence-shaped arteries were frequently
accompanied by a more proximally located
hairpin-shaped artery, as in this Figure,

the study. Therefore, the study subjects consisted of the
remaining 53 patients who underwent surgery with mon-
itoring and distal aortic perfusion. There were 17 de-
scending and 36 thoracoabdominal lesions, and 18 of the
latter had Crawford I or II extent. Sixteen had aortic
dissection, and none had acute presentation.

Our surgical technique, which we call the multiseg-
mental sequential repair, has been reported previously
[10]. Briefly, the distal one third of the descending tho-
racic aorta, where spinal cord feeding arteries were
usually present, was opened in two or more sequences,
and segmental arteries, usually one pair from each seg-
ment, were reattached sequentially by separate tube
grafts. Presence of mural thrombus did not preclude the
use of this technique as long as the aorta could be
clamped and blood flow through distal aortic perfusion
could effectively be blocked. The rationale of this tech-
nique was to expect collateral blood flow through the
neighboring segmental arteries during reattachment of a
segmental artery, and to minimize the steal phenomenon
in opening the aorta. In this technique, we always noticed

Fig 2. Distribution of the spinal cord feeding

arteries with respect to each anatomical pat-

tern: (A) hairpin shaped, and (B) confluence
shaped.
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active back-bleeding from the patent segmental arteries,
reflecting the presence of rich collateral blood flow. We
usually used a specially designed occlusion balloon cath-
eter (A shield; Asahi Intecc, Nagoya, Japan) to stop
back-bleeding during reconstruction. In addition, mild
hypothermia and cerebrospinal fluid drainage, to main-
tain its pressure at 13 emH,O, were also employed.

Intraoperative spinal cord ischemia was monitored by
transcranial motor evoked potentials, evoked spinal cord
potentials, or both, using a Neuropack MEB-2204 system
{Nihon Kohden, Tokyo, Japan). For motor evoked poten-
tials, myogenic responses of tibialis anterior and abduc-
tor hallucis muscles were recorded, together with the
abductor pollicis muscle as a control. In order not to
interfere with motor evoked potentials monitoring, total
intravenous anesthesia was used and the anesthetic
depth was controlled by bispectral index level. Muscle
relaxants were not used except for anesthetic induction.
Evoked spinal cord potentials were monitored using two
epidural electrodes, one for stimulation and one for
recording. The detail of monitoring technique was re-
ported elsewhere [11, 12].

The relationship between monitoring results and op-
erative management to the detected feeding arteries was
analyzed.

Results

There was 1 hospital death (2%) of a patient with Craw-
ford I nondissection aneurysm and 1 patient with para-
paresis (2%) with Crawford I postdissection aneurysm.
Intraoperative spinal cord ischemia was detected in 12
patients. When no feeding segmental artery was involved
in the extent of replacement (n = 18), spinal cord isch-
emia was detected in 1 patient (6%); it was due to
cross-clamping the subclavian artery and was reversed
by selective perfusion. When supplemental feeding ar-
teries were involved (n = 15), ischemia was detected in 7
patients (47%) and was reversed by stopping back-
bleeding. When a critical feeding artery was involved

Table 1. Prevalence of Intraoperative Spinal Cord Ischemia
Versus Extent of Repair and Feeding Artery Involvement

Involved Feeding Arteries

Extent of
Repair Dissection No Supplemental Critical Total
Descending Yes 1/3 in _ 2/4
No 0/6 1/3 0/3 1/12
Crawford 1 Yes —_ — 2°/4 2/4
No 0/2 1/4 1/3 219
Crawford II Yes — 0/1 2/4 215
Crawford III Yes — 0/1 0/1 0/2
No 0/2 1/2 — 1/4
Crawford IV Yes 0n — — 0/1
No 0/3 2/2 — 2/5
Safi V No on 171 1/5 217
Total 1/18 7115 6/20 14/53

? One patient with paraparesis.

Ann Thorac Surg
2009;88:768-72

(n = 20), ischemia was detected in 6 patients (30%). In 3
of them, ischemia was reversed by stopping back-
bleeding, whereas it was reversed only after reconstruc-
tion of the critical feeding artery in the remaining 3.
Paraparesis occurred in 1 of the latter 3, and the inci-
dence of spinal cord injury was 2%. Ischemic monitoring
changes started to recover right after these maneuvers.

When extent of repair was taken into account, critical
feeding arteries were involved in 11 patients with Craw-
ford I or II extent and in 9 patients with less extensive
repair. Prevalence of intraoperative ischemia was higher
with Crawford I or II extent, and all the 3 patients in
whom ischemia was not reversed by stopping back-
bleeding had Crawford I or II extent (Table 1).

Comment

The results of present study showed that anatomical
pattern of the spinal cord feeding arteries, detected by
preoperative MD-CT scan, is related to the prevalence
and mechanism of intraoperative spinal cord ischemia.
Although similar classification of the anatomical pattern
was proposed by Kawaharada and colleagues [5] using
MRY, its relationship with the mechanism of ischemia has
not been reported. While steal phenomenon was the
most frequent mechanism of intraoperative ischemia,
comprising two thirds (10 of 14) of them in the present
series, blood flow interruption to the critical feeding
artery, defined as an isolated hairpin-shaped one, may
cause spinal cord ischemia without the steal phenome-
non, especially when extensive Crawford I or II repair
was performed.

These results not only are consistent with the collateral
network concept proposed by Griepp and Griepp [13],
but also may improve our understanding as to when
collateral blood flow fails to maintain spinal cord perfu-
sion within a viable range. Namely, visualization of a
hairpin-shaped feeding artery means that there is a great
discrepancy between the diameter of the anterior spinal
artery above and below the junction, and spinal cord
perfusion proximal to this point is vulnerable to ischemia
even with the use of distal aortic perfusion, as pointed
out by Svensson and colleagues [3] in 1986.

