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Abstract

Objectives: Despite continuous advancements in the surgical treatments for
thoracoabdominal aortic aneurysms (TAAA), paraplegia remains a devastat-
ing treatment-related complication. We aimed to summarize our experience
with a novel surgical strategy involving maintenance of high blood pressure
and early establishment of pulsatile blood flow to the spinal cord. Materials
and Methods: Between August 2011 and October 2017, 29 patients (age, 67
12 years) underwent open surgery for TAAA. According to the Crawford
classification, two aneurysms were type I, eight were type II, 12 were type III,
and seven were type IV. We used partial cardiopulmonary bypass under mild
hypothermia in all patients except one. By maintaining distal aortic perfusion
pressure at 60 - 80 mmHg and creating the distal aortic anastomosis before
visceral branch reconstruction, we established early perfusion of the hypogas-
tric arteries with native pulsatile flow. Intraoperative spinal monitoring and
cerebrospinal fluid drainage were performed in 26 (90%) and 23 (79%) pa-
tients, respectively. Nineteen patients (66%) underwent reconstruction of the
intercostal arteries. During perioperative management, the mean arterial
pressure was kept >80 mmHg. Results: No in-hospital deaths or acute neu-
rological complications occurred. One patient (3.4%) experienced delayed
temporal paraplegia. During follow-up, aorta-related death occurred in only
one patient, who developed prosthetic vascular graft infection but did not
undergo repeat graft replacement. The 3-year freedom from aortic-related
death was 95%. Conclusion: Our surgical strategy involving maintenance of
high blood pressure and early establishment of pulsatile flow to the spinal
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cord was effective in preventing spinal cord injury following open surgery for
TAAA.
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1. Introduction

Despite the rapid progress in the field of endovascular surgery, open surgery re-
mains the standard treatment for thoracoabdominal aortic aneurysms (TAAAs)
[1]. However, surgical TAAA repair continues to pose a substantial risk of severe
treatment-related complications such as spinal cord injury (SCI), renal failure,
gastrointestinal problems, and stroke [2]. Furthermore, the rate of improvement
in surgical equipment for TAAA repair may be delayed because the incidence of
TAAAs is much lower than that of other aneurysms [2]. Therefore, it is desirable
to develop a dedicated TAAA repair technique that takes advantage of current
technologies and yet provides acceptable outcomes.

SCI is one of the most serious complications of TAAA surgery, severely af-
fecting prognosis and quality of life. Although many preventive and therapeutic
approaches have been proposed [3]-[15], the risk of SCI-related paraplegia can-
not be fully eliminated because its underlying mechanism is multifactorial. Some
clinical and experimental reports have suggested that augmentation of systemic
blood pressure during spinal cord ischemia increases spinal cord blood flow and
decreases the risk of postoperative neurologic complications [16] [17] [18]. Dis-
tal aortic perfusion is widely expected to be helpful for increasing blood flow be-
cause it can exploit the rich collateral network present in most patients. Howev-
er, distal aortic perfusion is usually non-pulsatile and of low pressure, which di-
minishes its usefulness for improving spinal cord perfusion [19]. Moreover, SCI
may develop when aortic cross-clamping is prolonged [15]. Therefore, to reduce
the risk of postoperative paraplegia, it is desirable to minimize spinal cord
ischemia during TAAA repair.

In 2011, we adopted a new surgical strategy for TAAA repair, which included
maintenance of high blood pressure and early establishment of pulsatile blood
flow to the spinal cord. In this study, we aimed to summarize our experience
with this new surgical strategy for TAAA repair, with specific focus on safety

outcomes.

2. Materials and Methods
2.1. Patients

We retrospectively analyzed the records of all patients (n = 29) who underwent

open surgery for TAAA at Miyazaki University Hospital between August 2011
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and October 2017. The Institutional Review Board of Miyazaki University
Hospital approved this study and waived the requirement for informed con-
sent for participation on account of the retrospective nature of the study. Gen-
eral informed consent for undergoing the recommended interventions and in-
vestigations was obtained from each patient before surgery. In our hospital,
TAAA patients were indicated for open surgery if they had non-dissecting
aneurysm with a maximum diameter of >60 mm, dissecting aneurysm with a
maximum diameter of >55 mm, infected aneurysm, or rapidly enlarging

aneurysm.

