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Conventional elephant trunk (cET) and frozen elephant trunk (FET) are two distinct
approaches to the surgical treatment of thoracic aortic aneurysms and dissections.
With the advent and growing uptake of endovascular technologies, FET is becoming
increasingly popular for its potential to be performed as a single-stage operation with
better aortic remodeling and less risk of graft kinking than the traditional two-stage cET
procedure. However, FET has been associated with a higher risk of spinal cord ischemia
and its use in patients with connective tissue disorder remains controversial. The
current review aimed to reflect on recent evidence surrounding the application of cET
and FET to different types of aortic pathology in both acute and elective settings.
Another scope of this review was to compare the characteristics of the currently
available FET commercial devices on the global market. Our findings highlight that
when the pathology is confined to the proximal descending aorta, such as in Dsine,
intervention is often single-staged and false lumen (FL) thrombosis is achieved with
good effect. FET remains limited by spinal cord injury and applicability in patients with
connective tissue disorder, although some groups have started to circumvent associ-
ated complications, likely due to growing surgical expertise. Many other aortic diseases
do require second-stage intervention, and even in these cases, there appears to be
lower in-hospital mortality when using FET over cET. This is possibly due to the higher
rate of endovascular completion facilitated by the completed landing zones created
during FET. FET is trending toward becoming the universal treatment modality for
extending repair to the descending aorta
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Conventional elephant trunk (cET) and frozen elephant trunk
(FET) are two distinct approaches to the surgical treatment of
thoracic aortic aneurysms and dissections. The introduction
of cET to the aortic surgery arena in 1983 by Borst'-? was the
beginning of an era for the open two-stage repair of disease
affecting both the aortic arch and the more distal aorta.
Major procedural concerns related to the cET include the
cumulative risk of two major surgical interventions, the
interval mortality between the two stages, and losing a large
percentage of patients in the second operation.>™

The use of the FET technique was initially experimental,
before it was formally introduced in 1996, offering a more
contemporary hybrid method, typically performed in a single
stage via combining open and endovascular repair.6'7 Howev-
er, many aortic cases still require more than one intervention,
as each case differs according to center experience and the
demographic, anatomical, and disease characteristics of the
patients.3'8 It is useful that polyester-based FET grafts are
generally clampable with good recoil and are therefore amend-
able to repeat intervention.

FET has experienced progressive international uptake over
the last decade, bringing to question the future of cET in the
contemporary management of aortic pathology. FET unites
principles of cET and endovascular repair in an attempt to
achieve single-stage repair of extensive aortic arch disease,
thus mitigating the risk of interstage mortality, facilitating
distal endovascular repair, and often eliminating the morbidi-
ty associated with the open distal aortic repair.**-'" Reinter-
vention is common but is associated with acceptable
morbidity and mortality.'2"1°

One major commercial FET product is the Thoraflex
Hybrid (Vascutek, Terumo Aortic, Inchinnan, Scotland).m‘18
Thoraflex Hybrid is considered by some experts to be more
advanced than other commercial FET devices, as it incorpo-
rates a quadrifurcated proximal vascular portion to facilitate
reimplantation of the epiaortic vessels.'” Most of the FET
operations in the United States used to employ a combination
of a Dacron graft and an antegrade deployed conventional
thoracic endovascular aortic repair (TEVAR) stent grafts.
Recently, the FET-specific Thoraflex hybrid device was ap-
proved for commercial use in the United States.

One scope of this review is to compare the technicalities of
contemporary FET devices. Another aim is to explore FET with
regard to its characteristics, technical details, and outcomes of

its application to complex aortic pathologies involving the
ascending aorta, the aortic arch, and the descending aorta.

Elephant Trunks Compared: Frozen Elephant
Trunk Versus Conventional Elephant Trunk

FET and cET (evaluated in ~Table 1-'°"%2) are similar in
terms of the scope of repair of the ascending aorta and the
aortic arch. Both approaches replace the transverse aortic
arch and replace a variable portion of the ascending aorta.
FET avoids damage to vital anatomical structures (e.g.,
pulmonary artery, esophagus, vagus and recurrent laryngeal
nerves, and thoracic duct) by eliminating open second-stage
intervention. Traditional distal anastomosis of FET was per-
formed at aortic zone 3. In recent years, preference has
gradually shifted toward zone 2, and even reaching zone 0,
as they were associated with better surgical accessibility and
shorter bypass, cerebral perfusion, and cardioplegia time.
Therefore, the nomenclature of total replacement of the
transverse arch can be inaccurate, especially when perform-
ing an FET with a more proximal zone anastomosis.?>

A principal difference between the two elephant trunk
techniques regards how the dissection involving the distal
thoracic aorta (DTA) is managed. In the first stage of cET, the
focus is on excising the entry tear and repairing the ascending
and the transverse aortic arch. This is followed by a second-
stage endovascular stenting of the dissected DTA. In contrast,
the FET allows for the dissected proximal DTA is to be treated
with a stent graft in the same operation as the ascending aorta
and aortic arch repair. =Fig. 1 shows extensive thoracoabdo-
minal aortic aneurysm angio-computed tomography (CT) 3D-
reconstruction along with cET treatment stages®*

FETresults in widespread expansion of the true lumen and
coverage of proximal descending aortic entry tears via the
radial forces exerted by the stent graft, thus increasing true
lumen flow and decreasing FL diameter. However, if patients
are not carefully selected, or if the disease progresses into the
downstream aorta, which can be expected due to the mixed
nature of many aortic disease cases, a second-stage proce-
dure may still be imperative when using FET.> Prognosis is
better when using a guidewire in the procedure and when
applied to patients under 60 years of age.”> ~Fig. 2->° shows
pre- and postoperative CT scans for different indications for
FET.