The prevalence of intraoperative ischemia in the ab-
sence of steal phenomenon was 6% (3 of 53) in this series,
which seemed higher than that reported by the Griepp
group [1, 14]. However, it is not different from the
incidence of postoperative spinal cord injury reported by
the groups who do not reattach segmental arteries [15,
16] or that after thoracic endovascular aneurysm repair
[17, 18]. The difference from the Griepp series may be
explained by their technique of sequentially dividing
segmental arteries before opening the aorta.

The clinical implication of the present results is clear.
When no spinal cord feeding artery is involved in the
extent of repair, there is no need for segmental artery
reattachment, which has also been shown by previous
studies [19]. When an isolated hairpin-shaped feeding
artery is involved in the extensive Crawford I or Il lesion,
it may be better to consider the segmental artery reat-
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tachment, using a more aggressive method of spinal cord
protection than that depending upon collateral flow, such
as active segmental artery perfusion or deep hypother-
mia. For the remaining cases, segmental artery reattach-
ment, using our optimized surgical technique that max-
imally takes advantage of collateral blood flow, seems at
least not detrimental. Therefore, we will continue to use
this strategy, expecting that it will reduce the risk of
delayed-onset injury resulting from the postoperative
hemodynamic deterioration [20].

Study Limitations

One may argue against the accuracy of MD-CT scan to
detect the spinal cord feeding arteries, especially those with
confluence shape arising from distal aortic segment. Nijen-
huis and colleagues [6], using MRI with two consecutive
dynamic phases, have reported that such a vessel is the
great anterior radiculomedullary vein, and reported its
validation in the postmortem examination of 1 patient [21].
However, Hyodoh and colleagues [22], using MRI, have
reported that spinal cord drainage vein merged at T9 to 1.2
levels, which suggests that distally located vessels detected
in the present study were not necessarily veins. In contrast
to the four-row machine and fixed scan delay used in the
Nijenhuis series [6], we used a 64-row machine and an
automated trigger system to acquire images in the arterial
phase. In our experience, change from the four-row ma-
chine to the 64-row one dramatically improved the imaging
quality. In addition, most recent series have reported the
use of 64-row machines, suggesting that image resolution in
our series is accurate enough, although machines with 128
or 256 rows may further improve the imaging quality.
Because the anatomy of the spinal cord drainage vein has
not been extensively studied, further works will thus be
required on this issue.

References

1. Griepp RB, Ergin MA, Galla JD, et al. Looking for the artery of
Adamkiewicz: a quest to minimize paraplegia after operations
for aneurysms of the descending thoracic and thoracoabdomi-
nal aorta. ] Thorac Cardiovasc Surg 1996;112:1202-13,

2. Morishita K, Murakami G, Fujisawa Y, et al. Anatomical
study of blood supply to the spinal cord. Ann Thorac Surg
2003;76:1967-71.

3. Svensson LG, Rickards E, Coull A, Rogers G, Fimmel CJ,
Hinder RA. Relationship of spinal cord blood flow to vascu-
lar anatomy during thoracic aortic cross-clamping and
shunting. ] Thorac Cardiovasc Surg 1986;91:71-8.

4. Yamada N, Okita Y, Minatoya K, et al. Preoperative demon-
stration of the Adamkiewicz artery by magnetic resonance
angiography in patients with descending or thoracoabdominal
aortic aneurysms. Eur ] Cardiothorac Surg 2000;18:104~11.

5. Kawaharada N, Morishita K, Hyodoh H, et al. Magnetic
resonance angiographic localization of the artery of Adamk-
iewicz for spinal cord blood supply. Ann Thorac Surg
2004;78:846-51.

—104—

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22,

SHIIYA ET AL 771
ANATOMY AND MECHANISM OF SPINAL ISCHEMIA

. Nijenhuis R], Jacobs M], Jaspers K, et al. Comparison of

magnetic resonance with computed tomography angiogra-
phy for preoperative localization of the Adamkiewicz artery
in thoracoabdominal aortic aneurysm patients. J Vasc Surg
2007,45:677-85.

. Takase K, Sawamura Y, Igarashi K, et al. Demonstration of

the artery of Adamkiewicz at multi-detector row helical CT.
Radiology 2002;223:39-45.

. Maruyama R, Kamishima T, Shiiya N, et al. MDCT scan

visualizes the Adamkiewicz artery. Ann Thorac Surg 2003;
76:1308.

. Dommisse GF. The arteries, arterioles, and capillaries of the

spinal cord. Surgical guidelines in the prevention of postop-
erative paraplegia. Ann R Coll Surg Engl 1980;62:369-76.
Shiiya N, Kunihara T, Matsuzaki K, Yasuda K. Evolving
strategy and results of spinal cord protection in type I and I
thoracoabdominal aortic aneurysm repair. Ann Thorac Car-
diovasc Surg 2005;11:178-85.

Matsui ¥, Goh K, Shiiya N, et al. Clinical application of
evoked spinal cord potentials elicited by direct stimulation
of the cord during temporary occlusion of the thoracic aorta.
J Thorac Cardiovasc Surg 1994;107:1519-27.

Shiiya N, Yasuda K, Matsui Y, Sakuma M, Sasaki S. Spinal
cord protection during thoracoabdominal aortic aneurysm
repair: results of selective reconstruction of the critical
segmental arteries guided by evoked spinal cord potential
monitoring. ] Vasc Surg 1995;21:970-5.

