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Abstract

Background

Spinal cord ischemia (SCI) and paraplegia are complications of surgery for type A acute

aortic dissection (TAAAD). Since the segmental arteries play a key role in SCI, this study

evaluated the association between SCI and false lumen segmental arteries (FLSAs: segmental

arteries originating from the false lumen).

Methods

The study included 101 consecutive TAAAD patients (mean age, 66+13; range, 34-89 years)

who underwent surgery from January 2011 to April 2017. The diagnosis of TAAAD and the

number of FSLAs were determined by preoperative computed tomography (CT). Patients

were divided into two groups according to the number of FLSAs at the Th9-L2 level: Group

A (n=13), >8 FLSAs; and group B (n=88), <7 FLSAs. Preoperative, perioperative, and

postoperative findings were compared between the groups, and risk factors for SCI were

evaluated.

Results

The frequency of preoperative paralysis was significantly higher in Group A than Group B

(P=.0070). The overall incidence of postoperative SCI was 8% (8/101) and significantly



higher in Group A than Group B (5/13 (45%) vs 3/88 (4%), P<.0001). Hospital mortality

was 8% (8/101) and significantly higher in Group A than Group B (3/13 (23%) vs 5/88 (6%),

P=.0302). Multivariate analysis showed that the independent risk factors for SCI were >8

FLSAs at Th9-L2 (odds ratio [OR], 20.4; 95% confidence interval [95% CI], 3.34-124.9,

P=.0011) and diabetes mellitus (OR, 22.3; 95% CI, 1.69-294.5; P=.0184).

Conclusions

In patients who underwent surgery for TAAAD, >8 FLSAs at the Th9-L2 levels on

preoperative CT was a risk factor for SCI.
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Introduction

Spinal cord ischemia (SCI) resulting in paraplegia is a devastating complication after
treatment for aortic pathology.! Over the past two decades, the incidence of new
postoperative SCI in type A acute aortic dissection (TAAAD) ranged from 0-10%, and it may
be increasing with the development of new surgical techniques, including the branched and
frozen elephant trunk (FET) techniques.” There are many reports on SCI after surgical
procedures to treat thoracic and thoracoabdominal aortic pathology; however, there are few
reports on SCI risk factors after procedures to treat TAAAD.” Etz et al. reported that staged
repair reduced the rate of paraplegia after extensive thoracoabdominal aortic surgery.’
Despite the differences in pathology and phase, we hypothesized that acute occlusion of
many segmental arteries (SAs) may be associated with SCI, and may also be related to the
number of false lumen SAs (FLSAs: SAs originating from the false lumen) and false lumen
thrombosis at the thoracoabdominal aortic level. Recent advances in the visualization of SAs
on computed tomography (CT) have allowed the analysis of FLSAs in the field of
endovascular aortic repair.” Even in emergency cases, clear visualization of SAs on 64- or
320-row multidetector CT allows prompt determination of the number of FLSAs. Therefore,

this study aimed to determine the relationship between the number of FLSAs and



postoperative SCI, and the neurological deficit of the lower limbs compared with other risk

factors in cases with TAAAD.

Patients and Methods

Patients

From January 2011 to April 2017, 104 consecutive patients underwent surgical treatment for

TAAAD at the Hiroshima University Hospital. Three patients were excluded because they

were treated medically due to advanced age (n=2) or traumatic type A dissection

concomitant with subarachnoid hemorrhage and acute respiratory distress syndrome (n=1).

The institutional review board approved the use of patient data in this retrospective study.

Informed consent (permission to use medical records for medical research) was obtained

from all patients before the operation.

