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Abstract 

Background: Degenerative aortic arch aneurysms are known to develop through a pathological process of arterial 
atherosclerosis, which could be accompanied by peripheral artery diseases and resultant development of intrapel-
vic collateral arteries to the ischemic lower limbs. The aim of this study was to investigate the relationship between 
peripheral collateral circulation and postoperative paraplegia after total arch repair with a frozen elephant trunk in 
patients with degenerative aortic arch aneurysms and peripheral artery diseases.

Methods: Between October 2014 and March 2020, 27 patients (20 men; 69.8 ± 7.7 years old) underwent total arch 
repair with a frozen elephant trunk. Two of the 27 patients developed paraplegia postoperatively. The patients were 
divided into two groups, spinal cord ischemia (SCI) group (2 patients) and no-SCI group (25 patients). The aortic shag-
giness score, arterial calcification (subclavian artery; hypogastric artery) score, and the number of hypogastric artery 
branches, assessed using preoperative contrast-enhanced computed tomography images, were compared between 
the two groups.

Results: The ankle brachial artery pressure index (i.e., lower side value each patient) was lower in the SCI group than 
that in the no-SCI group (0.64, 0.71, and 1.09±0.07, respectively). There was no difference between the two groups in 
the arterial calcification scores or the aortic shagginess score. The number of hypogastric artery branches was greater 
in the SCI group than in the no-SCI group (66, 66, and 30.7±7.5, respectively).

Conclusions: Enhanced collateral circulation to the ischemic lower limbs in patients with combination of degenera-
tive aortic arch aneurysms and peripheral artery diseases may be involved in paraplegia the upper thoracic spinal 
cord injury after total arch repair with a frozen elephant trunk.

Keywords: Frozen elephant trunk, Spinal cord ischemia, Degenerative arch aneurysm, Hypogastric artery, Peripheral 
artery disease
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Background
Degenerative aortic arch aneurysms are known to 
develop through a pathological process of arterial ath-
erosclerosis, which could be accompanied by periph-
eral artery diseases (PAD) and resultant development of 
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intrapelvic collateral arteries (i.e., branches originated 
from the hypogastric artery) to the ischemic lower 
limbs. Spinal cord low perfusion caused by segmental 
(e.g., Adamkiewicz) artery occlusion has been regarded 
as a crucial factor relating to the onset of spinal cord 
ischemia (SCI). Thoracic aortic replacements without 
costal artery reconstructions or thoracic endovascu-
lar aortic repairs for thoracic aortic aneurysms have a 
risk of SCI caused by collateral artery occlusion dur-
ing surgery. Additionally, loss of a collateral supply to 
the segmental arteries from the subclavian artery or 
hypogastric (internal iliac) artery is another determi-
nant of SCI, which is considered to be likely based on 
the “Collateral network concept” reported by Griepp 
et  al. [1–3]. A frozen elephant trunk (FET) technique, 
developed by Kato et  al. [4] has recently been used 
worldwide, and total arch replacement with an FET 
has grown in number for surgical treatments of degen-
erative aortic arch aneurysms. The FET technique is 
thought to have a risk of SCI during surgery, because it 
occludes some of thoracic segmental arteries. Little is 
known about the involvement of the collateral circula-
tion altered by PADs in the development of postopera-
tive paraplegia in patients undergoing total arch repair 
with a concomitant FET technique for degenerative 
aortic arch aneurysms. We investigated relationship 
between peripheral collateral circulation and post-
operative paraplegia in patients who underwent total 
arch repair with an FET for degenerative aortic arch 
aneurysms.

Methods
The patient characteristics and preoperative data are 
summarized in Table  1. Twenty-seven patients (20 
men [74%]; aged 69.8 ± 7.7 years [44–82 years]) with 
degenerative aortic arch aneurysms underwent total 
arch repair with an FET in Akita University Hospital 
from October 2014 through March 2020. The patients 
were divided into two groups, SCI group (2 patients 
with paraplegia) and no-SCI group (25 patients without 
paraplegia). The two groups were compared in terms 
of the following data. Preoperative data (age, sex, body 
weight, body height, hemoglobin concentration, ankle 
brachial artery pressure index (ABPI), past medical 
history, comorbidities), operative data (emergent or 
elective, concomitant procedures, operative time, car-
diopulmonary bypass (CPB) time, selective cerebral 
perfusion (SCP) time, aortic cross clamp (AXC) time, 
circulatory arrest (CA) time, device information), and 
postoperative data (mortalities, morbidities, minimum 
values of hemoglobin, mixed venous oxygen saturation, 
cardiac index, partial pressure of arterial oxygen, and 

mean blood pressure within 72 h after surgery) were 
retrospectively compared.