Table 1 Evaluation of conventional elephant trunk (cET) and frozen elephant trunk (FET) procedures, which both facilitate

thoracoabdominal intervention

Advantages

Disadvantages

ischemic visceral complications

CET Simplifies distal aortic arch anastomosis, reducing risk of

2 stage procedure—high cumulative surgical risk3~>
19,69-71

Interval mortality

Lower rates of spinal cord injury”"20

May fail to address residual FL patency43'44’50

Graft kinking

FET Mostly 1 stage procedure

Spinal cord injury3%:°2

Reduces risk of repeat aortic surgery via better FL thrombosis

Limited graft kinking

AORTA © 2024. The Author(s).
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Fig. 1

(A) Extensive thoracoabdominal aortic aneurysm angio-CT 3D-reconstruction. (B) Surgical result after the first cET procedure

and (C) after the second hybrid procedure (open visceral rerouting + stent graft coverage of the thoracic aorta). Reproduced from Di Bartolomeo
et al.?4 Copyright permission to reuse had been obtained from Oxford Academic Group.

Types of Frozen Elephant Trunk Devices

The five most popular commercially available FET grafts are
summarized in ~Table 2.7 In Europe, there are currently
two commercial FET grafts with the Conformité Européenne
mark. These are the Thoraflex Hybrid and E-Vita Open
(JOTEC GmbH, Hechingen, Germany). The E-Vita Open
was the first commercially available hybrid prosthesis,
made available in 2008. The proximal part is a vascular
prosthesis and the distal part is a self-expandable Z-shaped
nitinol-wired stent graft. In 2020, E-Vita NEO became
available, which is designed to offer greater options for
epiaortic revascularization. However, early evidence sug-
gests that postanastomotic oozing from the polyester por-
tion of this proximal graft remains a concern.?® In contrast,
Thoraflex Hybrid, available since 2012, has a quadrifurcated
proximal vascular portion with differently shaped distal
self-expandable nitinol stents. The quadrifurcated proximal
portion facilitates individual arch vessel reimplantation.
Also, once the distal anastomosis is completed, it facilitates
reperfusion of the lower body through the fourth branch.
The branched nature of Thoraflex Hybrid facilitates arch
vessel reconstruction, whereas Thoraflex Hybrid Ante-Flo
facilitates island technique reconstruction (Carrel patch).
Both E-Vita Open and Thoraflex Hybrid have a sewing collar
to facilitate distal anastomosis. These grafts are available in
variable lengths (120-130 or 175-180mm) for the Evita
Open ; 100 or 150mm for the Thoraflex Hybrid) and

diameters (22-40 mm for the E-Vita Open; 24-40 mm for
the Thoraflex Hybrid).

Outside of Europe, there is the Frozenix ] Graft Open Stent
graft (Japan Lifeline Co. Ltd. Tokyo, Japan) and Cronus
Open (Microport, China). Frozenix ] Graft Open Stent graft
was introduced in 2014. There is a proximal unstented
graft and distal-stented part made of a polyester tube that
uses a unique double-layered oval-shaped nitinol stent.
The oval-shaped stented portion is molded to match the aortic
curvature upon insertion of the device. Postdeployment and
completion of the distal anastomosis, the arch vessels are
reconstructed with a separate branched graft in an end-to-
end fashion. Three lengths are available (60, 90, and 120 mm)
and the diameter of the stent graft ranges from 17 to 39 mm.
The arch vessels are sewn with a separate branched graft
during the distal anastomosis on the aortic arch.

Another graft in the Asian market, with wide uptake in
South America, is the Cronus Hybrid Graft (MicroPort, Shang-
hai, China). Instead of having an unstented proximal portion,
there is a+1cm sewing cuff which can be anastomosed to
another commercially available arch graft. The distal stented
portion is Z-shaped conichrome, which is a cobalt-chromium
alloy. Proximal and distal diameters range between 21 and
32 mm. Device delivery is easy and is achieved using a pull wire
and grip handle. The length of the device (150-200 mm)
depends on the length of the stent graft, which can range
between 40 and 150 mm. =Fig. 3 shows examples of different
commercially available FET devices.?®

AORTA  © 2024. The Author(s).
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Fig. 2 Indications for the FET technique and preoperative and postoperative CT scans: (a and (A)) acute Type A aortic dissection;

(b and (B)) degenerative aneurysm; and (c and C) residual Type A dissection with aortic root aneurysm. Reproduced from Leone et a
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Copyright permission to reuse had been obtained from Oxford Academic Group.

Frozen Elephant Trunk: “Freezing”
Mortality and Stroke

FET has comparatively lower mortality than cET. A 2020
meta-analysis (35 studies, 3,145 patients) by Preventza
et al, > which exclusively explored total arch FET procedures,
found 8.8% (95% confidence interval [CI]: 7.0-10.9) pooled
operative mortality. However, this pooled result is inflated
due to the inclusion of both emergencies (53.2%) and elective
cases. Upon subgroup analysis of emergency acute Type A
aortic dissection (ATAAD, 12 studies, 1,300 patients) versus
nonacute Type A dissection and aneurysm (14 studies, 741
patients), mortality was 9.2% in ATAAD versus 7.6% in non-
ATAAD (p =0.46).%° This subgroup mortality rate is almost
identical to the FET mortality (7.7%) and less than the cET

AORTA © 2024. The Author(s).

mortality (14.5%) presented in a separate 2018 systematic
review (12 studies, 1,803 patients).10 Similarly, a recent
meta-analysis by Vernice et al*' has supported the men-
tioned results. The authors showed that FET had lower
perioperative mortality (relative risk: 0.50, 95% CI: [0.42;
0.60], p<0.001) and improved 1-year survival compared
with cET (hazard ratio [HR]: 0.63, 95% CI: [0.42; 0.95],
p=0.03)3"

