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At first glance, the frozen elephant trunk (FET) appears as a disruptive innovation in aortic surgery. Like any
important surgical innovations, however, be it a product or a procedure, the prefabricated, four-branched
device has undergone a stepwise, iterative phase of development prior to its first clinical implantation in
2010. In parallel, the surgical procedure of aortic arch replacement itself has had to mature towards a level
of quality and risk control to allow for refinement via a new device. These preparatory technical steps
included mastering circulatory arrest, including brain and spinal cord protection, which required decisive
innovation in extracorporeal circulation (ECC) management. In addition, patient selection with respect
to age and risk factors, but also his or her underlying disease—aneurysm, dissection, atherosclerosis—has
been optimized prior to the introduction of the prefabricated substitute for aortic arch replacement. Of
utmost importance were those steps, taken by individual surgeons and institutions by use of self-fabricated
substitutes, combining various commercially available devices. Thus, the frozen elephant technique, as
applied today, did not crash into the armamentarium of unprepared aortic surgeons via device engineering
and industrial product development alone. Instead, it resembles an evolutionary process, guided by a number
of international institutions exploring preliminary approaches, and learning from each other via scientific
exchange. This process, however, would have remained unthinkable without the tremendous advances in
medical imaging via tomographic techniques, including their increasing resolution and 3D depiction. This
communication will focus on the intermediary surgical steps and the technological advances between the
prefabrication of the FET by the medical product industry and its first successful clinical application, as it is
used today.
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Introduction to the extracorporeal circulation (ECC) system.

. . The origin of the prefabricated FET, as in clinical use
In the past two decades, thousands of patients presenting d bi her than th dea of
with acute or chronic aortic arch pathologies have been today, was anything other than the spontaneous idea o
treated with an frozen elephant trunk (FET) graft. This

technique includes implantation of a prefabricated Dacron

an individual surgeon. It came as the result of numerous
approaches by clinical researchers around the world,

graft, partially instrumented with a metal stent, which is exploring the technology by intermediate solutions and self-

inserted into the descending part of the thoracic aorta.
Optimized versions of the medical product carry three
branches to connect the supra-aortic vessels, a collar to
facilitate its distal aortic anastomosis, plus an additional
branch for temporary canulation to connect the “neo-aorta”

© AME Publishing Company.

fabricated implants. Their prime objective was to facilitate a
one-step surgical approach to correcting aortic pathologies
downstream from the ascending thoracic aorta and the
aortic arch in order to avoid secondary procedures. The
conventional two-stage treatment of extended aneurysms,

Ann Cardiothorac Surg 2025;14(4):258-268 | https://dx.doi.org/10.21037/acs-2025-evet-16


https://crossmark.crossref.org/dialog/?doi=10.21037/acs-2025-evet-16

Annals of Cardiothoracic Surgery, Vol 14, No 4 July 2025

Imaging

Aortic arch surgery

Graft

material

Figure 1 Enabling and facilitating medical technology for the
origin of FET. FET, frozen elephant trunk.

atherosclerotic disorders or aortic dissections had resulted
in significant interim mortality between the first and the
second stage. In addition, a substantial operative mortality
was noted with open aortic replacement.

The inaugurators of the first prefabricated FET had
one prime objective, to improve the results of surgery for
acute type A aortic dissection, both short and long term,
and with a special focus on younger patients. Today, larger
cohort (1-5) data from registries (6) and/or meta-analyses (7)

published by various groups in different countries would

suggest that the operative mortality has been reduced to
about 10%, from about 30% three decades ago. National
differences in these results may be related to patient
selection and differences in healthcare systems.

The global success of the FET is, however, not the
merit of surgical innovation alone. Without contemporary
improvements in neighbouring technologies, which enabled
and facilitated its use, the FET would never have become
routine in clinical practice today.

Enabling and facilitating medical technology

Only five decades ago, there were no blood-tight vascular
grafts available for thoracic aortic surgery, where full
heparinization and ECC was needed. Fibrin sealant or
albumin was often used to seal Dacron grafts immediately
prior to their insertion, but many patients died from
uncontrollable bleeding through the interstices of the
knitted or woven fabric prostheses at that time. In the mid
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1980s, blood-tight Dacron grafts pre-sealed by collagen
or gelatine were offered commercially, and thoracic aortic
surgery became much safer with respect to bleeding
complications worldwide.