Evaluations of aortic shagginess, arterial calcification, 
and arterial collaterals
Preoperative thin-slice contrast-enhanced computed 
tomography (eCT) images were analyzed using an image 
analysis workstation (Synapse Vincent®, version 6. 1. 
0003; Fujifilm Medical Co, Tokyo, Japan) to assess three-
dimensional positional relationship between the FET 
distal end and vertebral body levels. Hosaka et  al. pro-
posed “the shagginess score” as a method of quantifying 
aortic shagginess [5]. Aortic shagginess in our patients 
was assessed using the method of “the shagginess score” 
preoperatively in the range between the left subclavian 
artery and celiac artery levels on the axial images of the 
thin-slice (1.0–2.5 mm) eCT. Arterial calcification (bilat-
eral subclavian artery, hypogastric artery) was analyzed 
and scored preoperatively on the axial images of the thin-
slice eCT (no calcification = 0, less than half a circum-
ference = 1, more than half a circumference to less than 
a full circumference = 2, full circumference = 3, occlu-
sion = 4). The number of hypogastric artery branches 
and segmental arteries were counted visually on the 
three-dimensional images, which was converted from 
the axial images on the thin-slice eCT using the image 
analysis workstation. The gradation processing was per-
formed to enable clear identification of the hypogastric 
artery branches and segmental arteries. The hypogastric 
artery branches were counted on the post-processing 
image separated into right and left at the iliac artery level 
(Fig. 1).

Surgical procedure for arch aneurysms
The basic surgical technique has been previously 
described in detail elsewhere [6]. Basically, we did not 
perform preoperative cerebrospinal fluid drainage. 
Intraoperative monitoring of arterial pressure (both 
upper extremities, one lower extremity and left super-
ficial temporal artery), central venous pressure, pulmo-
nary arterial pressure, cardiac index, and mixed venous 
oxygen saturation was performed. No motor-evoked 
potential was used. In short, we perform surgery for 
aortic arch aneurysms using an FET graft based on 
the “zone 0 arch repair” strategy, which consists of (a) 
graft anastomosis to the left axillary artery for a sys-
temic perfusion route, (b) FET deployment from the 
ascending aorta (zone 0) into the descending aorta, 
(c) ascending aortic replacement, and (d) arch vessel 
reconstructions. This technique simplifies the proce-
dure by bringing the distal anastomosis closer to the 
front. A commercially available FET graft (J Graft Fro-
zenix, Japan Lifeline Co, Ltd., Tokyo, Japan) is routinely 
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used for surgery. The concomitant procedures were 
performed in 8 patients (coronary artery bypass in 2; 
David operation in 1; Bentall operation in 1; tricuspid 
annuloplasty in 1; procedure for atrial fibrillation in 3).

Statistical analysis
We used Easy R “EZR” software for statistical analy-
sis [7]. Continuous data were presented as mean and 
standard deviation and categorical variables as num-
bers and percentages. We presented the actual data for 
the two patients with spinal cord ischemia.

The ethics committee of Akita University Hospital 
granted approval for publication of the present study 
(No. 2641), and the need for individual informed con-
sent was waived in this retrospective study.

Results
The postoperative mortality was 7.4% (2/27). Postop-
erative neurological complications were observed in 4 
patients (paraplegia in 2 [7.4%]; cerebral infarction in 2 
[7.4%]). The postoperative magnetic resonance images 
(MRI) in the 2 paraplegia patients revealed spinal cord 
infarction at the levels of C3–Th2 in one patient and 
Th1–Th5 in the other (Fig. 2a, b, respectively).

Implanted FET data (Table 2)
The FET diameter ranged from 25 to 39 mm, and 
the most-used FET diameter was 35 mm (7 patients 
[25.9%]). The FET stent length ranged from 60 to 150 
cm, and the most-used FET stent length was 120 mm 
(16 patients [59.2%]). The level of the FET distal end 
ranged 4 to 8th thoracic vertebrates (Th4–Th8), and the 

Table 1 Patient demography and perioperative data

The patients tended to be older in the SCI group than in the no-SCI group. The other preoperative data was not different between the two groups

Continuous data were presented as mean and standard deviation and categorical variables as numbers and percentages. The actual data for the two patients with 
spinal cord ischemia were presented