2.2. Surgical Procedures

Using a retroperitoneal approach, the entire thoracoabdominal aorta was ex-
posed through the left fifth or sixth intercostal space. Cardiopulmonary bypass
(CPB) was established through a femoral arterial cannula and a femoral venous
cannula. Twenty-eight patients received partial CPB under mild hypothermia
(rectal temperature, 32°C - 34°C), whereas the remaining patient received total
CPB under deep hypothermia (nasopharyngeal temperature, 20°C) because the
distal aortic arch could not be adequately clamped. Following heparinization, the
left lung was deflated as much as possible to prevent pulmonary hemorrhage due
to manipulation of the lungs.

Figure 1 illustrates the novel surgical technique used in our hospital. Under
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Figure 1. Novel surgical technique aiming to maximize spine perfusion during open sur-
gery for thoracoabdominal aortic aneurysm. (A) The aorta was initially clamped just dis-
tal to the subclavian artery and at the middle of the thoracic segment (descending aorta).
The orifices of the upper intercostal arteries were oversewn. The proximal aorta was
completely transected, and proximal anastomosis to a Dacron graft was created. (B) The
aorta just proximal to the celiac artery was clamped. Balloon-tip catheters were passed
through the orifices of the intercostal and lumbar arteries at T8 to L1, and any patent in-
tercostal and lumbar artery orifices that were relatively large and had poor backflow were
selectively reconstructed according to the relative reduction in evoked potential ampli-
tude on spinal monitoring. (C) The infra-renal portion of the abdominal aorta was
clamped to maintain spinal cord perfusion as much as possible through distal perfusion.
The celiac, superior mesenteric, and renal arteries were perfused selectively. Then, distal
anastomosis was performed, and the lower body was perfused with native pulsatile flow.
FrFrench.
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partial CPB, sequential aortic clamping was performed in the cranio-caudal di-
rection to allow the viscera and intercostal arteries to remain perfused, main-
taining the distal aortic perfusion pressure at 60 - 80 mmHg. The aorta was in-
itially clamped just distal to the subclavian artery and at the middle of the tho-
racic segment (descending aorta). Then, the aorta was incised between the
clamps, and patent upper intercostal arteries were oversewn. The proximal aorta
was completely transected, and proximal anastomosis to a Dacron graft was
created using 4-0 polypropylene sutures with Teflon strip reinforcement (Figure
1(A)).

Next, the aorta was clamped just proximal to the celiac artery, and the lower
thoracic aorta was incised under intraoperative monitoring of spinal cord
ischemia (somatosensory-evoked potential monitoring in patients treated before
2013; motor-evoked potential monitoring in patients treated from 2013 on-
wards). Balloon-tipped catheters were passed through the orifices of the inter-
costal and lumbar arteries (levels T8 through L1) in order to prevent SCI due to
the steal phenomenon. Then, patent intercostal and lumbar artery orifices that
were relatively large and had poor backflow [3], which was true especially in pa-
tients with evoked potential amplitude reduction to <50% of baseline on spinal
monitoring [4] [5], were selectively reconstructed using an 8-mm side graft that
had been previously anastomosed to the main graft at the back table. After com-
pletion of the anastomosis, the graft enabled pulsatile blood flow perfusion to the
spinal cord (Figure 1(B) and Figure 1(C)).

The infra-renal portion of the abdominal aorta was clamped next. Pelvic and
lower limb perfusion was retained as much as possible to maintain spinal cord
perfusion. After the infra-renal portion of the abdominal aorta was opened, se-
lective perfusion of the celiac, superior mesenteric, and renal arteries was
achieved using 8-French balloon-tipped catheters via a side branch from the
main CPB circuit. Upon creation of a distal anastomosis using 4-0 polypropy-
lene sutures with Teflon stripreinforcement, perfusion of the lower body with
native pulsatile flow was achieved, which increased spinal cord perfusion
through the hypogastric arteries (Figure 1(C)). Each visceral and renal artery
was trimmed and reconstructed in an end-to-end manner onto the side branches
of the main graft.

