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Background: Castor-branched stent-graft, chimney stent, and fenestration
techniques have been employed for left subclavian artery (LSA)
revascularization during zone 2 thoracic endovascular aortic repair (TEVAR),
but not recommended routinely. This study aimed to compare the safety and
efficacy of these techniques.

Methods: From February 2017 to June 2020, 133 patients with type B acute
aortic syndromes undergoing LSA revascularization during zone 2 TEVAR were
retrospectively enrolled. The primary outcomes include technical success,
mortality, stroke and spinal cord ischemia. The secondary outcomes include
aortic remodeling, LSA patency, freedom from aorta-related reintervention.
Results: Fifty patients were treated with the Castor-branched stent-graft
(Group A), 42 with the chimney technique (Group B), and 41 with the
fenestration technique (Group C). The groups demonstrated a similar technical
success rate, with 96% in Group A, 97.62% in Group B, and 95.12% in Group
C. Despite a more predominant bird-beak configuration in group A
(p=0.003), no significant difference was observed in perioperative
complications. Two TEVAR-related deaths occurred in Groups B and C, while
none was reported in Group A. During the first two years of follow-up,
favorable aortic remodeling was confirmed in all groups. Each group exhibited
two cases of LSA occlusions. Aorta-related reintervention and mortality did
not significantly differ among the groups.

Conclusion: Endovascular techniques are feasible for LSA revascularization
during zone 2 TEVAR, with favorable aortic remodeling. However, the
durability of these procedures requires careful evaluation, given the potential
concern of LSA occlusion.

KEYWORDS

thoracic endovascular aortic repair, left subclavian artery revascularization, Castor-
branched stentgraft, chimney technique, fenestration technique
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Introduction

Thoracic endovascular aortic repair (TEVAR) has been the
primary therapeutic option for descending aorta pathologies
since its initial report by Dake in 1994 (1). Currently, the
application of TEVAR has expanded beyond the descending
thoracic aorta to aortic arch pathologies. For patients with an
zone 2 TEVAR with
intentional coverage of the left subclavian artery (LSA) to extend

inadequate proximal landing zone,

the proximal landing zone is usually performed. Because of the
increased risk of the upper extremities and spinal cord ischemia,
and stroke events, current guidelines recommend routine LSA
revascularization during zone 2 TEVAR (2-5).

TEVAR using
transposition for LSA revascularization is considered to be the gold

carotid-subclavian  bypass or subclavian
standard, with low morbidity and excellent long-term patency (6).

Several endovascular techniques have demonstrated safety and
efficacy for LSA revascularization during zone 2 TEVAR (7-9).
However, owing to the absence of long-term follow-up data,
endovascular techniques for LSA revascularization during zone 2
TEVAR are not routinely recommended. This study aimed to
evaluate the safety and efficacy of isolated LSA revascularization
during zone 2 TEVAR, using a Castor-branched stent-graft,
chimney stent, and the fenestration technique.

Materials and methods
Patients enrollment

The study was approved by our institutional ethics committee
[March 1 2021, KYLL-2021(K]J)P-0140]. Given the retrospective
design of the study, written informed consent was not required. The
STROBE checklist was followed for the present study. From February
2017-June 2020, 133 patients diagnosed with acute complicated and
high-risk type B aortic syndromes, including aortic dissection,
intramural hematoma, and penetrating aortic ulcer, who underwent
LSA revascularization during zone 2 TEVAR were retrospectively
enrolled. The castor-branched stent-graft was indicated for patients
with retrograde intramural hematoma or dissection involving the
LSA orifice which was approved by China Food and Drug
Administration. The fenestration technique was performed for the
entry tears located near to the origin of the LSA, or too short
intervals between the LSA and left common carotid artery
contributed to an increased risk of endoleak. The chimney technique
was offered to patients with ruptured dissection due to the
requirement of urgent procedure limited employing the single
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branched stent-graft and performing fenestration. Unless otherwise
specified, all techniques were offered without preference. Treatment
decisions were made in a multi professional context, in accordance
with characteristics of aortic pathology and patient preference. The
rationale of different techniques is listed in Table 1. Castor-branched
stent-grafts were deployed in 50 patients (Group A), the chimney
technique was used in 42 patients (Group B), and fenestration
technique was performed in 41 patients (Group C).