SCI spinal cord ischemia, BMI body mass index, eGFR estimated glomerular filtration rate, LLI lower limb ischemia, CPB cardiopulmonary bypass, AXC aortic cross clamp, 
SCP selective cerebral perfusion, CA circulatory arrest, FET frozen elephant trunk, Th, thoracic vertebrate, NA not assessed

Variables All
(n=27)

SCI
(n=2)
Patient A, B

No -SCI
(n=25)

Demography

 Age (year) 69.8±7.7 82, 81 68.9±7.2 [44–81]

 Sex (men, %) 20 (74.1) 2 (100.0) 18 (72.0)

 BMI (kg/m2) 24.8±3.8 24.8, 28.9 24.6±3.9 [17–33]

 Hypertension (n, %) 27 (100) 2 (100) 25 (100)

 Diabetes mellitus (n, %) 4 (14.8) 1 (50.0) 3 (12.0)

 Dyslipidemia or statin use (n, %) 7 (25.9) 0 (0.0) 7 (28.0)

 eGFR (ml/min) 58.9±21.2 45.7, 43.4 60.0±21.6 [5.3–97.5]

 eGFR < 50 (n, %) 10 (37.0) 2 (100) 8 (32.0)

 Prior AAA repair 3 (11.1) 0 (0.0) 3 (12.0)

 Ischemic heart disease 6 (22.2) 0 (0.0) 6 (24.0)

 Cerebrovascular disease 6 (22.2) 1 (50.0) 5 (20.0)

 Malignancy 3 (11.1) 0 (0.0) 3 (25.0)

 Smoking 8 (29.6) 1 (50.0) 7 (28.0)

 Symptoms of LLI 2 (7.4) 2 (100) 0 (0.0)

Emergency case 7 (25.9) 0 (0.0) 7 (28.0)

Intraoperative data (min)

 Operative time 423±81 368, 471 523±83 [307–661]

 CPB time 182±37 166, 181 183.6±38.5 [125–279]

 AXC time 107±41 127, 105 106.4±43.4 [58–221]

 SCP time 91±17 74, 71 93.2±16.8 [67–140]

 CA time 49±14 51, 43 50.2±14.5 [27–78]

Information of FET

 FET diameter 32.4±3.6 33, 35 32.3±3.6 [22–39]

 FET length 116.6±18.8 120, 150 115.2±18.3 [90–150]

 level of FET distal end (Th) Th6.5±1.1 Th8, Th7 Th6.4±1.0 [Th4–Th8]
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FET distal end was most frequently positioned at the 
level of Th7 (13 patients [48.1%]). There was no differ-
ence between the SCI and no-SCI groups in terms of 
the FET diameter, FET stent length, or level of the FET 
distal end. In the 2 paraplegia patients, the FET distal 
end was positioned at the level of Th8 in one patient 
and Th7 in the other.

Perioperative data
The average age of patients was older in the SCI group 
than in the no-SCI group (Table  1). There was no dif-
ference between the two groups in the lowest rectal 
temperature, CPB time, AXC time, SCP time, or CA 
time (Table  1). No difference was found between the 
two groups in the postoperative minimum values of 

Fig. 1 Three-dimensional computed tomographic images of the pelvic level from the 2 patients with postoperative paraplegia (SCI patient 1 and 
SCI patient 2 in a and b, respectively) and a patient without postoperative paraplegia (no-SCI patient, c). SCI patient 1: ABI was 0.71/1.23 (right 
superficial femoral artery occlusion). No. of hypogastric arteries was 45 and 21 at the right side and left side, respectively. SCI patient 2: ABI was 
1.05/0.64 (left common iliac artery occlusion). No. of hypogastric arteries was 28 and 38 at the right side and left side, respectively. No-SCI patient: 
70-year-old woman. ABI was 1.22/1.12. No. of hypogastric arteries was 15 and 13 at the right side and left side, respectively

Fig. 2 Magnetic resonance images from the 2 patients with postoperative paraplegia (SCI patient 1 and SCI patient 2 in a and b, respectively). SCI 
patient 1: 81-year-old man. SCI patient 2: 82-year-old man
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hemoglobin concentration, mixed venous oxygen satu-
ration, cardiac index, partial pressure of arterial oxy-
gen, or mean blood pressure within 72 h after surgery 
(Table 3).