Stroke incidence is lower with FET. Preventza et al>® found
a 7.6% (95% CI: 5.0-11.5, I?=88.3%) pooled estimate for
transient or permanent stroke in FET; accounting for the
high heterogeneity, the 95% confidence interval was 2.9 to
12.3%.30 Similarly, Hanif et al'® presented an improved FET
stroke rate of 6.5% (odds ratio [OR]: 0.78; 95% CI: 0.52-1.15,
p=0.21, > = 0%) compared with the cET stroke rate of 9.7%. It
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Table 2 Summary of the characteristics and technical specifications of commercially available FET grafts

Device Thoraflex hybrid E-Vita Open Frozenix Cronus Open

Manufacturer Terumo Aortic Jotec Japan Lifeline Microport

Year of introduction 2012 2008 2014 2003

Market penetration Global Europe, Asia Japan South America, Asia
(Europe, Asia,
Canada, United States)

Material Nitinol Nitinol Nitinol Conichrome

(2-layer)
Stent design Ring Z-shape Oval Z-shape

Arch reconstruction
strategy

Quadrifurcated graft

Island technique
reconstruction or
separate graft arch graft

Separate graft arch graft

Proximal diameter (mm) | 22-32 20-40° 17-39 21-32
Distal diameter (mm) 24-40

Stent graft length (mm) 100 or 150 120-130 or 175-180 60, 90, and 120 | 40-150
Full device length (mm) 340 or 390 180, 220 or 230 570 150-200

Abbreviations: CA, celiac axis; DTA, distal thoracic aorta; ATAAD, acute Type A aortic dissection;
trunk; LSA, left subclavian artery.
Source: Reviewed in further depth by Chauvette et. a

|24

?Available in different proximal and distal configurations.

Thoraflex Hybrid

DTA, distal thoracic aorta; FET, frozen elephant

Cronus open

Fig. 3 Current available FET stent grafts available commercially. Reproduced from Di Bartolomeo et al.?® Copyright permission to reuse had
been obtained from Springer Nature.

AORTA  © 2024. The Author(s).
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is possible that the FET stroke rate is lower in the meta-
analysis by Hanif et al'® due to their inclusion of both total
aortic replacement (TAR) and proximal/hemiarch proce-
dures. When dividing the ATAAD studies and nonacute
Type A dissection and aneurysm studies, respective stroke
incidence was 9.3 versus 6.6% (p=0.51 )20

FET is believed to be associated with higher rates of spinal
cord ischemia than cET. Based on meta-analyses alone, rates
of spinal cord ischemia (SCI) remain greater in FET patients

DTA

2 y: Insignificant difference
in mean FL volume between

LSA and CA

operative ratio between
87.8¢

false lumen and total aortic
0.63 (0.13-0.8) vs. 0.45

Preoperative vs post-
(0.15-0.65)

FL thrombosis (%)

Arch
lumen:

6 mo: 74.3

1y:67

6 mo: 92.4

1y:89

than in cET patients. Hanif et al'® found a pooled OR estimate
0f2.20(95% CI: 1.10-4.37,p=0.023) in favor of cET (2.6% SCI)
versus FET (5% SCI) across nine studies, which is similar to the
4.7% SCI (95% CI: 3.5-6.2, I>=46.3%) reported for FET by
Preventza et al.>% It must be considered that meta-analyses
are inherently limited in the reporting of surgical data. At
present, no definite conclusion can be reached due to the lack

reintervention

(%)

Freedom from

3y:96.6

of direct comparison in a single-center setting, and the
performance of the grafts in reducing SCI is possibly related
to the complexity of the aortic pathology. However, it is
promising that a recent multicenter study demonstrated that
FET does not increase the incidence of paraplegia in patients

Long-term outcomes

Survival

(%)

2y:+£90

3y:76.6

with ATAAD.3? The FET procedure combines repair of
ascending, transverse and proximal DTA, offering more
technical demand and complexity to the procedure when
compared with cET. In terms of operative data, a recent meta-
analysis by Vernice et al*! showed that the FET procedure
was associated with a significantly longer time of antegrade

Spinal cord
injury (%)

0.7

cerebral perfusion (51.08 vs. 69.2 minutes; p <0.0001) and
circulatory arrest time (47.6 vs. 53.3 minutes; p < 0.0001). In
the same metanalysis, however, FET was shown a significant-
ly lower time of the overall bypass (226.1 vs. 229.1 minutes;

Stroke

3.9
4.0

p=0.0006) and cross-clamp (126.8 vs. 114.9 minutes;
p<0.0001) time.>' Moreover, two recent metanalyses
showed no evidence of a significant difference in the inci-
dence of major bleeding or open reintervention between the
two techniques.%

Short-term outcomes
In-hospital

mortality

(%)

4.6

1.4

5.2
6.7

13.0

Acute Dissection

Acute Type A Dissection

There is a large ongoing debate concerning the most appro-
priate management of the aortic arch in ATAAD, and partic-
ularly, around whether the FET technique should be used

Major device(s)
Thoraflex Hybrid
Thoraflex Hybrid
J-Graft Open

Cronus

Cronus

J-Graft Open;
J-Graft Frozenix

routinely to treat these patients. Studies that offer evidence
on this debate are included in ~Table 3.33-4° The aforemen-
tioned meta-analysis by Preventza et al>* identified 12
studies (1,300 patients) in which patients underwent FET

Sample
size

8

20

139

154
300
32

for emergency repair of ATAAD. Mortality and stroke were
9.2 and 9.3% compared with the 7.6 and 6.6% mortality found
in studies with nonacute Type A dissection and aneurysm (14

Year
2021
2021
2020

2020
2020
2020

studies and 741 patients; p=0.46 and p=0.51). These find-
ings are similar to what was identified in a 2016 meta-
analysis by Takagi and Umemoto*' which also exclusively
studied FET in ATAAD, finding early mortality of 9.2% (95% CI:
7.7-11.0%) and stroke of 4.8% (95% CI: 2.5-9.0%). Improved
prevention strategies against adverse outcomes are war-
ranted and will become better understood as more indepen-
dent risk factors are identified in the ATAAD context.