Indications, outcomes and the definition

The primary outcomes include technical success, mortality, stroke
and spinal cord ischemia rates. The secondary outcomes include
aortic remodeling, LSA patency, freedom from aorta-related
reintervention. TEVAR was indicated for type B acute aortic
syndromes with rupture and/or branch vessel malperfusion,
refractory pain and hypertension, and with high-risk radiographic
and clinic feathers (aortic diameter >40 mm, false lumen diameter
>20-22 mm, entry tear >10mm and located at lesser curve,
hemorrhagic pleural effusion, need for readmission, and
reappearance of pain/symptoms) (3-5). The technical success was
defined as complete excluding the entry tear with absence of
complications (10). LSA patency was defined as diameter reduction
<70% on follow up computed tomography angiography (CTA) (11).
Aorta-related mortality was defined as all death due to the treated
pathology and all deaths occurring <30 days of the procedure.
Aorta-related reintervention was defined as a requirement of an

additional surgical procedure due to the treated pathology (10).

Endovascular procedure

All procedures were performed under general anesthesia in a
hybrid operating room within 14 days after onset of symptoms
by two operators with more than 20 years of experience in
TEVAR. The mean interval from symptom onset to TEVAR
procedure is approximately 2 days.

Castor branched stent-graft

The left brachial artery (LBA) was cannulated using a 6F sheath
for deployment of the branched section, while one side of the
common femoral artery (CFA) was cannulated with a 5F sheath
for aortic angiography percutaneously. The other side of the CFA
was exposed, and a 5F MPA catheter was advanced into the

TABLE 1 Rationale for different endovascular techniques for LSA revascularization.

Rationale and = Castor-branched stent-graft
characteristics

Rationale A single-branched stent-graft without
distal or proximal bare stents
Advantages Commercially available

commonly used in emergency procedure

Disadvantages The manufacturing time precludes their

use in urgent cases
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Chimney techniques
Parallel stent technology using commercial stents
No requirement of pre-customized, and being

Increasing a risk of type Ia endoleak

02

Fenestration techniques

In situ fenestration or pre-fenestration created
using commercial stent-grafts

Simple handing, and no requirement of bared or
covered stents

Affecting the integrity of the stent-grafts

frontiersin.org


https://doi.org/10.3389/fcvm.2025.1566798
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Zhang et al.

exposed femoral artery, along with a guidewire through the sheath
deployed in the LBA. Subsequently, a super-stiff guidewire was
advanced into the ascending aorta via the exposed CFA. The
stent-graft was then advanced into the descending aorta, and
simultaneously, the traction wire of the branched section was
pulled out from the tail of the 5F MPA catheter. The stent-graft
was delivered into the aortic arch, with the outer sheath left in
the descending aorta. The soft sheath was removed, and the
branching section was drawn into the LSA. The stent-graft trunk
was released by withdrawing the trigger guidewire, and the
branched section was deployed by removing the traction wire.

Chimney technique

The LBA was cannulated with a 6F sheath percutaneously,
followed by inserting a 5F pigtail catheter into the ascending
aorta for aortic angiography. Surgical cut down of the CFA was
Ankura (Life-tech
Shenzhen, China), with a proximal bare stent ensuring a better

performed. The stent-graft Scientific,
anchor, was delivered to the planned location in the aortic arch
along with a super-stiff guidewire deployed in the exposed CFA,
and then zone 2 deployment was performed. A stiff guidewire
was simultaneously inserted into the ascending aorta via the 5F
pigtail catheter. Subsequently, a chimney stent, one kind of bare
self-expanding metal stent, was advanced into the LSA along
with the stiff guidewire. The chimney stent was deployed at the

planned location with a 10 mm protrusion into the aortic arch.

Fenestration technique

A 5F pigtail catheter was advanced into the ascending aorta for
angiography through a 6F sheath deployed in the LBA
percutaneously. The centerline length between the top of the
proximal landing zone and the origin of the LSA was analyzed to
determine the center of the fenestration. The proximal segment
of the Ankura stent-graft was unsheathed on the back table in
sterile conditions. The fenestration, sized comparably to ostium
of the LSA, was premarked in the stent-graft, and then created in
line with the “8”-shaped radio-opaque marker. The stent-graft
was reloaded in the sheath with the fenestration on the outer
side by tightening the sutures around the stent graft to avoid
distortion. Clock position was used to determine the LSA
position on the Volume-rendering image, and minor rotations
was performed during the release of the first segment to ensure
well alignment of the fenestration to the origin of the LSA.