Thereafter, patients with evoked potential amplitude reduction to <50% of
baseline despite increasing blood pressure and/or initiation of cerebrospinal flu-
id drainage (CSFD) underwent additional reconstruction of one or two inter-
costal or lumbar arteries. Intraoperative spinal monitoring and CSFD were per-
formed in 26 (90%) and 23 (79%) patients, respectively.

2.3. Perioperative Management

During perioperative management, the mean arterial pressure was maintained >80
mmHg by regulating vasopressor levels and the intravascular volume. A CSFD
catheter was placed in the lumbar region the day before the surgery, and the ce-

rebrospinal fluid was allowed to drain freely whenever its pressure exceeded 10
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mmHg. CSFD was terminated at 48 - 72 h after surgery if the patient did not ex-
hibit signs of SCI. Two patients with infected aneurysm underwent omentopexy
following aggressive debridement and in situ graft replacement. We did not

identify the Adamkiewicz artery (AKA) preoperatively.

2.4. Follow-Up

All patients were followed up until November 2017. The mean follow-up dura-

tion was 33 * 23 months (range, 1 - 69 months).

2.5. Statistical Analysis

Patient characteristics, operative details, and postoperative outcome data were
obtained from the clinical records. Among postoperative outcomes, we analyzed
in-hospital mortality, early complications including neurological complications,
the patency rate of reconstructed intercostal and lumbar arteries, aorta-related
events, and late outcomes. Continuous variables are expressed as mean + stan-
dard deviation. The overall survival rate and the rate of freedom from aor-
tic-related death rate were calculated using a Kaplan-Meier method that consi-

dered the period between the date of surgery and the most recent follow-up.

3. Results

3.1. Patient Characteristics

Table 1 provides a summary of the preoperative characteristics of the 29 patients
included in this study (age, 67 + 12 years; age range, 35 - 84 years). Three pa-
tients (10%) had Marfan syndrome. According to the Crawford classification,
two (7%) aneurysms were type I, eight (28%) were type II, 12 (41%) were type
II1, and seven (24%) were type IV. In terms of disease etiology, 15 (52%) patients
had atherosclerotic aneurysm, 12 (41%) had dissecting aneurysm, and two (7%)
had infected aneurysm. Seven (24%) patients had undergone prior abdominal
aortic aneurysm (AAA) repair, including one who had also received endovascu-
lar replacement. Both hypogastric arteries were patent in 28 (97%) patients,
whereas only one hypogastric artery was patent in the remaining patient (3%).
No patient underwent emergency surgery for aortic rupture or acute aortic dis-

section.

3.2. Operative Data

Table 2 provides a summary of the operative data. The mean times spent for
CPB, aortic cross-clamping, and surgery were 178 + 67, 112 + 48, and 644 + 157
min, respectively. Nineteen patients (66%) underwent intercostal and lumbar
artery reconstruction, with a total of 35 reconstructed intercostal and lumbar ar-
teries (1.8 £ 0.5 arteries per patient).

Among the 26 patients who underwent intraoperative spinal monitoring, re-
duction of the evoked potential amplitude to <50% of the baselinevalue was de-

tected in 13 patients (50%) (all with motor-evoked potential monitoring). In five
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Table 1. Preoperative characteristics of 29 patients who underwent open surgery for tho-
racoabdominal aortic aneurysm.

Variable
Total number 29
Age, years 67 £ 12
Male sex 21 (70%)
Marfan syndrome 3 (10%)
Diabetes mellitus 3 (11%)
CRF on HD 2 (7%)
Crawford classification
Type I 2 (7%)
Type IT 8 (28%)
Type III 12 (41%)
Type IV 7 (24%)
Etiology
Atherosclerosis 15 (52%)
Dissection 12 (41%)
Infection 2 (7%)
Prior AAA repair 7 (24%)

CRF chronic renal failure, HD hemodialysis, AAA abdominal aortic aneurysm. Data are given as mean *
standard deviation or frequency (percentage), as appropriate.

Table 2. Operative data of 29 patients who underwent open surgery for thoracoabdomin-

al aortic aneurysm.