Griepp RB, Griepp EB. Spinal cord perfusion and protection
during descending thoracic and thoracoabdominal aortic
surgery: the collateral network concept. Ann Thorac Surg
2007:83(Suppl):865-9.

Etz CD, Halstead JC, Spielvogel D, et al. Thoracic and
thoracoabdominal aneurysm repair: is reimplantation of
spinal cord arteries a waste of time? Ann Thorac Surg
2006;82:1670-7.

Acher CW, Wynn MM. Thoracoabdominal aortic aneurysm.
How we do it. Cardiovasc Surg 1999;7:593-6.

Cambria RP, Clouse WD, Davison JK, Dunn PF, Corey M,
Dorer D. Thoracoabdominal aneurysm repair: results with
337 operations performed over a 15-year interval. Ann Surg
2002;236:471-9.

Greenberg RK, Lu Q, Roselli EE, et al. Contemporary anal-
ysis of descending thoracic and thoracoabdominal aneurysm
repair: a comparison of endovascular and open techniques.
Circulation 2008;118:808-17.

Feezor R], Martin TD, Hess PJ, et al. Extent of aortic coverage
and incidence of spinal cord ischemia after thoracic endo-
vascular aneurysm repair. Ann Thorac Surg 2008;86:1809-14.
Nijenhuis R], Jacobs M], Schurink GW, Kessels AG, van
Engelshoven JM, Backes WH. Magnetic resonance angiog-
raphy and neuromonitoring to assess spinal cord blood
supply in thoracic and thoracoabdominal aortic aneurysm
surgery. ] Vasc Surg 2007,45:71~7.

Etz CD, Luehr M, Kari FA, et al. Paraplegia after extensive
thoracic and thoracoabdominal aortic aneurysm repair: does
critical spinal cord ischemia occur postoperatively? ] Thorac
Cardiovasc Surg 2008;135:324~30.

Nijenhuis R], Jacobs M], van Engelshoven JM, Backes WH.
MR angiography of the Adamkiewicz artery and anterior
radiculomedullary vein: postmortem validation. AJNR Am ]
Neuroradiol 2006;27:1573-5.

Hyodoh H, Shirase R, Akiba H, et al. Double-subtraction
maximum intensity projection MR angiography for detect-
ing the artery of Adamkiewicz and differentiating it from the
drainage vein. ] Magn Reson Imaging 2007;26:359~65.

U
<
=)

&

<

dJ
=
:,
=]
=



ACQUIRED CARDIOVASCULAR DISEASE

Hybrid endovascular aortic arch repair using branched
endoprosthesis: The second-generation ‘“branched” open
stent-grafting technique

Kazuo Shimamura, MD,? Toru Kuratani, MD, PhD,* Goro Matsumiya, MD, PhD,*
Yukitoshi Shirakawa, MD, PhD,* Mugiho Takeuchi, MD,” Hiroshi Takano, MD, PhD,b
and Yoshiki Sawa, MD, PhD?

Objective: We advanced the open stent-grafting technique with a branched endoprosthesis, which reconstructs
simultaneously the cervical branches and descending aorta within an acceptably short interval of deep hypother-
mic circulatory arrest. In this study, we evaluated the efficacy of this new technique and assessed the early and
midterm results.

Methods: From January 2004 to September 2007, the branched open stent-grafting technique was performed in
69 cases (55 men, average age 66.2 years, 36 degenerative aneurysms and 33 aortic dissections, 13 [18.8%] in
emergency, 7 [10.1%] redo cases). Under deep hypothermic circulatory arrest, the branched endoprosthesis was
delivered through the opened proximal aortic arch, and total arch repair was completed. To avoid cerebral embo-
lism, retrograde cerebral perfusion was performed at the end of deep hypothermic circulatory arrest.

Results: Average time of operation, cardiopulmonary bypass, and deep hypothermic circulatory arrest was 417,
130, and 36 minutes, respectively. A total of 124 cervical stent grafts were inserted and successfully delivered in
121 (97.6%). Operative mortality within 30 days was 3 (4.3%). The major postoperative complications involved
4 (5.8%) strokes and 2 (2.9%) spinal cord injuries. No aorta-related death was observed after discharge from hos-
pital, and the survival was 90.9%, 88.8%, and 88.8% at 1, 2, and 3 years, respectively. Six (5.0%) cervical stent
grafts showed endoleak; however, all these cases were successfully treated by additional endovascular repair.

Conclusion: Aortic arch repair with branched open stent grafting is an effective technique with satisfactory early
results. In midterm analysis, cervical branch events were acceptably rare and controllable. This technique could be
an attractive alternative to conventional total arch replacement.

was applied to total arch repair in acute type A dissection, be-
cause it provided not only easy management of distal anas-
tomosis but also excellent clotting formation of the false
lumen in the descending thoracic aorta.>” These results sug-
gested that open stent grafting could be a powerful method to
complete total arch repair in acute type A dissection; how-
ever, it is still a far more complex procedure than hemiarch
replacement because it still requires cervical branch recon-
struction of the same sort of conventional arch repair.

With the intention to make total arch repair a much sim-
pler procedure, we modified the stent graft to the second
generation and developed branched endoprosthesis. The
branched endoprosthesis was designed to reconstruct the de-
scending aorta and cervical branches simultaneously in a sin-
gle circulatory arrest period through the opened proximal
aortic arch, thus completing total arch repair by the same
aortic incision line as hemiarch repair.