The diagnosis of TAAAD was confirmed by CT. Enhanced, thin-slice CT clearly revealed

the extent of the dissection, the localization of the primary entry tear, the neck vessel,

visceral and lower limb malperfusion, and the location of SAs among the intercostal and

lumbar arteries. Preoperative CT was to classify the origin of each SA as the false lumen or



true lumen. The SAs from Th9 to L2 were investigated, and this range of SAs was
determined from previous findings described by Takahashi et al. and Katayama et al.>” We
analyzed 12 SAs and divided patients into two groups according to the number of FLSAs: a
group with > 8 FLSAs at Th9-L2 (Group A, n=13) and a group with <7 FLSAs at Th9-L2
(Group B, n=88). Figure 1 shows the typical schema of TAAAD in Groups A and B. In
Group A, the dissected false lumen passed from the left to right side of the descending aorta
through the dorsal side of the aorta (Figure 1 (A)-(Q)) in a clockwise rotation. In contrast, in
Group B, the dissected false lumen passed the right side of the descending aorta (Figure 1
(H)-(M)) without rotation. Eight of 13 cases in Group A had a similar clockwise rotating
pattern around the diaphragm to the level of the superior mesenteric artery.

Our principal strategy for the treatment of TAAAD consisted of resection of the primary
entry. Replacement of the ascending aorta or total arch was chosen to resect the primary
entry. FET implantation was added to total arch replacement when the primary entry was in
the distal aortic arch. When the primary entry was located in the descending aorta, total arch
replacement with or without FET implantation and secondary thoracic endovascular repair
were considered, if necessary.

Based on the report of Scali et al.,* SCI was defined as any new lower extremity motor



and/or sensory deficit including stroke and peripheral neuropathy not attributable to any

intracranial or peripheral nerve disorders. Preoperative, perioperative, and postoperative

findings were compared between the two groups, and the risk factors for SCI were

evaluated.

Surgical procedures

All patients underwent emergent surgery and did not receive cerebrospinal fluid drainage

preoperatively. The surgical procedure for total arch replacement with FET for TAAAD was

as follows. Under general anesthesia, a median sternotomy was performed. Cardiopulmonary

bypass was established via right axillary arterial perfusion and double venous cannulation,

and was initiated with general cooling to reach a rectal temperature of 28°C. When the rectal

temperature decreased to 30°C, the left common carotid and left subclavian arteries were

transected and selectively perfused at rates of 200 ml/min. When the rectal temperature

reached 28°C, brief circulatory arrest and retrograde cardioplegia were performed. The

brachiocephalic artery was clamped, and perfusion to the right axillary artery was decreased

to a rate of 400 ml/min. The ascending aorta was transected. The size and length of the stent

graft were determined during intraoperative measurement using a ball-shaped sizer that was



inserted into the true lumen of the descending aorta through a transverse incision in the aortic

arch. The stent graft was positioned higher than the level of Th8 under the guidance of

real-time transesophageal echocardiography. A four-branched graft was anastomosed

end-to-end to the distal aortic arch with continuous 4/0 polypropylene sutures. Antegrade

systemic perfusion from the four-branched graft and rewarming were started. The left

subclavian artery and left common carotid artery were anastomosed to a respective branch of

the prosthesis using the four-branched graft. A straight 3-cm graft was partly inserted into the

sinotubular junction (STJ) and fixed to each of three commissures that were suspended using

a 4/0 polypropylene suture with a felt strip. Subsequently, the tube graft was anastomosed to

the STJ line using 4/0 horizontal mattress sutures. Finally, the brachiocephalic artery was

reconstructed.

Although several procedures are performed at our institute, including ascending aorta

replacement and total arch replacement with or without FET / conventional elephant trunk

(ET) implantation, we use the same style of cannulation, extracorporeal circulation system

(including antegrade selective cerebral perfusion), cooling protocol, and proximal

anastomosis procedures. The distal anastomosis with ascending aorta replacement was

performed using 4/0 prolene running sutures with internal and external felt reinforcements.



Statistical analysis

We first counted the number of FLSAs at the Th9-L2 level on preoperative CT and then
performed receiver operating characteristic (ROC) curve analysis to estimate the optimal
cutoff value of preoperative FLSAs to predict SCI. Our previous report showed that most of
Adamkievicz arteries responsible for SCI are located below Th9, and graft deposition below
Th9 is one of the risk factors for SCI in thoracic aortic surgery.®’ The results of our ROC
curve analysis showed that the optimal cutoff value was 8, since this cutoft value gave the
highest sensitivity and specificity (the area under the ROC curve was 0.81) (Supplementary
Fig). We then divided all patients into two groups according to this optimal cutoff value:
group A (preoperative FLSAs > 8) and group B (preoperative FLSAs < 7). Data are
expressed as the mean + standard deviation. Statistical comparisons were conducted using
an unpaired Student’s t-test for continuous variables and chi-square test for categorical
variables. Univariate and multivariate logistic regression analysis were conducted to
identify risk factors for SCI. In logistic regression analysis, the number of FLSAs was
entered as both a continuous variable and dichotomized categorical variable. Multivariate

logistic regression analysis included variables with a P value <0.1 in univariate analysis. A
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P-value of <0.05 was considered statistically significant.