Variable
CPB time, min 178 £ 67
Aortic cross—clamping time, min 112 + 48
Surgical time, min 644 + 157
Reconstruction of the ICA 19 (66%)
Number of ICA reconstructions 35
Average number of ICA reconstructions per case 1.8+0.5

CPB cardiopulmonary bypass, JCA intercostal artery. Data are given as mean * standard deviation or fre-
quency (percentage), as appropriate.

patients, significant reductions in amplitude occurred during aortic clamping at
T8 to L1. In all patients, the evoked potential amplitude recovered to >50% of
the baseline value as soon as intercostal and lumbar artery reconstruction was
completed and blood pressure was optimized. In eight patients, including two
who received open distal anastomosis because aortic clamping was difficult, sig-
nificant reductions in amplitude occurred at various times. In addition to opti-
mization of blood pressure, initiation of CSFD, and prompt resumption of pelvic
or lower limb perfusion, reconstruction of one or two additional intercostal or
lumbar arteries was performed in five patients, which was effective in restoring
the amplitude of evoked potentials to >50% of the baseline value. One patient

with a history of open repair for AAA required direct suture repair for a duo-
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denal injury.

3.3. Hospital Mortality

No in-hospital deaths occurred among the 29 patients treated during the study
period (Table 3).

3.4. Early Complications

Table 3 provides a summary of postoperative outcomes. No acute neurological
complications such as paraplegia or paraparesis were noted. Delayed paraplegia
occurred in one patient (3.4%). Specifically, a 66-year-old man with a Crawford
type II dissecting aneurysm developed delayed paraplegia on postoperative day 2
because of hypotension and CSFD tube occlusion. The patient had undergone
reconstruction of two intercostal arteries because of a decrease of 250% from the
baseline motor-evoked potential during aortic clamping at T8 to L1. However,
follow-up contrast-enhanced computed tomography (CT) revealed occlusion of
the two reconstructed intercostal arteries. Nevertheless, the patient recovered
spontaneously following blood pressure optimization and reinitiation of CSFD,
regaining the ability to walk independently.

Infectious complications occurred in four patients (13.8%). Wound infection
was noted in three patients, whereas the fourth patient developed peritonitis
with pancreatitis. Chylothorax occurred in three patients (10.3%). One patient
(3.4%) underwent reoperation because of postoperative bleeding. Other compli-
cations such as respiratory failure requiring prolonged mechanical ventilation or

tracheotomy, brain infarction, or renal failure requiring new dialysis did not occur.

3.5. Patency Rate of Reconstructed Intercostal and Lumbar
Arteries

Two of the 19 patients who underwent reconstruction of the intercostal and

Table 3. Postoperative outcomes of open surgery for thoracoabdominal aortic aneurysm.

Variable

In-hospital death, n 0
SCIL n (%) 1(3.4%)

Acute 0
Delayed 1(3.4%)
Reexploration for bleeding, n (%) 1(3.4%)
Chylothorax, n (%) 3 (10.3%)
Infection, n (%) 4 (13.8%)
Wound infection 3 (10.3%)
Peritonitis 1(3.4%)

Respiratory failure requiring new HD, n 0

Brain infarction, n 0

Renal failure, n 0

SCI spinal cord injury, HD hemodialysis.
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lumbar arteries could not undergo contrast-enhanced CT because of postopera-
tive renal dysfunction. Therefore, contrast-enhanced CT was used to evaluate
the early patency rate in 17 patients (31 reconstructed intercostal and lumbar

arteries). The overall patency rate was 35.5% (11/31).

3.6. Aorta-Related Events and Late Outcomes

Table 4 provides a summary of late outcomes. Secondary aortic infection oc-
curred in three patients, each of whom had presented some early postoperative
complications due to wound infection, peritonitis with pancreatitis, or duode-
num injury. Specifically, a 40-year-old man with Marfan syndrome developed
wound infection by Pseudomonas aeruginosa after surgery for a Crawford type
IT TAAA (Figure 2(A)). Open surgical debridement and lavage using saline
were performed, resulting in complete skin closure and discharge on postopera-
tive day 55. However, at 41 months after surgery, the patient presented with
prosthetic vascular graft infection by P. aeruginosa (Figure 2(B)), which was
treated by graft replacement with omental wrapping. A 63-year-old man devel-
oped peritonitis with pancreatitis after surgery for a Crawford type II TAAA.
Necrosectomy combined with open drainage were performed, and the patient
was discharged on postoperative day 249. However, at 40 months after surgery,
the developed a secondary infection at a dilated segment of the abdominal aorta
just below the prosthetic vascular graft. The infected dilated abdominal aorta
was removed, and the patient received extra-anatomic axillary-bifemoral bypass
grafting. Another patient, who had a duodenal injury associated with previous

AAA repair, was discharged but developed a graft-duodenal fistula at 6 months

Table 4. Late outcomes of open surgery for thoracoabdominal aortic aneurysm.