Earn CME credits at
http://cme.ctsnetjournals.org

Open stent grafting is a hybrid aortic arch repair method that
| involves stent grafting in conventional aortic arch surgery.'
‘ With this technique, surgeons can complete total arch repair
| by inserting a stent graft into the descending aorta through
the opened proximal arch, which eliminates the difficulty
of direct distal anastomosis in the deep portion beyond the
left subclavian artery. The feasibility of this procedure as
an alternative to elephant trunk technique was described,
and also the long-term durability was reported."* The most
outstanding results were presented when open stent grafting
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In this study, we describe the efficacy of aortic arch repair
using the branched open stent-grafting technique by evaluat-
ing the early and midterm results.

MATERIAL AND METHODS
Patients

The branched open stent-grafting technique and the retrospective review
of the records for publication were approved by the Institutional Review
Board. From January 1994 to September 2007, 195 patients with aortic
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Abbreviations and Acronyms
3DCT = 3-dimensional computed tomography
BCA = brachiocephalic artery
DHCA = deep hypothermic circulatory arrest

LCCA = left common carotid artery
LSA = left subclavian artery
RCP = retrograde cerebral perfusion

TEVAR = thoracic endovascular aortic repair

arch pathologies were operated using open stent-grafting technique in 2 cen-
ters (Osaka University Hospital, Osaka General Medical Center). Among
them, 69 consecutive operations after April 2004 were the second-genera-
tion branched open stent-grafting technique. Informed consent was required
in each case. The mean patient age was 66.2 years (range, 33-85 years), and
preoperative comorbidities of the patients are listed in Table 1. The opera-
tion was performed for 36 (52.2%) degenerative/atherosclerotic aneurysms
and 33 (47.8%) aortic dissections, including 13 (18.8%) emergency status
(6 ruptured aneurysms and 7 acute type A dissections).

The selection criteria for branched open stent grafting were aortic arch/
proximal descending aortic aneurysm and aortic dissections that necessi-
tated aortic arch replacement to close the primary intimal tear. All these aor-
tic pathologies were excluded from indication for thoracic endovascular
aortic repair (TEVAR), mostly because an adequate proximal landing
zone was not provided even by covering the left subclavian artery. Regard-
ing the patient’s condition (eg, instability, age, or comorbidities), inclusion
criteria were the same as that of conventional ascending aortic repair. The
aortic characteristics are listed in Table 2, and the specifics are indicated
as follows.

Type A dissection. In acute (within 14 days from onset) type A dis-
section, we selected hemiarch repair or total arch repair with branched open
stent-grafting technique to accomplish complete resection of the intimal
tear. Patients in all 7 cases of branched open stent grafting had intimal tears
in the aortic arch, which were unable to be resected by hemiarch replace-
ment. Six patients with chronic type A dissection were operated with the
branched open stent-grafting technique; all of these were redo cases (status
of post-ascending aortic replacement/aortic root replacement in acute
phase).

Type B dissection. Al type B dissections had complicated status,
which had been the indication for primary intimal tear closure (eg, aneurys-
mal enlargement of false lumen, malperfusion, intractable pain). In our in-
stitution, when proximal sealing was adequate, TEVAR with or without
subclavian coverage was the first choice to close the intimal tear. When
proximal sealing was not adequate (eg, tight arch angulation, aneurysmal di-
latation of the arch), arch replacement with the branched open stent-grafting
technique was performed. In this period, primary entry closure of type B dis-
section was performed by TEVAR in 28 cases and by branched open stent
grafting in 20 cases.

Degenerative/atheroscleritic aneurysm. These aneurysms
were also excluded from indication for TEVAR with cervical debranching
because of lack of adequate proximal landing zone. In patients with ex-
tended aortic aneurysms (involving aortic arch and descending thoracic
aorta more distally than 10 cm from left subclavian artery), 2-stage repair
was performed (branched open stent grafting with distal flotage and delayed
aneurysm exclusion, with extensional TEVAR in the next day).

Description of the Device

TABLE 1. Preoperative patient profiles

Demographic
Gender
Male 55
Female 14
Age (y)

Mean 66.2
Range 33-85
Marfan syndrome 3 (4.3%)

Preoperative complications
Stroke 7 (10.1%)
Spinal cord injury 2 (2.9%)
Coronary artery disease 10 (14.5%)
Chronic obstructive pulmonary disease 2 (2.9%)
Chronic renal failure (creatinine > 2.0 mg/dL) 7 (10.1%)
Hepatic failure 2 (2.9%)
Iliac artery malperfusion 3(4.3%)

Cook Europe A/S, Bjaeverskov, Denmark) for the main body and a Palmatz
stent (Cordis Endovascular Systems, Miami Lakes, Fla) for cervical
branches (Figure 1). The main body was composed of a suturing portion
and a stented portion, and cormresponding to the number of reconstructing
cervical artery, 1 to 3 branches were attached. Normally, 2 branches (left
subclavian artery [LSA] branch, left common carotid artery {LCCA]
branch) were attached. The size of each part was determined by the measur-
ing results using preoperative 3-dimensional computed tomography
(3DCT). The diameter of each landing zone (descending thoracic aorta
and cervical arteries) was calculated by tracing the intimal circumference,
and an oversized graft (10%—15% in aneurysms, 5%-10% in dissections)
was selected. The length of each part and distance between the branches
were also designed according to 3DCT measurement. The stented portion
of the main body was composed of self-expandable Giantruco Z stent and
mounted on a balloon catheter (20F Silicon nephrostomy balloon catheter)
with restraining silk string. The branches involved the Palmatz stent, and
these were fixed on a balloon catheter (Powerflex, Cordis endovascular Sys-
tem; Figure 2). Assembly of the stent graft and preparation for insertion
(mounting to the balloon catheter) were performed at the side table in

TABLE 2. Aortic characteristics

Pathology
Aneurysm 36 (52.2%)
Atherosclerosis 35
Aortitis 1
Dissection 33 (47.8%)
Type A 13
Acute 7
Chronic 6
Type B 20
Acute 5
Chronic 15
Diameter of aneurysm (mm) 61.2 4+ 10.6