First author
Mehanna et al33
Yoshitake et al®*

Usai et al**

Table 3 FET outcomes in ATAAD

Liu et al?®
Liu et al®®

Kaneyuki et al®3

AORTA © 2024. The Author(s).
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Recently, the duration of cardiopulmonary bypass (CPB) was
identified as an independent predictor of adverse outcomes
in surgical repair for ATAAD.*?

Influencing the prognosis of ATAAD is end-organ malper-
fusion, which affects approximately one-third of patients and
dramatically impairing the outcome, increasing the mortality
from 6 to 15% when absent, to 40 to 50% when it onsets.*3
Moreover, extensive involvement of the aorta puts patients at
higher risk for late complications secondary to the aneurysmal
degeneration of the distal aorta. In both instances of extensive
aortic involvement and visceral organ malperfusion, the place-
ment of a stent graft in the descending thoracic aorta, as done
with FET, compared with simple ascending aorta or hemiarch
replacement, favors the opening of the true lumen and the
obliteration of the secondary entry tears and promotes FL
thrombosis with more timely reversal of the malperfusion
process. This leads to reduced rates of late distal reintervention
and death from aortic rupture. The more complete aortic
remodeling may be reflected in complete FL thrombosis and
decrease/elimination of the TL diameter.

Frozen Elephant Trunk Leads to Superior Aortic
Remodeling than Conventional Elephant Trunk in the
Acute Setting

Partial or complete FL thrombosis at the level of the stent graft
occurs in = 90% of ATAAD treated with FET,*>** accompanied
by further downstream FL shrinkage. Nonetheless, despite
being superior, the distal FL shrinkage may still be incomplete
or unsatisfactory and requires careful surveillance. >3

FET is also more capable than cET of thrombosing the FLto a
more distal level *#49~>1 The reported failures of cET to address
residual FL patency in the distal aorta may therefore facilitate
aortic enlargementsz'53 and pose a greater risk of later addi-
tional distal aortic surgery. At the level of the distal arch and
distal edge of the endograft, Inoue et al°? observed insignif-
icantly different postoperative FL patency between FET
(n=33) and cET (n=115) groups (p =0.73 at the distal arch
and p = 0.71 at the distal edge of the ET). Median follow-up was
2 years.>” For both groups, postoperative FL patency was only 7
to 13% at the distal arch, which was a significant decrease from
the FL patency that was observed preoperatively.”? Differences
between FET and cET became apparent at the level of the left
lower pulmonary vein (LLPV). In the FET group, the change in
postoperative FL patency at that level was substantially lower
(73% preoperative vs. 30% postoperative) than in the cET group
(84% preoperative vs. 77% postoperative).>? Reflectively, all
aortic segments studied from the FET group showed a trend to
decline between 1 and 6 months time point, whereas the size
of the aortic segments showed a tendency to increase in the
cET group at both LLPV and celiac axis (CA).>?

A more recent retrospective study of similar nature by
Kaneyuki et al°> compared outcomes of FET (n=32) versus
CET (n=17) in a cohort of retrograde ATAAD patients.
Median CT follow-up was 1 year.”> Again, better remodeling
was achieved with FET, although the findings are in conflict
with those presented by Inoue et al®®> Unlike Inoue et al,>2
who show that remodeling benefits achieved with FET are
achieved in the downstream distal aorta (at LLPV and CA),

AORTA © 2024. The Author(s).

Kaneyuki et al®> show that remodeling benefits achieved

with FET are more apparent at the level of the distal arch. At
this anatomical level, they found that only 11% of FET
patients had FL patency, compared with only 54% of the
cET patients (p:0.042).53 However, more downstream, FL
patency appeared to remain consistent in the cET group but
increase in the FET group. At the level of the LLPV and CA, FL
patency was found in 48 and 63% of the FET group, whereas
the cET group remained at 54% at both anatomical levels
(LLPV, p =0.74; CA, p=0.58).>3 Given the relatively smaller
cET sample size (n=17) compared with Inoue et al,>? it is
highly possible that their analysis was underpowered.>
Additionally, the authors also outline that the procedures
were performed in different years, which possibly intro-
duced selection bias amongst the surgeons.53

FET also appears to offer superior remodeling to other
conventional arch repair strategies, such as partial arch
repair +stent graft and hemiarch repair+stent graft. A
2020 study by Yoshitake et al®* compared FET (n=139
patients) to a conventional arch repair cohort (n=287)
undergoing ATAAD repair. FL thrombosis at the level of the
bronchial carina was achieved in 87.8% of FET patients but
only 58.6% of non-FET patients.>* Respective survival rates at
3 and 5 years postoperatively were 95.0 +5.1 and 93.0 & 7.0%
in the FET group and 85.3 +14.8 and 80.8 + 19.2% in the no
FET group.®* When propensity matching (PMS), 92 patients
each from the FET and non-FET cohorts, there was 85.1
versus 39.5% FL thrombosis. It is interesting that PMS found
an insignificant difference in 3 year rate of freedom from
distal thoracic aortic reintervention, estimated with Kaplan-
Meier (89.0+11.0% in FET and 87.5+12.5% in non-FET
group, p=0.966).>* However, long-term survival and rates
of freedom from aortic-related death were superior under
FET versus non-FET (p = 0.013 and p = 0.044, respectively).”*