Aortic angiography was performed to confirm the exclusion of
the dissection and patency of the aortic arch branches for patients
among these groups.

Follow-up
Follow-up was repeated after 1, 3, 6, and 12 months, and then

annually. In the absence of contraindications, CTA was the
preferred imaging modality for follow-up evaluations.
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Statistical analysis

Continuous variables were recorded as mean + standard
deviation and analyzed by ANOVA. Categorical variables,
expressed as numbers and proportions, were compared using
Pearson’s chi-square test, Fisher’s exact test, or the Wilcoxon
rank-sum test. Kaplan-Meier curves were used to determine the
possibilities of events such as LSA occlusion, aortic-related
reintervention, and mortality. A p-value of <0.05 was considered
statistically significant. Statistical analyses were conducted using
SPSS Statistics 19.0 (IBM Corp, Armonk, NY, USA).

Results
Baseline characteristics

The mean age of patients was 56 + 11 years, 54 + 14 years, and
55+ 11 years in group A, B, and C. The majority of patients in all
groups were male and had a history of hypertension. Groups A, B,
and C had 39, 34, and 33 patients who were smokers. Trauma
caused one dissection in group A, and one patient underwent
open surgery for an ascending aortic aneurysm before TEVAR in
group B. The clinical and radiographic features showed no
significant differences among the groups. Further details are
presented in Table 2.

Perioperative outcome

Perioperative outcomes are detailed in Table 3. Technical
success was achieved in 48 (96%), 41 (97.62%), and 39 (95.12%)
patients in Groups A, B, and C. Procedure and fluoroscopy times
showed no significant differences among the groups. Patients in
Group C experienced lower blood loss than those in the other
two groups. Group B utilized more contrast loads than the other
two groups, with a negligible difference. Bird-beak configuration
(BBC) was more predominant in Group A. TEVAR-related death
and length of hospital stay were comparable among these groups.
In group B, one sudden death occurred three days after TEVAR,
and the other patient died within 30 days after TEVAR. In
group C, both patients died within one week after TEVAR.
Perioperative complications, including immediate endoleaks,
spinal cord ischemia, and stroke, did not differ statistically
among the groups. In Group A, two type I endoleaks and one
distal stent-induced new entry were observed before discharge.
One type I endoleak and two type II endoleaks were confirmed
in Group B, and two type I endoleaks were found in group C.

Aortic remodeling

Thrombosis of the false lumen is detailed in Table 4. During
the first two years of follow-up, complete thrombosis of the false
lumen in the stented segment of the thoracic aorta was
confirmed in all patients. Partial and complete thrombosis of the
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TABLE 2 Baseline characteristics of patients.

Baseline characteristics Castor, n=50 Chimney, n=42 Fenestration, n =41

Age, y 56+ 11 54+ 14 55+11 0.585

Gender, m 41 31 29 0.418

Co-morbidity, n

Hypertension 40 36 35 0.733

CAD 2 2 1 1

DM 2 2 0 0.551

Hyperlipidemia 21 17 18 0.975
Chronic obstructive pulmonary disease 4 3 5 0.747
Current or former smoker 39 34 33 0.928

Others 4 4 3 1

Aortic pathologies, n

Aortic dissection 40 32 31 0.869
Penetrating aortic ulcer 5 3 4 0.866
Intramural hematoma 5 7 6 0.629
LSA involvement 13 15 11 0.552

Rupture/malperfusion 0 5 0

Refractory pain/hypertension 33 25 27

High-risk radiographic feature 17 12 14 0.053

CAD, coronary artery disease; DM, diabetes mellitus; LSA, left subclavian artery.
The indications for TEVAR among the groups are in bold.

TABLE 3 Peri-operative outcome.