Status of operation

Emergency 13 (18.8%)
Rupture 6
Acute type A dissection 7

History of aortic repair

. L . Ascending/aortic root 7 (10.1%)
The branched endoprosthesis used in this study was a homemade device. . .
. N Descending/thoracoabdominal 4 (5.7%)
It was made of a noncoated polyester fabric graft (main body: WSL graft, Abdominal by
cervical branch: WST graft; Ube, Japan) with Gianturco stent (William omin 7(10.1%)
The Journal of Thoracic and Cardiovascular Surgery * Volume 138, Number 1 47
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FIGURE 1. A, Whole image of the branched endoprosthesis, made up of a main body and cervical branches. B, The cervical branch is composed of a bal-
loon-expandable stent. C, Stented portion of the main body. It is composed of self-expandable Z stent.

parallel with surgery. It could be completed within about 60 minutes, which
was shorter than the time to establish deep hypothermic circulatory arrest at
20°C.

Surgery

After endotracheal intubation with a single lumen tube, the patient was
positioned on the operating table in supine position with the right arm ab-
ducted on an armrest. The left arm was secured at the side, with rotation out-
ward to expose the brachial artery. The left brachial artery was isolated with
small incision, and a sheath introducer (Radiforcus introducer If, 5F, 10 cm;
Terumo, Japan) was cannulated. The femoral artery was also cannulated by
puncture with the same sheath introducer, and after administering heparin
(100 U/kg), guide wires (0.035 inches, 260 cm, Radifocus guide wire)
were advanced through these sheath introducers to the ascending aorta un-
der the guide of fluorescopy. Arterial pressure monitoring was also per-
formed with these sheath introducers.

A median sternotomy was made, and the pericardial space was entered.
Heparin (300 U/kg) was then administered. The right axillary artery and
femoral artery contralateral to the sheath introducer were isolated and can-
nulated with a 16F or 18F cannula for blood retumn. Both venae cavae were

cannulated separately through the right atrium, and cardiopulmonary bypass
was established with right axillary artery perfusion. Perfusion cooling was
initiated to bladder temperature of 20°C; the ascending aorta, brachioce-
phalic artery (BCA), and predetermined aortic incision line between BCA
and LCCA were exposed.

In distal arch repair, with circulation arrest at bladder temperature of
20°C, aortic transection was made between the BCA and LCCA. Cardiople-
gic solution was administered antegradely using a balloon catheter. The
guide wires from the femoral artery and left brachial artery were pulled
out from aortic transection and led into the balloon catheter of the stent
graft’s main body and LSA branch, respectively. After inserting the
branched endoprosthesis carefully, the LSA branch and LCCA branch
were deployed by inflating the Powerfelx (Cordis Endovascular System)
balloon with inflation device (8 atm, 5 seconds). Next, the main body was
deployed by releasing the restraining silk string, and the stented portion
was dilated with the balloon catheter to confirm the full opening of the stent
graft. The suturing portion of the main body was trimmed and sutured to the
transected aorta in inclusion fashion with continuous 3—0 polypropylene su-
ture. Before finishing the suture, to flush out the air and debris in the cervical
branches, retrograde cerebral perfusion (RCP) through the superior vena

FIGURE 2. Delivery system. A, The stented portion of the main body is restrained with a siltk string. B, The cervical branch is mounted on a balloon catheter.

C, Whole image of the delivery system.

48 The Journal of Thoracic and Cardiovascular Surgery « July 2009

—107—



Shimamura et al

Acquired Cardiovascular Disease

TABLE 3. Device size

Average Range

Main body

Diameter (mm) 299+ 59 2040

Length (mm) 92 + 18 75145
Cervical branch diameter

LSA 11.5+ 1.1 8-14

LCCA 100+ 1.0 8-12

BCA 13.0+ 1.1 12-14

LSA, Left subclavian artery; LCCA, left common carotid artery; BCA, brachiocephalic
artery.

caval cannula was initiated for 2 to 3 minutes at a flow of 600 to 900 mL/
min, maintaining a central venous pressure of less than 25 mm Hg. RCP
was also used when deep hypothermic circulatory arrest (DHCA) time ex-
ceeded more than 30 minutes. Then the descending thoracic aorta was
flushed out by femoral blood return at a flow of 500 to 1000 mL/min for
less than a minute, and finally antegrade reperfusion by axillary blood return
was restarted.

In total arch repair, the ascending aorta and the root of the BCA were re-
sected at the beginning of DHCA. After inserting the endoprosthesis, the su-
turing portion of the main body was sutured to the transected stump of the
aorta with buttressing Teflon felt, and subsequently continuous anastomosis
to a woven Dacron graft with 2 side branches (UBE Shield graft, UBE,
Japan) was made.

Rewarming was initiated to rectal temperature of 35°C, and during this
period, reconstruction of the BCA and proximal suture of the ascending aor-
tic replacement were performed in total arch repair. Hemostasis was af-
fected, and the patient was weaned from cardiopulmonary bypass.

Statistical Analysis

All data were reviewed retrospectively. Continuous variables are ex-
pressed as mean + standard deviations and categorical variables as percent-
ages. Survival and freedom from endoleaks and from aortic intervention
were estimated by the Kaplan-Meier method. Data analysis was performed
using SPSS 11.0 for windows (SPSS Inc, Chicago, IiI).

RESULTS
Operative Records

In this series, 41 (59.4%) total arch repairs and 28
(40.6%) distal arch repairs were performed. Nine (13.0%)
patients required 2-stage repair. Other concomitant proce-
dures included 2 (2.9%) aortic root replacements, 4
(5.8%) coronary artery bypass grafts, 4 (5.8%) tricuspid
valvoplasties, 1 (1.4%) mitral valve replacements.