In the early days of surgery for aortic dissection, neither
echocardiography nor computed tomography (CT) scans
had been developed for clinical use. Thus, both aortography,
using peripheral arterial cannulation, and coronary
angiography were the standard preoperative imaging
procedures to assure the correct diagnosis. Many patients
died from rupture or cardiac tamponade during these
invasive and time-consuming interventions, if presenting in
the acute stage of the disease. CT-angiography, introduced
into the routine to diagnose the site and extent of the
dissecting process, facilitated the pre-operative work-
up tremendously. This imaging modality quickly became
available in many hospitals and became part of guidelines
for preoperative diagnosis (8). Consequently, referrals for
surgery for aortic dissections increased significantly in many
countries over the past 30 years.

In the last years of the 20" century, the first stented
grafts were explored for interventional percutaneous
sealing of the entry site in acute type B dissections, or for
internal coverage of atherosclerotic aortic lesions of limited
extension within the descending thoracic aorta. Initially,
their application as an intraoperative extension of the classic
elephant trunk had not been envisioned, but a number of
Japanese groups explored this innovative option (9,10).
The fact, however, that not only radiologists, but also an
increasing number of aortic surgeons became interested
in this new technology, made the later step towards
a prefabricated, one-piece device a logical and rather
evolutionary step (Figure I).

Worldwide, many patients presenting with aortic arch
disease had to undergo a 50 years old and nearly abandoned
concept of brain protection during cardiac surgery—deep
hypothermic circulatory arrest. Using ECC, the body was
cooled to approximately 20 degrees Celsius, preventing
hypoxic brain damage for around 40 minutes. Concepts
for cooling, warming, heparinization and bleeding control
were discussed as major challenges for the conduct of
ECC during such procedures. Yet, the risk of significant
complications remained high, and innovative concepts for
the conduct of ECC for aortic arch repair were intensely
studied. The most devastating problem, hypoxic brain
damage, underwent especially scrutinized experimental and
clinical investigations.

Protecting the brain from irreversible damage became a
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Cerebroprotection During Aortic Arch Surgery
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Figure 2 Cerebroprotection during aortic arch surgery. (A) ECC circuit allowing for circulatory arrest (upper left) and antegrade cerebral

perfusion via open arch vessels (upper right). Lower panel, technique of intracerebral oxygen measurement (left) and its recording (right)

during brain perfusion. (B) Our technique of antegrade brain perfusion according to technique of Bachet (12). ECC, extracorporeal

circulation; LCA, left coronary artery; RCA, right coronary artery.

prime topic within the still limited group of aortic surgeons
at the beginning of this century. In fact, this complication
remained the main obstacle in any aggressive approaches
in cases with distal extension of aortic arch disease. Today,
we would consider antegrade cerebral perfusion (11-16),
commonly via isolated cannulation of both carotid arteries,
or retrograde perfusion via the superior caval vein (17),
irreplaceable technologies for current approaches in surgical
aortic arch replacement, including FET for complete repair
(Figure 2).

Finally, an important basis for the later success of the FET
were the numerous iterations of the initial ascending aortic
repair to enable full arch repair in acute aortic dissections
(Figure 3). Here, the driving force to achieve more complete
repair was the high number of secondary operations
after isolated repair of the ascending aorta, especially
in younger patients with connective tissue disorders
as underlying pathology for their aortic disorder (18).
With this overarching objective in mind, the most decisive
step was taken by Hans Borst in Hannover, Germany, by
developing the original elephant trunk technique.

The elephant trunk procedure

In 1983, Borst (Figure 4) and his team published a paper
describing their technique of the original elephant trunk

© AME Publishing Company.

application (19). Primarily designed to allow for easier
extension of the arch prosthesis into the distal descending
thoracic aorta during a second operation, it was later
found to also be able to entirely correct limited proximal
pathologies there. This concept was rapidly adopted by
thoracic surgeon’s worldwide, and—Ilike so many surgical
innovations—was never submitted to a controlled clinical
trial (20,21).

In brief, the technique involved a routine arch
replacement using a straight Dacron graft, re-inserting the
supra-aortic vessels, commonly via the island technique.
The distal aortic anastomosis was performed first, but was
performed in an end-to-side fashion rather than end-to-
end, with the distal 6 cm being pushed into the proximal
descending aorta. To facilitate and secure the side-to-
side suture line distal to the subclavian artery opening,
the proximal (arch) stretch of the graft was folded into the
descending part of the prosthesis (Figure 5, left). During
re-operation for later repair of the remaining pathology
distally, the “trunk” portion of the graft could be easily
grasped, clamped and extended by an additional Dacron
tube (Figure 5, middle).