Peri-operative outcomes Castor, n =50 Chimney, n =42 Fenestration, n = 41

Procedure time, minutes 122.60 +28.23 117.38 £31.38 115.36 + 28.64 0.476
Fluoroscopy time, minutes 21.04+5.39 20.57 +4.34 20.12+£3.79 0.640
Blood loss, ml 3514732 31.54+8.94 25.73 +£8.56 <0.001
Contrast load, ml 104 +8.02 108.45 +12.27 104.02+9.5 0.062
BBC, n 28 10 12 0.003
Hospital length of stay, d 17.98 £8.63 16.38 £ 6.02 1529 +£3.12 0.144
Primary outcomes

Technical success, n (%) 49 (98) 41 (97.62) 39 (95.12) 0.689
In-hospital mortality, n 0 2 2 0.225
Aorta-related mortality, n 1 2 2 0.97
Spinal cord ischemia 0 0 0 N/A
Stroke 1 0 0 1
Secondary outcomes

LSA patency, % 96 95.2 95.1 0.965
Aorta-related reintervention, n 2 2 2 0.965
Immediate endoleak 2 3 2 0.889
Other complications 3 3 3 1
Parameters of stent-graft

No. of endografts placed

One 47 39 41 0.284
Two 3 3 0

Oversize, % 7.84+27 5.06 + 1.88 516+ 1.84 <0.001
Length of coverage, mm 203.2 +13.62 201.67 +18.73 195.61 +8.38 0.034

false lumen increased significantly in both the aorta distal to the 1.1 mm in Group B, and 1 mm in Group C. The aorta was stable
stent-graft and the visceral segment of the aorta. Thrombosis of  and shrinking in the majority of patients in the aorta distal to
the false lumen is illustrated in Figures 1-3. The mean change in  the stent-graft (92.5% in group A, 93.75% in group B, and 93.5%
the maximum transaortic diameter of the aorta distal to the in group C) and the visceral segment of the aorta (89.3% in
stent-graft was —1.72 mm in Group A, —2.05mm in Group B, group A, 91.3% in group B, and 91.7% in group C). No
and —1.83 mm in Group C. Regarding the level of the visceral  significant difference was detected among the groups during
segment of the aorta, the mean change was 1.2 mm in Group A, follow up. Further details are presented in Table 5.
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TABLE 4 Thrombosis of the false lumen of the aorta during two years of follow-up.

d e e O DO O e d O e ene dllo

dO d

The aorta distal to the stent graft Pre-TEVAR Post-TEVAR Pre-TEVAR Post-TEVAR Pre-TEVAR Post-TEVAR
Complete, n (%) 0 (0) 18 (45) 0 (0) 10 (31.3) 0 (0) 12 (38.7)
Partial, 11 (%) 5 (12.5) 16 (40) 4 (12.5) 9 (28.1) 5 (16.1) 11 (35.5)
Patent, 1 (%) 35 (87.5) 6 (15) 28 (87.5) 13 (40.6) 26 (83.9) 8 (25.8)

P <0.001 <0.001 <0.001

The visceral segment of the aorta Pre-TEVAR Post-TEVAR Pre-TEVAR Post-TEVAR Pre-TEVAR Post-TEVAR
Complete, n (%) 0 (0) 7 (25) 0 (0) 5 (21.7) 0 (0) 6 (25)
Partial, n (%) 3 (10.7) 12 (42.9) 3 (13) 8 (34.8) 2 (8.3) 10 (41.7)
Patent, n (%) 25 (89.3) 9 (32.1) 20 (87) 10 (43.5) 22 (91.7) 8 (33.3)

P <0.001 0.001 <0.001

FIGURE 1

completely using Castor-branched stent-graft.

(a,b) The dissection involved the ostium of the left subclavian artery (LSA) and the visceral segment of the aorta. (c,d) The LSA was patent and complete
thrombosis of the false lumen was confirmed at the level of the visceral segment of the aorta after 2 years. (e,f) The entry tear was excluded

Follow-up outcome

All patients were closely followed according to the protocol.
Figure 4 shows the LSA patency for all patients with no
significant difference in the three groups (p=0.965). The LSA
occlusion without symptoms was detected in two patients in each
group. Figure 5 provides details on aorta-related reinterventions
during follow-up, with no statistical significance observed among
the groups (p =0.965). In Groups A and C, one retrograde type
A dissection was found, leading to an open repair in both cases.
Two additional stent-grafts were deployed in Group B because of
persistent endoleaks 14 months after TEVAR. Aorta-related
deaths due to Aortic rupture and/or retrograde dissection leading

Frontiers in Cardiovascular Medicine

to fatal cardiac tamponade occurred in the following patients:
one in Group A, two in Group B, and two in Group C. The
details are illustrated in Figure 6. No significant difference was
observed among the groups during follow-up (p =0.97).