The branched endoprosthesis had 1 branch in 14 (20.3%)
patients, 2 branches in 51 (73.9%), and 3 branches in 4
(5.8%). The size data of the device are listed in Table 3. A
total of 124 cervical branches (1.79/case) were inserted,
and 121 (97.6%) of them were successful. There were 3
(2.4%) branch insertion failures: 1 LSA branch slipped out
from the orifice of LSA, 1 LSA branch did not fully open,
and 1 LCCA branch was obstructed by unintended involve-
ment to the aortic inclusion anastomosis. The 2 cases of failed
LSA branch insertion required bypass grafting to LSA.

The overall average operation time was 417 minutes. In
distal arch repair, operation time was shortened to an aver-
age 325 minutes (shortest time: 191 minutes). The mean du-

ration of DHCA including terminal RCP was 36 =+ 4 minutes
(range 26—49 minutes).

Mortality and Morbidity

Operative mortality within 30 days was 3/69 (4.3%). The
causes of deaths were | multiorgan failure, 1 acute subdural
hematoma by accidental in-hospital fall over injury, and 1
massive progression of unfounded rectal cancer. There
were 2 other hospital deaths (overall in-hospital mortality
5/69 [7.2%]); 1 was secondary aortoesophageal fistula and
the other was drug-induced thrombotic thrombocytopenic
purpura. The aortoesophageal fistula had occurred in a 67-
year-old man who presented rapid expansion (>60 mm) of
subacute type B dissection. The true lumen of the lower de-
scending aorta was severely compressed, and as a conse-
quence, malperfusion of the lower extremity and hepatic
failure were observed. To repair the whole descending aorta,
we planned to perform distal arch repair with branched open
stent grafting and secondary TEVAR with visceral de-
branching for thoracoabdominal lesion. The postoperative
course of the distal arch repair was uneventful; however,
the thoracoabdominal aorta ruptured while waiting for the
next surgery, and fatal aortoesophageal fistula developed.

Postoperative complications include 4 (5.8%) strokes, 2
(2.9%) spinal cord ischemias, 2 (2.9%) acute renal failures,
2 (2.9%) tracheotomies, 2 (2.9%) reexplorations for bleed-
ing. Among 4 strokes, 2 were small multiple infarctions in
both cerebral hemispheres in degenerative aneurysms with
massive mural thrombosis. One was in the cerebellar hemi-
sphere, and this patient also had severe mural thrombosis.
One was observed in a patient with acute type A dissection
with dissecting left subclavian artery, which showed in-
farcted left posterior cerebral artery lesion.

In our series, there were 7 (10.1%) cases of reoperative to-
tal arch repair and the results were satisfactory; mortality 0%,
stroke 0%, spinal cord ischemia 0%, tracheostomy 0%.

Survival and Aortic Events

In average 20.3-month follow-up (range 1-41 months,
100% completion), there were 2 late deaths: 1 pneumonia
and 1 malignant melanoma. No aorta-related death was ob-
served, and actuarial survival estimates 1, 2,and 3 years after
the procedure were 90.9%, 88.8%, and 88.8%, respec-
tively.

There was no endoleak from the distal end of the main
body, and also no new intimal tear creation by the edge of
the stent graft. Four patients having dissection (3 chronic
dissections and 1 acute dissection with Marfan syndrome)
required intervention to control other intimal tears in the re-
maining dissected aorta (3 TEVAR of descending/thora-
coabdominal aorta and 1 graft replacement of abdominal
aorta). No patient with degenerative aneurysm required in-
tervention for aortic pathology. The freedom from aortic

The Journal of Thoracic and Cardiovascular Surgery * Volume 138, Number 1 49

—108—




Acquired Cardiovascular Disease

Shimamura et al

FIGURE 3. Distal arch repair with branched open stent-grafting technique.

intervention was 95.6%, 92.8%, 87.4% at 1, 2, and 3 years,
respectively.

There were 8 (6.4%/branch, 11.6%/case) cervical branch
events. Six showed endoleak from the distal end of cervical
branches (5 in the LSA branch and 1 in the LCCA branch);
however, all 6 patients underwent additional endovascular re-
pair successfully (endovascular repair success: 6/6 [100%]).
The freedom from endoleaks was 92.0%, 92.0%, and
84.4% at 1, 2, and 3 years, respectively. The remaining 2 pa-
tients had stenosis at the edge of LSA branch. One patient de-
veloped hypotension and coldness of left arm, so endovascular
repair with bare stent was performed.

DISCUSSION

The branched open stent-grafting technique is an evolu-
tionary hybrid aortic arch repair procedure that combines
conventional aortic surgery and endovascular repair with
branched endoprosthesis.

The outstanding point is that the branched open stent-
grafting technique provides total arch repair without
performing direct surgical reconstruction of the descending
thoracic aorta and cervical branches. The distal aortic inci-
sion line is almost the same as in the hemiarch repair, and
the branched endoprosthesis completes arch repair within
an acceptably short interval of DHCA. In our series, all
the maneuvers (insertion of the branched endoprosthesis, de-

ployment, balloon attachment, inclusion anastomosis of the
suturing portion and terminal RCP) took on average 36 min-
utes of DHCA. Terminal RCP was performed when DHCA
time exceeded more than 30 minutes, which was also per-
formed with the intention to eliminate debris and air in the
cervical branches. We believe the duration of DHCA and ad-
dition of RCP was appropriate for brain protection,™’ and
satisfactory results were achieved. In our series, the rate of
stroke was 5.8%, which is acceptable when compared
with previous arch replacement series reporting 3.0% to
7.0%.51

The branched open stent-grafting technique is best indi-
cated in total arch repair for acute type A aortic dissection
with intimal tear in the transverse arch or proximal descend-
ing aorta. It is emphasized that intimal tear resection is man-
datory for better long-term results'>'?; however, whether to
include transverse arch in surgical resection in the acute set-
ting is a long-lasting issue.'* This means the increment of
risk and complexity could be larger than that of benefit if
the surgeon selects conventional total arch repair instead
of hemiarch repair.