Results

Preoperative patient characteristics

Table 1 shows the preoperative patient characteristics. The mean age was 67.3+13.1 years,

and 51 patients (51%) were male. There were no significant differences in the frequency of

preoperative comorbidities. All cases in Group A, and 74 cases in Group B (84%) had

dissection of the descending aorta; however, there was no significant difference between the

two groups (P=.1213). Twenty-two patients (22%) were in shock. Forty-nine patients (49%)

had pericardial effusion. There were no significant differences in the prevalence of the

following conditions between the groups: consciousness disturbance; cerebral, coronary,

and visceral malperfusion; and limb ischemia. The prevalence of pericardial bloody effusion

in Group B was higher than that in Group A (P=.0016). The prevalence of limb paralysis for

any reason including cerebral, spinal cord, and peripheral nerve dysfunction and muscle

weakness was higher in Group A than in Group B (P=.0070).
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Perioperative findings and SCI

Table 2 shows the perioperative findings. Replacement of the ascending aorta was
performed in 59 cases (58%), and total arch replacement was performed in 42 cases (42%).
Total arch replacement and FET implantation was more frequent in Group A than in Group
B (P<.01). Eleven cases (11%) underwent concomitant cardiac procedures that included
aortic valve replacement (n=1), Bentall procedure (n=4), and coronary artery bypass
grafting (n=6). Hospital mortality was 8% (8 cases). Hospital mortality in Group A was
significantly higher than that in Group B (3/13(23%) vs. 5/88(6%), P=.0303). In 7 cases,
SCI was not evaluated because of early death. The overall incidence of SCI was 8% (8/101).
The incidence of SCI in Group A was higher than that in Group B (5/13 (45%) vs. 3/88

(4%), P<.0001).

Characteristics of cases with > 8 FLSAs at Th9-L2

Table 3 shows the characteristics of 13 cases in Group A with > 8 FLSAs at the Th9-L2
level. In 8 cases, postoperative CT showed that the false lumen was patent. Two of the 8
cases died postoperatively. In case 7, there was malposition of the FET inserted into the

false lumen, resulting in visceral ischemia and death on the 31 post-operative day. Two
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cases suffered from paraparesis. In case 6, the non-stented prosthesis inserted into the distal

aorta resulted in stenosis. The patient had paraparesis with a distal arterial pressure of 55/30

mmHg. Additional thoracic endovascular aortic repair restored distal pressure, and the

patient recovered to start walking with a slight palsy. In 5 cases, postoperative CT showed

that the false lumen was occluded. In case 9, the patient underwent total arch replacement

with FET implantation. Postoperative CT showed that the false lumen at the thoracic

descending aorta completely disappeared, and communications between aortic true lumen

and intercostal arteries were restored. However, the other 4 cases suffered from paraplegia

and did not recover. In case 13, the patient had a descending aortic aneurysm and developed

a retrograde type A acute aortic dissection, and there were also 12 FLSAs at Th9-L2 and

complete false lumen thrombosis resulting in paraplegia preoperatively. Although the

patient underwent replacement of the ascending aorta and cerebrospinal fluid drainage

postoperatively, the paraplegia continued.

False lumen thrombosis after ET or FET implantation

AIl FET (n=29) or ET (n=13) implantation was performed in patients with descending aortic

dissection. There was no significant difference in the rate of false lumen thrombosis in the
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thoracic aorta at Th5-8 between the cases with FET (17/29 (59%)) and those with ET (5/13

(38%), p=0.2265). The rate of aortic false lumen thrombosis of the thoracic aorta at Th9-12

and the abdominal aorta at L1-2 in cases with FET was relatively higher than that in cases

with ET (Th9-12: FET, 15/29 (52%) vs ET, 3/13 (23%), p=0.0829; L1-2: FET, 7/29 (24%)

vs ET, 0/13 (0), p=0.0523).