Discussion

During zone 2 TEVAR, intentional coverage of the LSA
increased the risk of upper extremity and spinal cord ischemia,
and stroke (12-14). Therefore, several endovascular techniques,
single-branched  stent-graft,
fenestration techniques, are used for LSA revascularization. Despite

including chimney stent, and
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FIGURE 2
(a,b) The orifice of the LSA was involved by intramural hematoma. (c,d) One year after thoracic endovascular aortic repair (TEVAR), favorable aortic
remodeling and patent LSA were detected. (e,f) Zone 2 landing was performed using chimney stent to preserve the LSA.
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FIGURE 3

(a,b) Retrograde dissection involved the inner curve of zone 2 and the visceral segment of the aorta. (c,d) Eight months after TEVAR, the patency of the
LSA and complete thrombosis of the segment distal to the stent-graft was found on computed tomography angiography (CTA). (e,f) The fenestrated
stent-graft was deployed in zone 2 to exclude the entry tear and preserve the LSA.
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TABLE 5 Aortic remodeling during two years of follow-up.

10.3389/fcvm.2025.1566798

Aortic remodeling Castor Chimney Fenestration P
Transaortic diameter change in the aorta distal to the stent graft, mm -1.72+£3.24 —2.05+2.81 —1.83 +1.46 0.923

Shrinkage, % (N) 30 (12/40) 31.25 (10/32) 29 (9/31)

Stable, % (N) 62.5 (25/40) 62.5 (20/32) 64.5 (20/31)

Growth, % (N) 7.5 (3/40) 6.25 (2/32) 6.5 (2/31) 0.992
Expansion of the true lumen, mm 3.56 +0.81 3.94+0.67 3.94+0.77 0.067
Shrinkage of the false lumen, mm 5.28 £0.96 5.99+0.78 5.77 +0.91 0.87
Transaortic diameter change in the visceral segment of the aorta, mm 1.2+1.63 1.1+£1.79 1.00 +1.24 0.834

Shrinkage, % (N) 35.7 (10/28) 34.8 (8/23) 29.2 (7/24)

Stable, % (N) 53.6 (15/28) 56.5 (13/23) 62.5 (15/24)

Growth, % (N) 10.7 (3/28) 8.7 (2/23) 8.3 (2/24) 0.984
Expansion of the true lumen, mm 2.61+0.74 2.74+0.45 2.92 +0.65 0.221
Shrinkage of the false lumen, mm 1.41+0.74 1.64+£0.34 1.92 £0.55 0.538

104

4'_—1} } U NN SN I S —Castor
- + o L J—]cﬁmey
" 'Fenestration
—+— Castor censored
—t— Chimney censored

> 087 Fenestration censored
(2
c
2
[
Q.
o 06
t
S
c
8
s
< 047
K]
3
(%]
[ =
]
-

0.2

0.0

Cumulative Kaplan—Meier estimates of the LSA patency during midterm follow-up.
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Cumulative Kaplan—Meier estimates of the aorta-related reintervention during midterm follow-up.
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carotid-subclavian bypass or transposition being the gold standard
for LSA revascularization during zone 2 TEVAR (2, 15), our study
utilized different endovascular techniques to preserve the LSA
during zone 2 TEVAR. The Castor-branched stent-graft, chimney
stent, and fenestration techniques are safe, effective, and minimally
invasive procedures with a low incidence of complications and a
high technical success rate. All techniques facilitated favorable
aortic remodeling during the first two years of follow-up, although
the Castor-branched stent-graft exhibited a higher incidence of BBC.