Our results suggested that the branched open stent-graft-
ing technique could reduce the risk and technical difficulties
of total arch repair to close to those of the hemiarch repair,
although further controlled trials would be necessary to
prove it. Also, excellent clotting formation of the false lumen
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FIGURE 4. Total arch repair with branched open stent-grafting technique.
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FIGURE 5. Freedom from endoleaks.

in descending thoracic aorta is expected. In this series, all
7 acute type A dissections showed complete thrombus for-
mation in the false lumen at the level of stent graft distal
edge; this result would be compatible with that of first-gen-
eration open stent grafting.>

Another good situation for the branched open stent-graft-
ing technique is reoperative total ach repair. Operation of an
enlarged residual dissection in the aortic arch after graft
replacement of acute ascending aortic dissection is a for-
midable situation. Tight adhesion makes all the maneuvers
(exposure, suture) in conventional aortic arch repair very dif-
ficult and subsequently has high mortality.'> However, the
branched open stent-grafting technique requires only me-
dian sternotomy, exposure of right atrium for establishment
of cardiopulmonary bypass, and exposure of distal anasto-
mosis site of the ascending aortic graft. Arch repair can be
completed by inserting the branched endoprosthesis from
the opened distal anastomosis site of the ascending graft dur-
ing DHCA. Our results in reoperative cases were excellent,
which suggests that branched open stent grafting can be
a very attractive option in this situation.

On the other hand, branch open stent grafting should be
used with discretion for degenerative/atherosclerotic aneu-
rysms that have massive mural thrombosis around the cervi-
cal branch orifice. In this series, 3 patients with stroke in
degenerative aneurysms had severe mural thrombosis in
the ascending aorta and transverse arch. We think the tech-
nical advantage to prevent embolic events in this operation
is to use adequate terminal RCP to eliminate embolic agents
from cervical branches.

Cervical branch event would be a topic of discussion in
comparison with conventional total arch repair. There
were a total of 6 cervical branch endoleaks, and 5 of them
were from the LSA branch. The LSA tend to have angula-
tion, and its orifice is further than the LCCA from the aortic
transection line, so it was technically not easy to insert the

LSA branch. However, insertion became easier by using
the guide wire, a minor modification of the device, and our
learning. Also, it was not difficult to make additional endo-
vascular repair when endoleaks were detected, and actually
all endoleaks of the cervical branches were treated success-
fully by endovascular repair in this series.

The LSA is an important blood supply source not only of
posterior cerebral circulation through the vertebral artery but
also of anterior spinal circulation.'®'” This would mean that
sacrifice of the LSA could raise the risk of spinal cord injury,
so we think LSA branch reconstruction during circulatory
arrest is important.

There was no cervical branch occlusion in our study, but 2
stenoses were observed (2/124 [1.6%]). One was repaired in
endovascular fashion. Of course, further observation is man-
datory to argue about the patency of these cervical branches;
it is expected to be satisfactory because simple endovascular
stenting for cervical branch provides satisfactory patency
(LSA stenting, 72%-89%/5 years'®'? carotid stenting,
84%/4 years®®), even in stenotic/obstructive pathologies.

Total endovascular arch repair with branched/fenestrated
stent graft or TEVAR with arch debranching®' would be
another option to repair aortic arch pathologies. These can
be performed off-pump, so would be less invasive than
branched open stent grafting. We also performed these pro-
cedures in high-risk patients for cardiopulmonary bypass
surgery. However, there were several problems. First was
how to achieve proximal sealing. Aortic arch disease is often
associated with diseased (dissected or atheromatously
changed) ascending aorta, which is then not appropriate
for use as a proximal landing zone. Second was how to pre-
vent embolism in the cervical/cerebral artery. Protection
methods such as using temporary balloon occlusion or using
a filter protection device would be necessary; however, these
technique are still not established in TEVAR.

Total arch replacement with branched open stent-grafting
technique uses surgical graft replacement of the ascending
aorta and direct anastomosis to secure proximal sealing and cir-
culatory arrest with retrograde cerebral perfusion to prevent ce-
rebral embolism. These methods are well established and time
tested, so we believe branched open stent grafting has an ad-
vantage over totally endovascular arch repair with branched/
fenestrated stent graft or TEVAR with arch debranching.

This study was a retrospective cohort study and the lack of
concurrent control group restricts direct comparison with
conventional total arch replacement. In order to elucidate
the precise advantage of this technique, prospective case-
control study would be required.

In conclusion, the branched open stent-grafting technique
is an effective hybrid procedure using branched endopros-
thesis to complete aortic arch repair, and it provides satisfac-
tory early results. In the midterm, cervical branch events are
observed; however, these are successfully treated with addi-
tional endovascular repair. This technique could be an very
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attractive alternative to conventional aortic arch surgery, es-
pecially for aortic dissections.
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Discussion

Dr Heinz G. Jakob (Essen, Germany). I would like to congrat-
ulate Dr Shimamura and colleagues from Osaka for a great idea to
facilitate and to horten aortic arch surgery by refining their own
method of open stent grafting of the distal arch and the descending
aorta, already published in the mid 1990s. Dr Kato’s work certainly
influenced my group as well as other European and probably Amer-
ican groups in adopting the principle of combining classical surgi-
cal methods with evolving interventional technologies to reduce the
surgical dimension on one side but to simultaneously gain the treat-
ment option for the descending aorta. Again, it is your group who
demonstrates durability and low reintervention rates long term for
this first-generation approach.

