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Abstract

Objective Operative mortality and morbidity after thoraco-
abdominal aortic surgery remain high. We report our strat-
egy and outcomes, especially those of spinal cord protection.
Methods Outcomes of 178 patients (age: 26—88 years) who
underwent thoracoabdominal aortic replacement were retro-
spectively analyzed. 65 had aortic dissection, 14 had infected
aneurysms, and 22 presented with rupture. Operations were
non-elective in 24 and redo through re-thoracotomy in 21.
Extent of replacement was Crawford-I in 39, II in 26, III
in 78, and IV in 35. Staged repair was recently preferred,
which resulted in decrease in extent II repair and increase
in redo since 2009. Operations were performed under dis-
tal aortic perfusion and multi-segmental sequential repair
to maximize collateral blood flow, and deep hypothermic
circulatory arrest was preserved for those requiring open
aortic anastomosis (n=20). A total of 166 separate grafts
were used for intercostal reconstruction in 88 patients, which
was guided by preoperative feeding artery localization. Their
patency was studied by postoperative MD-CT in 74 patients
for 145 grafts.

Results There were 3.9% hospital mortality and 5.1%
spinal cord injury. Preoperative feeding artery localization
resulted in reduced number of reconstruction and improved
patency, and grafts connecting to the feeding artery were
patent in 92%. Results of redo operations were not different
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(no mortality and spinal cord injury) from the de novo
operations.

Conclusions Our concept of spinal cord protection, which
was based on selective intercostal reconstruction while max-
imizing spinal cord collateral blood flow, seems justified.

Keywords Thoracoabdominal aortic aneurysm - Spinal
cord protection - Open surgical repair

Introduction

Despite the advance in cardiovascular surgery, operative
mortality and morbidity after thoracoabdominal aortic sur-
gery remain high. Although Coselli et al. [1] have reported
excellent outcomes in 3309 patients, there were 7.5% opera-
tive deaths, 5.4% permanent ischemic spinal cord injury, and
5.7% permanent renal failure even by this most experienced
group. In the 2014 annual nationwide survey by the Japanese
Association for Thoracic Surgery [2], there were 633 thora-
coabdominal aortic operations in Japan, with 10.7% hospital
mortality rate. To improve the outcomes, reducing blood
loss and protecting vital organs, especially the spinal cord,
are pivotal. We report our strategy and outcomes of open
surgical repair for the thoracoabdominal aortic aneurysms.

Subjects and methods

Outcomes of 178 patients who underwent thoracoabdominal
aortic replacement under supervision of the first author at
two institutions (August 1994-January 2009 at Hokkaido
University Hospital, n =132, and March 2009-May 2017
at Hamamatsu University Hospital, n =46) were retrospec-
tively reviewed. There were 125 men and 53 women, with
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the age ranging from 26 to 88 (median 70) years. 65 had aor-
tic dissection, 14 had infected aneurysms, and 22 presented
with rupture. Operations were non-elective in 24. 75 patients
had a history of the previous aortic operation; ascending
aorta to aortic arch in 38, descending aorta in 15, thoracic
endovascular aortic repair in two, thoracoabdominal aorta in
six, and infrarenal abdominal aorta in 25. 21 of them under-
went surgery through a re-thoracotomy. Extent of replace-
ment was Crawford-I in 39, II in 26, III in 78 (extensive 41,
localized Safi V 37), and IV in 35.

Operative technique

For the extent I or II repair, pleural cavity was entered
through the fifth intercostal space. Incision was extended
into the fourth interspace dorsally and sixth anteriorly with
division of costal margin at sixth. Recently, axillo-lateral
incision [3] has been introduced instead of posterolateral
thoracotomy to better expose the aortic arch and preserve
the thoracodorsal artery as a potential collateral source to
the spinal cord [4]. Care was taken not to manipulate the
lung during heparinization, and separate bronchial intuba-
tion was used to maintain the left lung deflated until heparin
was reversed. Abdominal aorta was exposed through a total
retroperitoneal approach with circumferential division of
the diaphragm. For reconstruction of the visceral and renal
arteries, a Dacron prosthesis provided with four side-arm
grafts was used.

Circulatory adjuncts

Femoro-femoral partial cardiopulmonary bypass with a
closed-loop circuit incorporating a soft reservoir bag was
used for distal aortic perfusion with reduced heparin dos-
age [5, 6]. Deep hypothermic total cardiopulmonary bypass
was preserved for those requiring open aortic anastomosis
(n=20). Visceral and renal arteries were selectively per-
fused through a side arm of the circuit when necessary.