In response to the later development of stented Dacron
grafts to correct isolated pathologies in the descending
thoracic aorta, this innovative approach was then also
utilized to extend the elephant trunk by interventional
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Figure 3 Modification and extension in aortic arch repair for aortic dissections, evolving with time.

Figure 4 Hans Georg Borst, inaugurator of the original elephant

technique.

© AME Publishing Company.

means, omitting a second open surgical repair (Figure 5,

right).

The FET procedure

Two different routes on two continents were explored to
assure distal exclusion of the aortic pathology by stent-
grafting through the open aortic arch during the initial
surgical procedure.

In Japan, a number of series were published, where the
routine arch intervention, including concepts of antegrade
or retrograde cerebral perfusion, was combined with the
implantation of commercially available stent grafts into the
descending thoracic aorta (9,10,22,23). The procedure was
performed through median sternotomy and combined the
concepts of the elephant trunk operation and endovascular
stenting of descending aortic aneurysms (Figure 6).

"This hybrid approach resulted in a number of mobilised
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Elephant Trunk: Significantly simplifies second stage operation

Surgical completion Endovascular completion

Figure 5 Left: the original elephant trunk technique (stage 1); middle: stage 2, completion via open surgical replacement of descending

thoracic aorta; right: stage 2, endovascular completion.

The Hybrid Approach

") 1998/99

Figure 6 Antegrade stenting of the diseased descending thoracic aorta during arch repair. Separate grafts for arch and descending aorta.
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Figure 7 Custom-made prefabricated FET for compassionate use

in mother institution alone. FET, frozen elephant trunk.

stent grafts during follow-up, even if suture fixation was
attempted in the proximal descending thoracic aorta (23).
Moreover, cases of paraplegia were seen, resulting in
modifications of perfusion management during circulatory
arrest (22). Nevertheless, several Japanese groups published
a considerable number of case series, including a majority
of patients with a successful outcome. To characterize this
modification of the original elephant trunk technique, using
two separate grafts, Ueda from Nagoya coined the term
“Frozen elephant” procedure in 2002 (22).

Interestingly, his manuscript was probably in the editorial
office already, when the Hannover group performed their
first five cases using a self-made and prefabricated hybrid
device, implanted as a single substitute (Figure 7). They had
instrumented a stent into the distal segment of a Dacron
tube made for aortic arch replacement. The inventor of the
original elephant technique in Hannover, Hans Borst was
asked what they should name the new development. Within
24 hours, he responded and suggested “Frozen Elephant
"Technique”. In retrospect, this appears to be a concomitant,
geographically separated development for the same purpose,
and named by the same term independently.

The first prefabricated elephant trunks were used in
Germany in 2001 (24). Between September and November
2001, a total of five patients were operated on by the
Hannover group (25). An early series of 10 patients
was presented at an international meeting in 2002. The
subsequent publication of 40 patients covered data on
40 procedures operated on until June 2002, and demonstrated
obliteration of the peri-graft space (Figure §). Subsequent
studies described extended indications for the use of this
custom-made graft, including an increasing number of
patients operated on for acute aortic dissections (26,27).

© AME Publishing Company.
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An important conceptual problem in this initial series was
the fact that pre-sealing of stented grafts using collagen or
gelatine was not possible at that time. Thus, the graft, which
was distally stented, could not be used for arch replacement
safely. The Hannover group used the “old” concept of pre-
sealing the entire graft with Fibrin sealant (28).

A second obstacle occurred in patients with pathologies
(usually dilatation) at the aortic segment downstream of
the origin of the left subclavian artery, where the distal
suture line of the arch portion of the prosthesis had to be
constructed. Thus, a flexible collar made of soft Dacron for
easy suturing was fabricated to be sewn to the arch portion
of the graft at the level of the distal suture line without
obstructing the orifice of the subclavian artery.

In addition, direct suturing of the branching vessels from
the aortic arch into the Dacron tube when implanted as
an arch replacement has always been difficult in diseased
arteries, namely in aortic dissections involving these
branches. Similarly, the island technique, as depicted in
Figure 5, often resulted in imperfect sealing by sutures
under such circumstances. Thus, a prefabricated graft for
the aortic arch optimally includes three branches to connect
these vessels. They can also be tailored in length and to fit
the specific anatomic prerequisites of the individual patient,
including the extent of his/her disease into their supra-
aortic arteries.