The inclusion of cervical branches into this concept seems log-
ical, and you demonstrate how to securely place your main body
graft as well as the left subclavian artery graft using a 2-wire guid-
ing technique to guarantee landing within the true lumen in aortic
dissection and to overcome kinking of the proximal subclavian ar-
tery. The procedural success rate of over 97% is impressive, as is
your hospital mortality of 7.2% and your stroke rate of 5.8%, espe-
cially in light of the mean age of 66 years of your patient popula-
tion. In addition, no aorta-related deaths occurred during a mean
follow-up of 20 months, and reported survival is 88% at 3 years.
I have 3 questions for you.

First, the construction of your ‘‘homemade’’ branch stent graft
has to be done based on 3-D computed axial tomographic scan mea-
surements and probably takes 30 minutes or more, either before
surgery or at an early stage of the operation. What are you doing
in the very acute situation of acute type A aortic dissection, for ex-
ample, with pericardial tamponade? Can you use this method in this
situation, too?

Dr Shimamura (Osaka, Japan). Thank you for your very im-
portant question. I think we can use this technique even in that sit-
uation, because the insertion of the branched endoprosthesis is
provided after establishing deep hypothermic circulatory arrest,
and it required about 30 or 40 minutes to achieve core cooling to
20°C in the blood temperature. During this time we can make the
stent graft in the side dish, and it is possible to do this procedure
even in such a situation, I think so.

Dr Jakob. You state in your article that you don’t oversize be-
yond 10% to 15% when designing the stent-graft dimension, and
you are applying 8 atm balloon pressure over 5 seconds to deploy
the cervical stent grafts. Is it the same balloon pressure in the de-
scending aortic true lumen, and what about back bleeding during
the reperfusion period and early after discontinuation of extracor-
poreal circulation, especially when you have tears in the aortic
arch?

Dr Shimamura. We use a self-expandable type of stent for the
main body. So we do not inflate at such a high pressure for the de-
scending thoracic aorta, We only use the spontaneous opening of
the self-expandable stent. In dissections, we insert very carefully
and avoid the neointimal tear creation by overinflating. And we
use the balloon-expandable stents for the cervical branch. Only in
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the cervical branch do we use the inflation device to achieve 8 atm
pressure.

Dr Jakob. So you don’t have back-bleeding problems?

Dr Shimamura. Because we do this procedure during deep hy-
pothermic circulatory arrest, we do not have such a problem doing
this procedure.

Dr Jakob. And not in the reperfusion period either? No bleeding
problems during reperfusion?

Dr Shimamura. Oh, yes.

Dr Jakeb. Probably not.

And a final question. You had 6 cervical endoleaks and 2 steno-
ses, which could be successfully treated by reintervention. You do
not see persistent or distal descending aorta leaks, but you report
freedom from endoleak is 84.4% after 3 years. Could you please ex-
plain this discrepancy?

Dr Shimamura. All the endoleaks were from the cervical
branches, and there were no endoleaks from the distal end of the
main body. All these endoleaks were detected in the primary com-
puted tomography scan, and we think this is related to our technical
immaturity to deliver the stent graft in our early experience.

Dr Jakob. But you state in the article that after 3 years, you have
an 84% freedom from endoleaks. This means that you have 16%
rate of endoleak.

Dr Shimamura. That may be because the number of cases is
only 69 cases, and this is calculated by the Kaplan-Meier
method. So the overall freedom from endoleak is calculated by
that number.

Dr Jakob. Okay. Thank you. I think it is an important contribu-
tion.

Dr Shimamura. Thank you very much for your question.

Dr Jean E. Bachet (Abu Dhabi, United Arab Emirates). I might
fall in the category of the old conservative surgeons denounced this

morning by Marko Turina, but I observed that in your method the
length of the procedure was about 7 hours, that the duration of deep
hypothermic circulatory arrest was also rather long, and that those
lengths are clearly over the lengths observed, at least in my experi-
ence, in straightforward conventional replacement of the aortic
arch. So my question is either naive or provocative, but what are
the advantages of your method as compared with conventional re-
placement of the aortic arch, considering that your follow-up is
quite short, that the procedure is not validated, and that the long-
term outcome is somewhat uncertain?

Dr Shimamura. I think the biggest advantage of this procedure
is that you can complete aortic arch replacement without manipu-
lating distally to the left common carotid artery. So you do not
need to perform anastomosis on a profound lesion, and you do
not have an opportunity to make a recurrent laryngeal nerve injury.
So this is the strongest point of this technique. However, as you
pointed out, this technique should be more sophisticated, because
the average deep hypothermic circulatory time is 36 minutes. So
we have to improve the technique or the device to shorten the
time of circulatory arrest to complete this procedure.

Dr Bachet. I have another question of the same kind. Consider-
ing now that it is highly demonstrated that antegrade selective ce-
rebral perfusion and moderate hypothermia are much better than
deep hypothermic circulatory arrest, why do you stick to this old
technique of cooling down the patient to less than 20°C?

Dr Shimamura. Because to insert the cervical branches under
direct visualization, we do need deep hypothermic circulatory ar-
rest, but we are going to attempt selective cerebral perfusion, as
you mentioned, after opening the cervical branches, and this could
reduce the time of operation by raising the temperature of the circu-
latory arrest.

Dr Bachet. Thank you.
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