Acute Type B Dissection

TEVAR remains the first-choice treatment for acute Type B
aortic dissection (ATBAD) that are complicated and require
care beyond medical management. However, these patients
remain at risk as there is still a persistent risk of retrograde
Type A aortic dissection (TAAD). The FET technique represents
analternative when no “landing zone” is present for TEVAR or if
there is a concomitant aneurysm of the aortic arch/ascending
aorta, and when there is steep arch angulation. A recent study
by Matsuzaki et al>> compared 17 patients who underwent
total arch replacement using frozen elephant trunk (TAR-FET)
(Frozenix) for acute exacerbation of uncomplicated TBAD, in
whom TEVAR was anatomically contraindicated, with a sub-
group of 16 elderly patients undergoing Zone 2 TEVAR. Mean
follow-up was 15.8 9.7 months. The mean age in the TAR-FET
group was significantly lower (67 vs. 76 years; p=0.02) and
the maximum diameter of the ascending arch was significantly
larger in the TAR-FET group (46 vs. 37 mm; p =0.001). There
was zero in-hospital- and late mortality in both groups. Spinal
cord ischemia and stroke occurred in zero TAR-FET group, but
both occurred in one (6%) of the TEVAR group. This sample is
too small to make reliable deductions but is sufficient to



Conventional vs Frozen Elephant Trunk Geragotellis et al.

Fig.4 (A)Preoperative angio-CTscan showing an ATBAD with an intimal tear located at the aortic isthmus. (B, C) Postoperative final result after
FET surgery. Reproduced from Di Bartolomeo et al.?* Copyright permission to reuse had been obtained from Oxford Academic Group.

illustrate that TAR-FET is an adequate substitute for TEVAR in
the short- and midterm for certain cases. =Fig. 4 shows
preoperative angio-CT scan showing an ATBAD and a postop-
erative scan after the FET procedure.

A 2015 analysis from the International E-vita Open Regis-
try by Weiss et al®® included 57 TBAD patients—28% were
acute (n=16) and 72% were chronic (n=41). In the majority
of cases, the aortic arch and/or ascending aorta had aneur-
ysmatic dimensions or was retrogradely involved by the
dissection and required concomitant treatment. In total, 54
(95%) and 38 patients (67%) underwent replacement of the
aortic arch and/or the ascending aorta, respectively. Overall,
in-hospital mortality rate was 14%(8/57) or 13% of acute TBAD
patients (2/16) and 15% of chronic TBAD patients (6/41).
Pooled stroke and spinal cord injury (SCI) were 10 and 4%.>°
The authors attribute the elevated stroke rate to the arch
replacement procedure rather than to the stent graft itself,
as the time for stent-graft placement and deployment did not
prolong the period of antegrade selective cerebral perfusion or
hypothermic circulatory arrest when compared with cET total
arch replacement.”® Before discharge, the rate of immediate FL
thrombosis at the level of the stent graft was 79% in ATBAD and
74% in chronic Type B aortic dissection (CTBAD). Better com-
plete FL thrombosis was seen with ATBAD than CTBAD in the
distal thoracic descending aorta (36% ATBAD vs. 28% CTBAD)
and abdominal aorta (28% ATBAD vs. 5% CTBAD). These trends
were similar at a mean follow-up of 23 4+ 19 months and are
illustrated in = Table 4.°° At follow-up, distal to the stent graft,
there was 50% FL patency in all patients (33% ATBAD vs. 57%
CTBAD), which poses a risk of late aortic growth and aneurysm
formation. Patency was likely higher in the CTBAD group due to
preexisting FL origins of visceral, renal, or intercostal arteries.

Secondary endovascular intervention was necessary in only
12% of patients due to disease progression. The 1- and 3-year
survival was 81 and 75%, respectively.56

Chronic Dissection with Degenerative
Aneurysms

Directly comparing FET to cET for chronic dissection and
aneurysmal disease is not straightforward due to heteroge-
neous sample sizing. For instance, of the 58 chronic aortic
dissections (pooled Type A and B dissections) patients stud-
ied by Shrestha et al* 7 underwent cET while 51 underwent
FET. This is reflective of the progressive adoption of FET into
surgical practice.

Chronic Type A Aortic Dissection

ATAAD requires an emergency operation to save the life of
the patient. Aortic remodeling remains a secondary target,
and a considerable proportion of acute aortic dissection
cases are left with residual disease and FL patency and
remain at risk for late aneurysmal degeneration.>’>° Ap-
proximately 60% of patients who survive surgical treatment
for ATAAD will require aortic reintervention.®® The optimal
treatment modality for Chronic Type A Aortic Dissection
(CTAAD) remains to be established. Only a small number of
series exist which have analyzed the outcomes of the FET
procedure in chronic TAAD patients. These have been sum-
marized in ~Table 5.577% The FET procedure is desirable in
these patients because of its ability to exclude more distal
entry tears. The quadrifurcated shape of the Thoraflex Hy-
brid is ideal, as it even allows the surgical exclusion of
dissections of the supra-aortic vessels.

AORTA  © 2024. The Author(s).



Table 4 Recent cET and FET comparison studies in the context of ATAAD repair
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Abbreviations: ATAAD, acute Type A aortic dissection; cET, conventional elephant trunk; CT, computed tomography; dSINE, Distal stent-graft induced new entry; DTA, distal thoracic aorta; FET, frozen elephant

trunk.

Geragotellis et al.