Spinal cord protection strategy

Neurophysiological monitoring by evoked spinal cord poten-
tials [7] (until January 2009, n=53) or transcranial myo-
genic motor evoked potentials (TC-MEP) (since April 2006,
n=>53), cerebrospinal fluid drainage (CSFD, since August
1996, n=122), and continuous naloxone infusion (1 pg/kg/h,
since April 1999, n=137) was used. Preoperative multi-
detector row computed tomography (MD-CT) to identify
the spinal cord feeding artery was introduced in September
2001 [8], which was available in 116 patients. To maximize
the collateral blood flow during reconstruction of the spinal
cord feeding arteries, site of cross-clamping and sequence
and location of intercostal reconstruction were determined
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preoperatively according to the information of spinal cord
blood supply by MD-CT. The purpose of neurophysiologi-
cal monitoring has thus changed from intraoperative feeding
artery identification [7] to assessment of the adequacy of
collateral blood flow. Maintaining blood flow to the neigh-
boring intercostal arteries was considered mandatory during
reconstruction of a solitary hairpin-shaped feeding artery
[9]. This was achieved by preceding reconstruction of a
proximal intercostal artery by segmental cross-clamping,
while the critical artery was perfused through distal aortic
perfusion [10]. Separate tube grafts were used for intercos-
tal reconstruction in most cases. To improve the patency
of reconstruction, a larger size (12-mm) graft was recently
preferred (Fig. 1). They were sutured to the aortic wall first,
and were connected to the main graft afterward to make its
length shortest. Staged repair, where extent II repair was
converted to the descending thoracic replacement followed
by extent III/IV repair, has been preferred since 2009 to
allow extra-thoracic collateral pathway development [11].

Patency of separate tube graft reconstruction
of the intercostal arteries

A total of 166 intercostal arteries were reconstructed with
the separate tube graft technique in 88 patients. Number of
reconstructed tube grafts per patient was compared between
those with and without preoperative MD-CT for spinal cord

Fig. 1 3D computed tomography showing the patency of a 12-mm
graft for intercostal reconstruction. Note that the diameter to length
ratio of the graft is nearly one, so that vortical flow within the graft is
maintained and reaches the orifice of intercostal artery
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feeding artery localization. Patency of reconstructed inter-
costal arteries was studied by postoperative MD-CT in 74
patients for 145 grafts according to the availability and find-
ings of preoperative MD-CT.

Statistical analysis

Data were presented as mean + standard deviation of the
mean. An IBM SPSS statistics 22 software (IBM Inc., Chi-
cago, IL) was used for all statistical analyses. Pearson’s y*
test was used for comparison of nominal variables and ¢ test
for continuous variables. A p value less than 0.05 was con-
sidered significant.

Results

One patient (0.6%) died within 30 days after surgery due
to rupture of a remote penetrating ulcer. Six other patients
died during their hospital stay with a hospital mortality rate
of 3.9% (7/178). Three of them had infected aneurysms,
developed paraplegia, and the cause of death was infection.
Ischemic spinal cord injury occurred in nine patients (5.1%)
and all of them were immediate. Four of them were para-
plegia (2.2%), and all these four had infected aneurysms,
including the three who died in the hospital. No surviving
patient required new postoperative permanent hemodialysis.

Since the introduction of staged repair strategy in 2009,
extent II repair has become rare (n=1/46), while completion
of entire thoracoabdominal aortic replacement after previ-
ous descending thoracic aortic replacement has increased
from 5/132 to 6/46 (p =0.025). Homologous transfusion
was not required in 37% in the latter period. Results of the
downstream operations after previous descending thoracic
replacement were not different (no mortality, no spinal cord
injury) from the de novo operation.

different (Table 1). Patency was 92% for the feeding arteries,
which was better than that in patients without preoperative
information (Table 2).

Discussion

Since the introduction of collateral network concept by
Griepp et al. [12], the main focus of spinal cord protection
during aortic surgery has moved from identification and
reconstruction of the spinal cord feeding arteries to maxi-
mizing collateral blood flow. Indeed, Acher et al. [13] have
already reported excellent results in their pioneering work
in the 1990s using rapid intercostal closure to avoid steal
phenomenon, continuous naloxone infusion and CSFD. The
lower incidence of spinal cord injury after thoracic endovas-
cular aortic repair (TEVAR) may also support this concept,
because no intercostal artery is reattached during TEVAR,
but pulsatile blood flow, which is proved important in main-
taining collateral pressure [14], is maintained throughout
the procedure both proximally and distally to the repair site.