Variable
Secondary aortic infection, n (%) 3 (10.3%)
Planned two-stage surgery, n (%) 3 (10.3%)
Late death, n 3
Aorta-related 1

Figure 2. Representative imaging findings in a 40-year-old man who underwent open
surgery for a Crawford type II thoracoabdominal aortic aneurysm. (A) Computed tomo-
graphy scan showing postoperative subcutaneous abscess (white arrow) extending to the
chest wall after open drainage. (B) Gallium scintigraphys can showing increased uptake
around the graft (arrow).
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after surgery. Due to his poor general medical condition, the patient was treated
conservatively but died of sepsis at 21 months after surgery.

Three (10.3%) patients underwent planned two-stage surgery. Specifically, one
patient had a Crawford type II aneurysm and underwent graft replacement in
the infra-renal abdominal aorta. Another patient had an infected aneurysm and
underwent endovascular repair in the descending thoracic aorta. Finally, a pa-
tient with previous history of open repair for AAA underwent endovascular re-
pair for a false aneurysm in the common iliac artery. Other aorta-related events
such as rupture of a residual aortic aneurysm, unplanned repeat surgery for re-
sidual aortic aneurysm, and infection recurrence after surgery for infected aneu-
rysm did not occur.

Three patients died during the late postoperative period (one aorta-related
death, one cardiac death, and one cancer-related death). Figure 3 illustrates the
curve describing survival free from aorta-related death. The overall survival rate

was 86%, whereas the 3-year rate of freedom from aorta-related death was 95%.

4. Discussion

In TAAA surgery, it is critical to avoid SCI and ischemic damage to the viscera
and kidneys, as such complications severely affect prognosis and quality of life.
Improved results of open repair for TAAA have been reported for the combina-
tion of several important strategies including distal aortic perfusion, moderate
hypothermia, sequential aortic clamping, spinal monitoring, CSFD, visceral
perfusion, and reconstruction of intercostal and lumbar arteries or AKA
[3]-[15]. Despite employing all the above-listed strategies, the outcomes of
TAAA operations performed in our hospital before 2011 were quite discourag-

ing, with an 11.1% rate of in-hospital mortality and an 8.3% incidence of

1
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Figure 3. Freedom from aorta-related death following open surgery for thora-
coabdominal aortic aneurysm. The 3-year rate of freedom from aortic-related
death was 95%.
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postoperative paraplegia among the 36 TAAA patients treated during that pe-
riod. Prior to 2011, we did not attempt to maintain high blood pressure during
the operation, did not use motor-evoked potential monitoring of spinal perfu-
sion, and created the last anastomosis in the distal aorta. Since we recognized the
importance of maintaining high blood pressure and establishing early pulsatile
flow to the spinal cord to prevent spinal cord ischemia [16] [17] [19] [20], we
changed our surgical strategy in such a way as to establish pulsatile perfusion to
the spinal cord as soon as possible. Specifically, we fabricate a side branch that
we anastomose to the main graft at the backtable before intercostal artery recon-
struction. Additionally, we create the distal aortic anastomosis before visceral
branch reconstruction, in order to perfuse the hypogastric arteries with native
pulsatile flow. Finally, we maintain high blood pressure during aortic aneurysm
repair and throughout the perioperative period. Since 2011, when we imple-
mented this new surgical strategy, no in-hospital deaths and no acute neurolog-
ical complications occurred following open surgery for TAAA. Our current
study did not collect sufficient data to facilitate statistical analysis of factors in-
fluencing the incidence of SCI, and thus we cannot confirm that our new strate-
gy for TAAA treatment is solely responsible for reducing the risk of SCI. Never-
theless, based on our experience, we are convinced that this categorical im-
provement in the outcomes of TAAA repair was facilitated not only by the gra-
dual increase in the experience of our surgical team, but also by the adoption of
this sophisticated surgical strategy that involves maintaining high blood pressure
and early establishment of pulsatile flow to the spinal cord.