Note: FET shows superior aortic remodeling (as seen through results of FL thrombosis).

At level of lower left pulmonary vein.

Echoing the data from Weiss et al,°® ~Table 6 which
highlights better remodeling in acute versus chronic dissec-
tion, lafrancesco et al®® similarly analyzed 137 patients from
the International E-vita Open Registry. The majority of
patients had TAAD. There were 65 acute dissections (ATAAD,
n=61 [44.5%]; ATBAD, n=4 [2.9%]) and 72 chronic dissec-
tions (CTAAD, n=51 [37.2%]; CTBAD, n=21 (15.3%)).>°
Median follow-up was 32 months (IQR, 21-53 months).
Similar for both acute and chronic dissections, the rate of
FL thrombosis was higher in the middescending thoracic
aorta (99.3%) and lower in the distal abdominal aorta (13.9%).
Their results also illustrated that the chronic group exhibited
a higher rate of negative remodeling in the downstream
thoracic aorta (33 vs. 17.5%, p= 0.040).50 Negative remodel-
ing refers to a significant increase in the diameter of the
aortic lumen or a significant decrease in the diameter of the
true lumen. A total of 23 (16.8%) patients had reintervention
on the distal aorta, but only one patient underwent distal
reintervention in the acute dissection group. One-, 3-, and 5-
year estimates of freedom from distal reintervention were
statistically different between the acute and chronic groups,
which were, respectively, 100 and 100%, 96.3 and 84.7%, 79.7
and 64.3% (p < 0.001).>°

The abdominal aortic diameter usually remains stable or
undergoes further expansion at follow-up following FETrepair.
Ina cohortof chronic aortic dissection patients undergoing FET
repair, a significant increase in the abdominal aortic diameter
at the celiac trunk after 2 years was observed (36 +8 vs.
43 +8mm, p=0.033) with no significant change in the FL
diameter.%’ The reported data were inconclusive when com-
paring the effectiveness of the repair in the acute versus
chronic phase of the disease. Yet, the chronic groups seemed
to have inferior outcomes and required more later reinterven-
tion. The difference in rates of FL thrombosis for FET versus cET
favored the FET group over the cET group (87.8 vs. 58.6%;
p <0.01).>* still, this comparison is limited, given the incon-
sistent indications for second-stage stenting in cET.

Chronic Acute Type B Aortic Dissection

Patients with CTBAD are generally young and are usually
afflicted with connective tissue disorders. Staged cET proce-
dures have previously been used to treat extensive aortic
aneurysms. Some have suggested that the intimal membrane
should be fenestrated to a length corresponding at least to the
ET prosthesis to avoid its entrapment and equalize perfusion in
both the true and false lumina to improve outcomes.?%8-73
However, FET has recently experienced increased application
in chronic dissection patients for its better capability in
remodeling the distal aorta.*>?7# FET is also a reasonable
option to treat CTBAD with arch involvement, as it is able to
avoid kinking and graft obstruction associated with cET, as well
as interval mortality incurred due to rupture of the remaining
aorta’>’® between stage I and stage L.

Studies reporting on FET for CTBAD indicate in-hospital
mortality and stroke rates both between 0 and 12% and SCI
between 0 and 9%*’7~7° (~Table 5). The aforementioned
study by Weiss et al°® from the international E-Vita Open
registry demonstrates similar interim outcomes of mortality,
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Table 6 Remodeling of the aorta post-FET in ATBAD and CTBAD patients

Before discharge

Complete FL thrombosis (%) Overall® ATBAD?® CTBAD? ATBAD*?P
(n=53) (n=14) (n=39) (n=17)

Stent graft 75 79 74 87

Distal descending thoracic aorta 30 36 28 75

Abdominal aorta 11 28 5 6

At follow-up

Complete FL thrombosis Overall® ATBAD? CTBAD? ATBAD?? ®
(n=42) (n=12) (n=30) (n=17)

Stent graft 98 100 97 93

Distal descending thoracic aorta 60 75 53 87

Abdominal aorta 19 33 13 0

Abbreviations: ATBAD, acute Type B aortic dissection; CTBAD, chronic Type B aortic dissection; FET, frozen elephant trunk.
Source: Summarized data from Weiss et al®'?, or Matsuzaki et al®®® where indicated.

“Mean follow-up of 23 +£19 mo.
®Mean follow-up of 15.8 +9.7 mo.

stroke, SCI, and renal failure in ATBAD versus CTBAD. As
demonstrated in =Table 6, even the interim FL thrombosis is
similar; but, over follow up, there is clearly superior down-
stream remodeling in the ATBAD group. Of the
chronic/aneurysmal cohort, the most affected group were
chronic TAAD (10.9% spinal cord injury, SCI) and least
affected were chronic TBAD (2% SCI).® It is known that there
is elevated SCI risk when endovascularly landing below
Th10,23 and one possible strategy to reduce SCI (to < 0.5%)
is to perform FET only on patients whose aneurysm can be
entirely treated by the length of the stent graft.>*

In rare cases where cET surgery is preferred, completing
both stages is essential for improving long-term survival.®
Castrovinci et al® demonstrated that overall survival after first
stage cET was 75 and 67% at 5- and 10-years follow-up,
respectively. Survival in the group with second stage cET
was 87%, compared with 65% in the group who had not
undergone the second stage at the 5-year follow-up
(p<0.001), and 67% compared with 36% at the 10-year fol-
low-up (log-rank, p < 0.001).2 The < 10% mortality reported
after first-stage cET is adequate to facilitate future open or
endovascular TA repair of the distal aorta.®?%72 In second-
stage patients, perioperative mortality was 9% in those under-
going open repair and only 4% in those undergoing endovas-
cular treatment.® A more recent study found that in-hospital
mortality rate was significantly lower in the FET (8%) group
compared with the cET group (29%; p=0.045) when
conducting second stage repair. Further highlighting the su-
periority of endovascular completion via FET over second-
stage cET is that 5-year survival rate was 76% in the cET
patients versus 89% in the FET patients (log-rank: p=0.11).80

Distal Aorta Considerations

The distal aorta of chronic dissection patients is often
complex. The true lumen may be small and compressed by
the FL. The dissection flap could be thick and stiff, and this

AORTA © 2024. The Author(s).

poor pliability coupled with aortic tortuosity may cause the
junction between the aortic arch and descending aorta to
kink. Kinking and graft-entrapment during first stage cET
could cause a pseudocoarctation.’