Risk factors for SCI

Because 7 cases died postoperatively before evaluation of SCI, 94 cases were included in

the analysis. Univariate logistic analysis revealed that diabetes mellitus, preoperative limb

ischemia, the number of FLSAs at Th9-L2, > 8 FLSAs at Th9-L2, FET implantation, and

false lumen thrombosis of the thoracic aorta at the Th5-8 level were significant risk factors

for SCI (P<.05, Table 4). Multivariate logistic regression analysis revealed that > 8 FLSAs

at Th9-L2 (odds ratio [OR], 27.6; 95% confidence interval [95% CI], 4.30-176.5; P=.0005)

and diabetes mellitus (OR, 22.1; 95% CI, 1.61-302.8; P=.0205) were independent risk

factors for SCI (area under the ROC curve, 0.84).

Discussion
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This study demonstrated that, in patients with TAAAD, the segmental communicating artery
with a dorsal false lumen and false lumen thrombosis may be associated with SCI and
impairment of lower limb function. Recently, several reports have described paraplegia and
paraparesis after TAAAD surgery; however, there are few reports on SCI risk factors.” Our

study may indicate a new concept related to surgery for TAAAD.

Incidence of SCI

Postoperative SCI is one of the most serious complications of thoracic and/or abdominal
aortic surgery, with an incidence of up to 25%.° SCI during the postoperative period
following acute aortic dissection is less common. There were no descriptions of SCI in most
patients undergoing replacement of ascending aorta and hemiarch repair published before
2000."""* Conzelmann et al. reported that paraparesis and/or paraplegia occurred in 55 of
2137 patients (2.6%) who received an aortic operation, including 69% who had ascending
aorta replacement.”” A recent report and a meta-analysis in patients undergoing extended
arch repair, which included data published between 2001 and 2016, showed that the
incidence of SCI ranged from 0-10%, and a pooled analysis demonstrated an SCI incidence

of 3.5%.%'%!* These reports suggest that SCI after TAAAD surgery may occur in any type
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of surgery and occurs more frequently in extended aortic arch repair.

Mechanisms of SCI

SCI in thoracic and thoracoabdominal aortic surgery and endovascular repair can be caused
by a variety of mechanisms.*® These include the following: prolonged aortic
cross-clamping; decrease in mean arterial pressure; increase in cerebrospinal fluid drainage
pressure; loss of an essential SA; covering of the subclavian, visceral, and hypogastric
arteries; and insufficient distal perfusion pressure during aortic clamping. There are few
reports on the pathophysiology of SCI after surgery for acute aortic dissection. Martens et al.
reported no independent risk factors for SCI in patients who underwent total arch repair,
including patients with dissection and/or aneurysm.'> Our previous study showed that for
the distal position of the stent graft below Th9, a mean pressure <70 mmHg during the
postoperative ICU stay and diabetes were significant predictors of SCI after FET
implantation for thoracic aortic pathology, including dissection and aneurysm.’

FET and SCI

The reported an incidence of SCI after FET implantation of 8-9%, and this appears to be
significantly higher than that observed after ET implantation (0.4-2.8%).'®"* Martens et al.

reported an SCI incidence of 5% (8/160) in FET cases, and FET length was a risk factor for



16

SCI that reached borderline significance (P=0.053)."> The authors also mentioned that SCI
predominantly occurred with FET implantation in acute aortic dissection without
cerebrospinal fluid drainage. However, there was no significant difference in the incidence
of SCI after FET implantation compared with conventional arch procedures for TAAAD in
several single-center studies and a meta-analysis.>*" Pochettino et al. reported that the
incidence of SCI after the FET procedure for TAAAD was 8.3% and not significantly
different compared with conventional arch procedures (2.4%).”' In the current study, we
used the FET procedure in selected patients (i.e., narrow descending aorta with
malperfusion), with a short FET length reaching above the Thé6 level (the level of the aortic
valve evaluated by transesophageal echocardiography). Furthermore, FET implantation was
associated with a higher incidence of SCI in univariate analysis (with FET, 5/26 (19%);
without FET 3/68 (4%), P=0.0213).