Despite good overall outcomes, delayed paraplegia occurred in one patient.
Currently, most neurologic injuries following TAAA repair have delayed rather
than immediate manifestation [20]. Estrera et al. found that the use of combined
distal aortic perfusion and CSFD was an independent predictor of delayed neu-
rologic deficit due to SCI in patients who underwent TAAA repair [21]. The au-
thors suggested that such strategies allowed patients to tolerate the initial surgic-
al insult but left them vulnerable to further events such as postoperative CSFD
disruption or hypotension, resulting in delayed paraplegia [20]. Our present re-
sults support this supposition, as the only patient who developed paraplegia had
postoperative hypotension and CSFD tube occlusion.

Furthermore, in the patient with delayed paraplegia, the two reconstructed
intercostal arteries were occluded. In this patient series, the overall early patency
rate of reconstructed intercostal and lumbar arteries was only 35.5%, which may
be at least partly explained by the surgical technique employed for reconstruc-
tion of the intercostal arteries. Specifically, we used an 8-mm side graft that had
been previously anastomosed to the main graft at the back table. The low paten-
cy rate may be related to inadequate sizing of the intercostal artery graft. Shiiya
et al. advocated that the patency of reconstructed arteries can be improved by
using large-sized (12-mm), separate tube grafts sutured to the aortic wall first

and then connected to the main graft in such a way as to minimize graft length
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[15]. Omura et al reported that the overall patency rate of reconstructed inter-
costal arteries was significantly lower after graft interposition than after aortic
patch anastomosis (65.3% [147/225] versus 90.8% [109/120]; p < 0.01) [22].
Other researchers have also confirmed the superior efficacy of techniques in-
volving reconstruction of multiple branches of the intercostal arteries as a single
patch over that of creating separate bypass grafts for each vessel [11] [23] [24].
Therefore, a procedure similar to aortic patch anastomosis may be more appro-
priate than graft interposition in patients without connective tissue disorders,
but care should be taken to minimize the patch area for intercostal artery anas-
tomoses in order to prevent late dilatation [22].

There are conflicting views regarding the impact of different strategies for
managing intercostal and lumbar arteries or AKA with respect to SCI prevention
[11] [12] [13] [15] [20] [25] [26] [27] [28] [29]. While we did not identify the
AKA preoperatively, we performed modest reconstruction of the intercostal and
lumbar arteries at T8 to L1 according to the reduction in evoked potential am-
plitude on spinal monitoring [4] [5] [20], a strategy referred to as neuromoni-
toring-guided repair [20]. However, preoperative identification of the AKA and
adequate reconstruction or preservation may help improve spinal cord protec-
tion [12]. Afifi et al also suggested that reconstruction of the T8-T12 intercostal
arteries may improve spinal cord perfusion and prevent delayed paraplegia, re-
gardless of intraoperative spinal monitoring data [11].

In this series, no patient required emergent surgery for ruptured aneurysm or
acute aortic dissection, and we could perform surgery electively for patients with
an infected aneurysm. Moreover, both hypogastric arteries were patent in 97% of
patients even though 24% of patients had undergone previous AAA repair.
These factors likely contributed to the favorable results noted in this series of pa-
tients [6] [9] [10] [12].

5. Limitations

This was a retrospective study performed over a 6-year period, which enrolled a
small number of patients because our hospital is a low-volume center and be-
cause the incidence of TAAA is relatively low. Thus, we could not directly com-
pare the results obtained in our small series with those obtained in large series of
patients. Further investigations enrolling a larger number of patients are war-

ranted to confirm the current findings.

6. Conclusion

In our small-volume hospital, we recently adopted a new surgical strategy for
TAAA repair. This novel surgical strategy involves maintaining high blood
pressure and early establishment of pulsatile flow to the spinal cord, in combina-
tion with other procedures known to improve spinal perfusion, as well as modest
reconstruction of the intercostal and lumbar arteries. Although secondary aortic

infection occasionally occurred, this novel strategy was safe and effective in pre-
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venting SCI, achieving good early and mid-term results.
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