Without intercostal reconstruction, however, delayed
onset injury is a problem, which accounts for 85% of para-
plegia in a series by Etz et al. [15] and is due to reduced flow
reserve that lasts for 72 h in their experimental model [16].
This is why maintenance of high blood pressure and CSFD
for 72 h after surgery is generally recommended. The most
effective method to maintain flow reserve, however, is inter-
costal reconstruction. The present result with no delayed
onset injury supports this concept. Risk of immediate injury
due to extra time of aortic cross-clamping for intercostal

Table 2 Patency of separate tube graft reconstruction of the intercos-
tal arteries according to the availability and findings of preoperative
spinal cord feeding artery localization

MD-CT finding Patency
Patency of reconstructed intercostal arteries - - -

Arteries feeding the spinal cord 92% (23/25)

. . Arteri lated to spinal cord blood 1 6 24,
Overall patency of separate graft reconstruction of intercos- Fr Zr.les unretate (:1 Spl? dcor 00C SUPPYY 723 (12ﬁ2)
. . . t t ident

tal arteries was 70%. Introduction of preoperative MD-CT Nfg zlf artety n;) bll entifie 61‘; (42/69)
for identification of the feeding artery resulted in reduced ~C 7 notavatiable b )
number of intercostal reconstruction and improved patency, =~ MD-CT multi-detector row computed tomography
so that the number of patent arteries per patient was not  p=0.034
Table 1 Number and MD-CT for feeding artery localization Not available Available P value
patency of separate tube graft
reconstruction of the intercostal Number of aortic segments repaired 9.3+3.6 9.6+2.7 0.681
arte.rles. gccordmg to the. Number of reconstructed grafts 24+1.2 1.6+0.7 0.001
availability of preoperative
spinal cord feeding artery Number of patent grafts 1.6+1.1 1.2+0.8 0.127
localization Patency 61% (42/69) 78% (59/76) 0.028

MD-CT multi-detector row computed tomography
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Fig. 2 Proposed model of Subclavian Intercostal Internal iliac
spinal cord blood supply. A
model of three tanks connected ﬁ?a' D v, lj?-—a‘ / Continuous flow through
through a narrow canal can g Iy . . -
explain why distal aortic perfu- ,'? )" ,?ﬂ‘ i Distal aortic perfusion
sion is frequently insufficient
despite high blood pressure and
cerebrospinal fluid drainage
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reconstruction should then be weighed against the risk of
delayed onset injury. Our concept is to use the collateral
network to avoid ischemia during intercostal reconstruction.

The presence of rich collateral network has already been
reported back in 1980 [17], but the efforts to maximize col-
lateral blood flow by the use of distal aortic perfusion, CSFD
and meticulous control of back-bleeding did not reduce the
incidence of paralysis until recently. This may be explained
by the anatomy of spinal cord blood supply. Svensson et al.
[18] have reported that narrowing of the anterior spinal
artery just above its junction with the hairpin-shaped great
radicular artery prevent the blood flow of lower thoracic
spinal cord from being increased by distal aortic perfusion.
This means that anatomy of spinal cord blood supply cannot
be explained by the commonly used single water tank model
in most cases in which a solitary hairpin-shaped spinal cord
feeding artery is present, but may better be explained by
the model of three tanks connected through a narrow canal
(Fig. 2). Collateral blood flow through the paraspinous net-
work may frequently be insufficient despite CSFD and back-
bleeding control, because distal aortic perfusion is usually
non-pulsatile and low pressure. Therefore, spinal cord injury
may develop when aortic cross-clamping is prolonged.

To overcome this, we Japanese surgeons have focused on
the communication between neighboring intercostal arteries
as an effective collateral source even through non-pulsatile
low-pressure perfusion. We started using the multi-segmen-
tal sequential intercostal reconstruction to maintain blood
flow to the neighboring intercostal arteries during recon-
struction of a supposed feeding artery [10], which was based
on the finding that no spinal cord injury occurred when two
or less segments were clamped simultaneously [19]. In our
previous study [10], introduction of this technique resulted
in decreased incidence of intraoperatively detected spinal
cord ischemia from 90 to 27% in 43 extent I or II repair.
In addition, we [9] have also reported that, among the 30
patients in whom a feeding artery was involved in the extent
of repair, neurological monitoring detected ischemia in 11
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(37%), and blocking back-bleeding was effective in reversing
ischemia in eight of them, which means that collateral flow
was not sufficient in only 10% (3/30) in this strategy.

In the multi-segmental sequential repair technique, inter-
costal reconstruction with the patch technique is difficult
because of the proximity of the distal clamp, and separate
tube grafts have preferably been used. In this technique,
patency has always been a concern. In the present study,
although overall patency was low, 92% of the grafts con-
necting to the feeding artery remained patent, and occlu-
sion of the graft did not result in paralysis. Higher patency
for the feeding artery may be explained by higher flow. Of
course, this result is biased, because greater care was taken
in reconstructing those connecting to the feeding artery.
Nevertheless, it shows that carefully reconstructed grafts
connecting to the spinal cord feeders remain patent in most
cases, and occlusion of the unnecessary grafts does not lead
to paralysis.

Conclusions

Our strategy for open thoracoabdominal aortic aneurysm
repair has been successful in achieving reduced mortality
and morbidity. The concept of spinal cord protection, which
was based on selective intercostal reconstruction while max-
imizing spinal cord collateral blood flow, seems justified.
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