Evaluations of aortic shagginess, arterial calcification, 
and arterial collaterals (Table 4)
The ABPI was able to be measured in 2 and 12 patients 
in the SCI and no-SCI groups, respectively, and it was 
lower in the SCI group than in the no-SCI group (0.64, 
0.71, and 1.09±0.07, respectively). There was no dif-
ference between the two groups in the calcification 
scores of the subclavian artery or those of hypogas-
tric artery. There was no difference between the two 
groups in “the shagginess score” of the aorta (13.90, 
14.38, and 12.22±2.40 in the SCI group and no-SCI 
group, respectively). The number of hypogastric artery 
branches, counted on the three-dimensional thin-slice 
eCT image, was greater in the SCI group than in the 
no-SCI group in each (right or left) side. There was no 
difference between the two groups in the number of the 
intercostal arteries (Th8–Th12), whereas the number 
of the lumbar arteries (L1–L5) was greater in the SCI 
group than in the no-SCI group.

Discussion
The present study demonstrated that compared to the 
no-SCI group, the SCI group had lower ABI but exhib-
ited a greater number of collateral arteries originated 
from the hypogastric arteries, suggesting that an increase 
in peripheral collateral arteries resulting from PADs may 

Table 2 Details of frozen elephant trunk grafts (N = 27)

The most-used FET diameter was 35 mm. The most-used FET stent length was 
120 mm. The FET distal end was most frequently positioned at the level of Th7

FET frozen elephant trunk, Th thoracic vertebrate

Variables Results

FET diameter, n (%)

 25 mm 2 (7.4)

 27 mm 1 (3.7)

 29 mm 3 (11.1)

 31 mm 0 (0.0)

 33 mm 0 (0.0)

 35 mm 7 (25.9)

 37 mm 1 (3.7)

 39 mm 2 (7.4)

FET stent length, n (%)

 60 cm 0 (0.0)

 90 cm 7 (25.9)

 120 cm 16 (59.2)

 150 cm 4 (14.8)

Level of the FET distal end, n (%)

 Th4 2 (7.4)

 Th5 3 (11.1)

 Th6 5 (18.5)

 Th7 13 (48.1)

 Th8 4 (14.8)

Table 3 Minimum values of hemoglobin concentration and 
hemodynamic data within 72 h after surgery

The postoperative data were similar in the two groups

Continuous data were presented as mean and standard deviation and 
categorical variables as numbers and percentages. The actual data for the two 
patients with spinal cord ischemia were presented

SCI spinal cord ischemia

Variables SCI
(n=2)
Patient A, B

No-SCI
(n=25)

Postoperative minimum values (< 72 h)

 Hemoglobin concentration (mg/
dl)

7.3, 8.6 8.70±1.26 [6.2-11.2]

 Mixed venous oxygen saturation 
(%)

46, 50 52.6±13.1 [21-75]

 Cardiac index (L/min/m2) 1.5, 1.7 1.91±0.32 [1.3-2.5]

 Partial pressure of arterial oxygen 
(torr)

76, 55 68.9±17.4 [55-98]

 Mean blood pressure (mmHg) 49, 51 58.7±6.9 [48-75]

Table 4 Arterial calcification score and the number of collateral 
arteries

The number of collateral branches of the hypogastric artery was greater in 
the SCI group than in the no-SCI group. There was no difference in the arterial 
calcification scores and the number of patent segmental arteries

Continuous data were presented as mean and standard deviation and 
categorical variables as numbers and percentages. The actual data for the two 
patients with spinal cord ischemia were presented

SCI spinal cord ischemia, SCA subclavian artery, HA hypogastric artery (internal 
iliac artery), SA segmental artery, NA not assessed

Variables SCI
(n=2)
Patient A, B

No-SCI
(n=12)

Arterial calcification score

 Right SCA 1, 1 0.36±0.55 [0–2]

 Left SCA 0, 1 0.68±0.67 [0–2]

 Bilateral SCA 1, 2 1.04±1.05 [0–3]

 Right HA 2, 1 1.48±0.94 [0–3]

 Left HA 4, 1 1.56±1.13 [0–4]

 Bilateral HA 6, 2 3.04±1.96 [0–6]

No. of collateral branches from HAs (range)

 Right side 28, 45 16.5±4.4 [11–25]

 Left side 38, 21 14.1±3.6 [10–23)

 Total 66, 66 30.7±7.5 [21–47]

No. of patent SAs

 Intercostal arteries (Th8–L2) 6, 6 6.0±0.0 [6]

 Lumber arteries (L1–L5) 4, 5 3.66±1.97 [0–5]
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be involved in development of SCI after arch repair with 
FETs for degenerative arch aneurysms.