The False Lumen

The stent graft provides a positive remodeling with rates
>90% at the level of FET in the first year after repair.*+*°
However, the downstream aorta does not seem to possess
the same ability to remodel. It either stabilizes or undergoes
negative remodeling with aortic expansion. This is especially
evidentin cases with distal FL patency, whose rates remained
high over varying follow-up periods.*%>%¢7 Dohle and col-
leagues*? have reported a 92% FL thrombosis in the stented
segment after 1 year of follow-up. In contrast, the FL throm-
bosis was only 29% downstream in the stent to the celiac
trunk. Moreover, FL thrombosis extending below the celiac
trunk was observed in only 25% after the first year of follow-
up. lafrancesco et al° showed that the rate of FL patency at
the celiac trunk was 71.6% at a median of 32 months.
Similarly, Weiss et al®' reported an FL patency rate of 52
and 78% at the level of the diaphragm and celiac trunk,
respectively. The very downstream segments of the aorta
were reported to go under no change following the
procedure.

Reinterventions for Distal Repair

The negative remodeling downstream of the FET stent often
warrants later reintervention for supplemental distal aortic
repair. In both acute and chronic aortic dissections, the need
for reintervention was significantly correlated with the FL
patency downstream in the aorta. The FET approach provides
asuitable landing zone for endovascular repair and facilitates
downstream procedures on the aorta. Most of the reinter-
ventions were indicated for patients with high rates of
negative downstream remodeling. Further, the timing for
reintervention varied between patients, reflecting our



limited understanding of the course of distal aortic remod-
eling.40 Total descending aorta retreatment following FET
was reported as high as 48.2% (n=28) with 29.3% of them
having open surgical reoperation.®? Dohle et al*° performed
3/46 reinterventions in the acute (1 open and 2 TEVAR) and
5/22 in the chronic (2 open and 3 TEVAR) phase for distal
aortic repair. Berger et al®’ reported an overall reinterven-
tion rate of 28% in the downstream aorta at 12 + 12 months.
The reintervention rate in acute AD was 19% (6/31) and all of
them underwent TEVAR. In contrast, the reintervention rate
in chronic AD was 32% (11/34), and six patients underwent
TEVAR, while the rest had classic open replacement.®’ An-
other observation by lafrancesco and colleagues®® showed a
reintervention rate of 16.8% for distal aortic repair, of whom
12.4% underwent endovascular repair with the rest having
an open thoracoabdominal repair. Strict follow-up is para-
mount to detect early changes in the aortic dimensions,
which may warrant further intervention.

Predictors for Late Reinterventions

Preoperative data have been used to predict the incidence of
post-FET distal dilatation and the need for late reintervention
in the downstream aorta. Fattouch et al®2 showed that patent
FL, Marfan syndrome, and maximum descending aortic
diameter > 4.5 cm were significant predictors for reinterven-
tion following FET.

In a cohort of patients with Marfan syndrome who
underwent FET aortic repair, the preoperative maximal
aortic size was shown to be a predictor of later distal dilation
(HR, 1.11) and reoperation (HR, 1.07).83 Chen et al® pro-
posed to lengthen the stent portion into the middescending
aorta to improve the high probability of late distal dilation.
Still, this requires a nuanced approach and careful selection
of patients among those with Marfan or connective tissue
disease. It is critical to consider the risk of SCI associated with
longer stents.®> We believe that distal aorta considerations
should be given greater weight in perioperative planning.
Patients with chronic dissection were shown to have a worse
prognosis in terms of distal aortic dilation, with a larger
proportion requiring reintervention when compared with
the acute group.®* A prophylactic cET proposed by Idrees
et al®* showed encouraging results to mitigate the late risks
associated with a moderately dilated distal aorta at presen-
tation. Such an aggressive approach would buffer the late
risks by preparing for follow-up interventions with endo-
vascular or open repair in selected cases.

Broader Potential of Frozen Elephant Trunk

Zone 0

Landing zone 3 was the traditional site of proximal anasto-
mosis of the stent graft in FET repair. This was followed by a
gradual shifting toward landing zone 2, as it favors more
accessible field and superior outcomes.?> Recent evidence
has showed that shifting toward landing zone 0 was associ-
ated with even better surgical accessibility and lower peri-
operative complications.®> Compared with zone 2, proximal
stent landing in zone 0 was associated with less CPB, car-
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dioplegia, and cerebral perfusion time® However, no evi-
dence if available as to if this would lower the chance of
thrombosis (remodeling) and lead to increased need for
reoperation. Further, there were lower rates of spinal, renal,
and recurrent laryngeal nerve injury.85 The survival and
need for reintervention also appears to favor zone 0 over
zone 2 FET aortic repair®. The rate of reintervention
reported by Yamamoto et al®® following zone 0 proximal
stenting using FET (Frozenix) was 5.8, 9.1, and 9.1% at 1, 2,
and 3 years, respectively. The fate of the FL was unfavorable
in the distal aorta; FL thrombosis in the DTA was achieved in
29.6% (n=32) and 5.5% (n=6) in the abdominal aorta.
Further, they reported three cases with reopening of FL
around the celiac trunk following zone 0 FET repair.%°

Branched Frozen Elephant Trunk

The latest introduction among trunk prostheses is the
branched-FET. Uniquely, it affords the flexibility to easily
achieve' distal arch anastomosis,? rapid distal organ reper-
fusion, and® individual epiaortic vessel reimplantation.®”
This provides an advantage over the nonbranched approach,
especially in cases where the epiaortic vessels are involved in
the dissection. Further, these measures have substantially
contributed to shortening the ischemic time of the myocar-
dium, spinal cord, and visceral organs.®’

Who will cET Continue to Benefit?