A Castor-branched stent-graft is a single-branched stent-graft
without distal or proximal bare stents. It has received approval
for the simultaneous exclusion of the entry tears and LSA
preservation during zone 2 TEVAR. Jing et al. reported the safety
and effectiveness of Castor-branched stent-grafts for deployment
proximal to the LSA orifice (7). Compared with the other two

Frontiers in Cardiovascular Medicine
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endovascular treatments, this type of stent-graft seems to be
associated with a higher incidence of BBC, a factor considered to
elevate the risk of type I endoleaks and stent-graft collapse or
fracture (16-18). Designing a stent-graft without a proximal bare
stent, withdrawing the traction wire to deploy the branch section,
and using a greater oversizing may contribute to this dilemma
(7, 16, 19). Despite the higher incidence of BBC in Castor-
branched stent-grafts, no statistical difference in complications
was observed among the groups. The relatively high incidence of
BBC seems not to increase the risk of clinical events. Long-term
follow-up is required to confirm these findings.

Technical success was achieved in 41 patients who received the
chimney stent, with three endoleaks detected immediately after
TEVAR. However, no reintervention was required for these
patients as they remained asymptomatic during follow-up.
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FIGURE 6
Cumulative Kaplan—Meier estimates of the aorta-related death during midterm follow-up.

Compared to previous reports, our center observed a slightly lower
incidence of endoleaks in patients treated with chimney stents (20,
21). The diminished gutter between the bare chimney stent and the
main aortic stent-graft seems to contribute to a reduced risk of
endoleaks. However, achieving complete gutter sealing with
current techniques remains challenging (20, 22, 23). Despite
concerns that a bare metal chimney stent might increase the
incidence of LSA occlusion (22, 24), no significant difference was
observed among the groups during follow-up. Notably, selection
criteria for chimney stents have not been established.

For patients requiring intentional coverage of the LSA to extend
the proximal landing zone during zone 2 TEVAR, both on-the-table
and in situ fenestration techniques have demonstrated durability and
safety for isolated LSA revascularization during midterm follow-up
(9, 14, 25, 26). Comparable to previous studies, technical success
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was achieved in 39 patients, with two type Ia endoleaks detected
immediately after the procedure. One persistent type Ia endoleak
was repaired using a double fenestration technique to extend the
proximal landing to zone 1. The other type Ia endoleak
disappeared spontaneously on CTA before discharge, suggesting
that thrombosis and aortic remodeling occur over time (27). A
“Wait and Watch” strategy could be considered for slight
immediate type Ia endoleak.

Previous studies suggest that complete endovascular techniques
for LSA revascularization during zone 2 TEVAR achieved
outcomes comparable to those of carotid-subclavian bypass or
transposition (6, 28, 29). For branched stent-graft and chimney
technique, ensuring alignment and fully expanding of the
branched section or the chimney stent is challenging during zone
2 TEVAR. For fenestration technique, aligning the fenestration

frontiersin.org


https://doi.org/10.3389/fcvm.2025.1566798
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Zhang et al.

with the origin of the LSA is difficult, and unexpected covering the
origin of the LSA is not rare. Therefore, endovascular techniques
pose an increased risk of clinically silent LSA occlusion. While
single-branched stent-grafts have been approved for managing
aortic arch pathologies, the manufacturing time precludes their
use in urgent cases (7). The chimney technique, using a bare
stent, appears to be associated with an increased risk of endoleak
for entry tears at the outer curve. The fenestration technique
affects the integrity of the stent-graft, emphasizing the need to
evaluate the applicability and durability of fenestrated stent-grafts
additional  data
Individualized adjustments are crucial when preserving the LSA

through during long-term  follow-ups.
during zone 2 TEVAR to account for diverse conditions.

The present study has a few limitations. First, being a single-
center study with a limited number of patients, the selection
basis should be considered when interpreting the outcomes.
Second, the absence of a comparison between endovascular
techniques and carotid-subclavian bypass surgery calls for further
randomized control trials to evaluate the applicability and
LSA

revascularization during zone 2 TEVAR. Third, the chimney

durability of complete endovascular techniques for
technique was performed using a self-expanded bare metal stent,
and the establishment of selection criteria for the chimney stent
requires more data during long-term follow-up.

Endovascular techniques, including single-branched stent-graft,
chimney, and fenestration techniques, are feasible for LSA
revascularization during zone 2 TEVAR, with favorable aortic
remodeling during midterm follow-up. It is necessary to evaluate
whether endovascular techniques could offer outcomes comparable
to carotid to subclavian artery bypass during zone 2 TEVAR for type

B acute aortic syndromes, given the potential concern of LSA occlusion.
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