PADs have been reported to be a factor of developing 
the collateral perfusion to peripheral arteries from the 
hypogastric (internal iliac) arteries. Gao et  al. observed 
in a study using swine that the collateral source for 
peripheral perfusion after ligation of the external iliac 
artery originated from the internal iliac artery [8]. In 
our PAD (low ABPI) patients, the number of the col-
lateral arterial branches from the internal iliac artery 
was greater in the SCI group than the no-SCI group 
(Table  4), which suggests that PAD-induced enhance-
ment of collateral circulation might be related to the 
development of SCI. Griepp et al. proposed the “Collat-
eral Network” concept that spinal cord perfusion is sup-
plied not only from horizontal blood flow connections 
(among segmental arteries) but also from vertical blood 
flow connections (between the subclavian and internal 
iliac arteries), forming a complex collateral network [1–
3, 9]. This implies that vertical blood flow connections 
for collateral perfusion to the ischemic lower limbs are 
likely to play a role in the development of spinal cord low 
perfusion.

The vertical blood flow connections serve as a potent 
protector against SCI although abrupt occlusion of the 
segmental arteries at the level of Th8–L2 is known to 
have a risk of SCI. Etz et  al. have reported that even if 
the segmental arteries are ligated, spinal cord perfusion 
is maintained through vertical collateral circulation from 
the subclavian and hypogastric arteries [10]. On the other 
hand, patent segmental arteries at the level of Th8–L2 
can be protective against SCI due to vertical blood flow 
connections even if both upper intercostal and lumber 
arteries are occluded. In our experience, 3 out of the 25 
patients without PAD, who had a past history of abdomi-
nal aortic aneurysm repair (resulting in lumbar artery 
occlusion at the levels distal to L2), had no paraplegia 
after arch aneurysm repair with an FET (resulting in 
abrupt intercostal artery occlusion at the levels proximal 
to Th8). However, 2 patients with PAD, who had no past 
history of abdominal aortic aneurysm repair, developed 
postoperative paraplegia after arch aneurysm repair with 
an FET. The postoperative MRI images in the 2 paraple-
gia patients revealed spinal cord infarction at the cervi-
cal or upper thoracic level (Fig. 2a, b). These findings in 
our experience suggest that enhancement of collateral 
circulation to the lower limbs by increased branches of 
the hypogastric arteries may play a role of stealing blood 
from the spinal cord vascular beds through vertical blood 
flow connections, possibly resulting in upper spinal cord 
ischemia after an FET graft is deployed.

Age, smoking, diabetes, chronic kidney disease, hyper-
tension, PAD, and Crawford type II have been shown 

to be preoperative risk factors of paraplegia after tho-
racic aortic repairs [9, 11–18]. As shown in the present 
study, advanced age and PAD may be important factors 
of SCI because enhanced peripheral collateral circula-
tion caused by systemic atherosclerosis has a possibility 
of alterations in spinal cord perfusion after FET deploy-
ment. A shaggy aorta or arterial calcification may have a 
risk of postoperative paraplegia. However, there was no 
difference between the SCI and no-SCI groups in terms 
of the shagginess score of the aorta or the calcification 
score of the subclavian and hypogastric arteries, suggest-
ing that spinal cord perfusion may not be influenced by 
aortic shagginess or arterial calcification.

Although neither intraoperative factors (lowest rectal 
temperature and circulatory arrest time) nor postop-
erative factors (minimum values of hemoglobin, mixed 
venous oxygen saturation, cardiac index, partial pressure 
of arterial oxygen, and mean blood pressure within 72 
h after surgery) showed a distinct relationship to post-
operative paraplegia, maintaining higher arterial blood 
pressure (mean > 80 mmHg) and hemoglobin concen-
tration (> 10 g/dl) with sufficient systemic oxygenation 
may be important to enhance spinal cord perfusion dur-
ing the early postoperative period in PAD patients who 
underwent arch repair with an FET for degenerative arch 
aneurysms.

The present study has some limitations. This is a 
single-center and retrospective study. The number of 
patients is small, and only 2 patients developed post-
operative SCI. Further investigation will be needed 
for elucidating the effects of PAD on the FET-induced 
paraplegia.

Conclusions
Enhanced collateral circulation to the ischemic lower 
limbs in patients with combination of degenerative aortic 
arch aneurysms and PADs may be involved in the devel-
opment of upper thoracic SCI through vertical blood 
flow connections, possibly resulting in FET-induced par-
aplegia after surgery.
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