The inception and progressive adoption of FET in the field of
aortic surgery has encroached substantially on cET. The
literature over the last decade is dominated by FET studies.
FET has a broad scope in treating thoracoabdominal disease,
and it is even starting to be used effectively for patients with
connective tissue disorders. Not all pathologies of the arch
are the same, and there are no standard surgical protocols for
ET placement, leaving most aortic centers to adopt their own
surgical strategy.

FET can be applied to almost all multi-segmented thoracic
aortic pathologies, with the exception of descending aortic
free rupture, mycotic aneurysms, and severe aortic isthmus
stenosis.’” Applicable settings include emergency ATAAD
repair, atherosclerotic aneurysms in downstream segments,
post-dissection aneurysms of progressing diameter, giant
cell aortitis with aneurysm formation, and mega-aortic
syndrome.?88° Besides providing the option of treating a
distally extended aortic arch disease in one stage via a single
median sternotomy, FET allows for the exclusion of the
proximal segment of an otherwise extensive thoracic |/
thoracoabdominal aortic disease. However, in the absence
of objective results from randomized controlled trials, FET
cannot bejustified as the universal treatment. Case series are
not entirely comparable due to variable population charac-
teristics and operative indications. However, current trends
in the literature would affirm that the “elephant trunk is
freezing™®.

The obvious advantages of FET are its potential to be
completed in a single stage, and its ability to surgically repair
thoracoabdominal lesions in patients that have tight

AORTA  © 2024. The Author(s).
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angulation at the distal arch that may put the conventional
elephant trunk surgical graft at risk for kinking or partial
compression. The FET approach also provides a suitable
landing zone for endovascular repair and facilitates down-
stream procedures on the aorta. However, FET remains
limited by its high incidence of SCI. Keeping the stent graft
above the Th9 level is a common strategy to reduce SCI risk
when performing FET. The potential pathogenic mechanisms
for SCI post-FET include circulatory arrest, coverage of the
intercostal arteries, embolization, and postoperative periods
of hypotension. To avoid these complications, the Bologna
group uses moderate hypothermia, total brain perfusion with
perfusion of the left subclavian artery, lower body perfusion to
reduce the duration of circulatory arrest, cerebrospinal liquor
drainage, and maintenance of postoperative stable hemody-
namics with a mean arterial pressure greater than 80 mm Hg.
SCI risk could also possibly be reduced through using deeper
levels of hypothermia and shorter stent grafts, although there
will likely be distal reinterventions and deep hypothermia-
related complications that may emerge from this. Aortic
devices could be modified to achieve anastomosis at faster
speed, although these modifications cannot be expected to
enter the surgical armamentarium for some time. A separate
issue involves the use of FET in ATAAD for patients with
connective tissue disorders, such as Marfan syndrome. For
such patients with a fragile and thin aortic wall, limited use of
TEVAR is advised.’® Therefore, while the use of FET in these
circumstances is also controversial, it has been
achieved.®##31 Chen et al®® retrospectively reviewed TAR-
FET in a young (mean age + 34 years) Marfan cohort (94 acute,
78 chronic, 172 total). For the 94 patients with acute dissec-
tion, an acceptable early mortality rate of 7% was achieved with
3 and 2% for stroke and SCL23 In the entire cohort, 8-year
incidence of death was 15%, reoperation rate was 20%, and
event-free survival was 65%.%3

For now, aortic centers can be expected to continue to
adopt patient-by-patient cET and FET approaches according
to the abilities and preferences of the surgeon, and the
demographics of the patients. In the interim, where cET is
employed, it would be valuable if papers outlined rationale
and criteria for using cET over FET in particular patient
groups. For instance, Inoue et al®? specify that cET is
preferred over FET in ATAAD patients who (1) either have
or are strongly suspected to have connective tissue disease,
based on previous definitive genetic diagnosis or multiple
family history; (2) have no severe organ malperfusion
below the distal arch; (3) have not had their descending
aorta involved in the aortic dissection; (4) have the majority
of the 8th to- 12th intercostal and 1st and 2nd Iumbar
arteries arising from the FL. However, considering all the
evidence included, FET offers most versatility as a treatment
option.

Conclusion

When the pathology is limited to the proximal descending
aorta, such as in ATAAD, FET has similar advantageous
operative outcomes to cET but, crucially, does not necessitate

AORTA © 2024. The Author(s).

a second-stage procedure and is able to better remodel the
FL. The major limitation of FET is SCI, which some groups
have started to circumvent. Many other aortic diseases do
require second-stage intervention, and even in these cases,
there appears to be lower in-hospital mortality when using
FET over cET. This is possibly due to the higher rate of
endovascular completion facilitated by the more ideal land-
ing zones created during FET. Whether cET or FET is prefera-
ble for chronic dissection and aneurysmal disease remains at
the discretion of the surgeons as two-stage procedures are to
be expected in this cohort when using FET. FET is trending
toward becoming the universal treatment modality for
descending aortic pathology.
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