False lumen thrombosis and SCI

False lumen thrombosis of the descending aorta at the initial surgery for TAAAD prevents a
secondary procedure for a descending dilated aorta.”*> Jakob et al. reported that false
lumen thrombosis of the descending aorta with the FET technique was more frequent (90%)

than with conventional hemiarch or total arch replacement (11%, P<0.01), and there were
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no cases of SCI in either group.** Martens et al. reported that SCI predominantly occurred
in chronic dissection with false lumen thrombosis.” These data suggest that false lumen
thrombosis would not be required to enlarge the dissected aorta in patients with a false
lumen; however, the false lumen should be kept patent in some cases. In the present study,
FET implantation and postoperative false lumen thrombosis at-the-middle-of the thoracic
aorta at the Th5-8 level were associated with a higher incidence of SCI in univariate
analysis. The false lumen of the descending aorta should be thrombosed to improve
long-term prognosis; however, the interaction between FLSAs and false lumen thrombosis
should be considered preoperatively.

Our current strategies to prevent SCI are as follows.

1) If preoperative CT shows a patent false lumen of the descending aorta and there are > 8
FLSAs at Th9-L2, FET implantation should be avoided, and replacement of the ascending
aorta or total arch replacement with a short, non-frozen ET should be considered. We intend
to maintain the patent dorsal false lumen at the Th9-L2 level.

2) In cases other than the above, any procedures including replacement of the ascending
aorta, aortic arch with or without FET or non-frozen ET implantation should be selected in

accordance with the dissecting lesion; however, the FET should be inserted above the Th6
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level.
Our previous study showed that the distal position of the stent graft below Th9 was a
significant independent risk factor for SCI, and the FET was inserted above Th6 to maintain

a margin of safety.’

Limitations

There are several limitations in this study. First, this was a retrospective study, and there
were a small number of cases. There were only 8 SCI cases in our study, and this was too
few for multivariate analysis to have sufficient statistical power; however, the calculated
statistical power for > 8 FSLAs to predict SCI was 0.905. This indicated that there was a
sufficient number of patients, and the power was strengthened by the goodness-of-fit test in
multivariate analysis. Second, in the present study, most cases were evaluated by 64-row
multidetector CT in our hospital; however, in some cases, CT was performed in a different

hospital using less than 64 rows, and the resolution was not satisfactory.

Conclusions

In patients undergoing surgery for TAAAD, techniques have been developed for treating



19

false lumen thrombosis of the distal arch and descending aorta to reduce the possibility of

reoperation and/or the need for additional procedures to dilate the dissected aorta. In the

present study, patients with > 8 FLSAs at the Th9-L2 level were likely to undergo total arch

replacement with FET implantation, and operative procedure should be selected carefully in

such patients. However, postoperative SCI occurred in patients with any procedure. Our

study showed that > 8 FLSAs at the Th9-L2 level on preoperative CT was a risk factor for SCI,

and all patients with this condition should be carefully managed for a better outcome.
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Figure legends

Figure 1. A typical case of aortic dissection in Group A; the number of segmental arteries

originating from false lumen (FLSA) was > 8. The site of entry tear is the ascending aorta

(A) and the false lumen passes through the great curvature at the aortic arch and dorsal to

right side at the thoracic descending aorta (B, C, D). It then passes the dorsal side around

the diaphragm to the superior mesenteric artery level (E), the right side at the abdominal

aorta (F), and terminates at the right external iliac artery (G). A typical case of aortic

dissection without a dorsal false lumen (Figure 1B). The site of entry tear is the distal arch,

the ascending aorta is partially thrombosed (H), and the false lumen passes through the

great curvature at the aortic arch. It then passes the right side at the thoracic aorta (I, J), the

right side at the celiac, superior mesenteric and renal artery level (L), and the ventral side of

the abdominal aorta (M).
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Supplement

Figure legend

Figure. The area under the receiver operating characteristic curve for FLSAs at Th9-L2.
The optimal cut-oft value of FLSAs at Th9-L2 was > 8 (sensitivity, 62.5%; specificity,
93.0%).
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