Finally, difficulties were faced when inserting and
deploying the stented portion of the arch graft into the
open descending thoracic aorta, with a significant risk of
injury to the aortic wall (Figure 9). Better engineering for
this purpose was urgently required to provide a suitable
sheath for insertion and a mechanism for deployment. A
cuff made of soft Dacron positioned at the level of the distal
aortic anastomosis was also included into the final design, as
initially suggested in 2001 (Figure 10).

For the inaugurators, all these details were important
for more widespread use of a facilitated procedure. After
years of discussing with industry, a FET fulfilling these
surgical requirements could be provided for pivotal clinical
use. Following minor modifications, a design freeze was
obtained, and a controlled clinical trial initiated. After
successful completion, the FET, now a licensed medical
product, was released for use in Europe in 2009. Many
reports from various surgical groups confirmed its merits
in complicated pathologies of the thoracic aorta involving
the arch. However, complications were reported (29-32),
resulting in refinement of patient selection and minor
changes in the design of the product such as length of the
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Figure 8 Axial computed tomographic sections of patient three with aneurysms of ascending aorta (A) as well as of proximal descending

aorta commencing at origin of left subclavian artery (B). After open surgical replacement of ascending aorta and placement of the stent graft

in aortic arch and descending aorta (C), note that of the descending aorta aneurysm has thrombosed completely around graft (D).

Figure 9 Custom-made instrument for deployment of the stented
portion of the aortic arch graft int the open descending thoracic

aorta at Hannover Medical School.

© AME Publishing Company.

stented portion of the graft. Nonetheless, the original idea
to save patients requiring aortic arch repair from secondary
surgical or interventional procedures had become reality,
even in subjects presenting with acute aortic dissections.
Today, four different FET products are on the market.
The first commercially available version of an FET was a
non-branched version, with reports on early clinical results
in 2005. This graft brings up an interesting anecdote
Around the year 2000, the first author of this manuscript
visited the founder and CEO of a medical product company,
named Jostra, which no longer exists. The self-fabricated
FET was presented with the aim to make it available outside
his institution. The CEO gave a negative response. Later,
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Figure 10 Early drawing of a collar to facilitate anastomosis of the graft to the proximal descending thoracic aorta, where significant

variations in diameter may be present as a result of the underlying disease.

the company was sold and renamed Jotec, and the still
home-made device was presented to the new CEO, with
a second negative response. The company was sold again,
and inadvertently, a product came to market, suspiciously
resembling the prototype from Hannover (Figure 11). This
new company modified the graft repeatedly, including
features like branches for the head vessels, and is now
offered by a fourth company under a new name.

Comment

The prefabricated FET did not enter clinical practise by
serendipity or disruptive innovation. It came as a result

© AME Publishing Company.

of a decade of international surgical attempts to improve
both operative and long-term results in aortic arch surgery.
The goal was cure of the patient by complete repair of the
aorta in its diseased parts, where contemporary procedures
could only offer palliation. Especially in younger patients
presenting with aortic dissections, repair often left diseased
segments of the aorta uncorrected, resulting in high rates of
late death or re-operation (18).

The origin of the prefabricated FET came at a time
that was ready for the intervention. Enabling technologies
such as imaging, ECC, brain protecting measures and
development of modern, stented vascular grafts had
matured to a level where they could be utilized to lift aortic
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Total aortic arch replacement with
frozen elephant trunk: 10-year single
center experience

Malakh Shrestha, Andreas Martens, Felix Fleissner, With the 'frozen elephant technique’ (FET), the aor-
Fabio lus and Axel Haverich Hannover Medical School tic arch is replaced conventionally and an endovascular
B stent-graft is placed into the descending aorta in an-
Objective tegrade manner through the open aortic arch, thereby
ombined pathology of the aortic arch and potentially allowing for a ‘single —stage’ operation, es-
the descending aorta (aneurysms and Dis-  pedially in pathologies limited to the proximal descend-
section) remains a surgical challenge. Dif-
ferent techniques have been proposed. In a
two stage operation, at the first stage, the aortic arch
is replaced through a median stenotomy and during
the second stage, the descending thoracic
aorta is replaced through a lateral tho-
racotomy. Professor Hans Borst and col-
leagues introduced so called 'Elephant
trunk’ technique in 1982 at our center,
greatly simplifying this two stage tech-
nique. However, a3 major disadvantage of
this approach was the need for two op-
erations with its associated mortality and
morbidity as well as the fact that at least
some mortality in the interval between
the two operations due to the rupture of
the untreated segment of aorta.

are sparse. We present our 10 year results.

Methods

Between 2001- 01/2012, FET was im-
planted in 131 patients (95 males, 61113
years). The indications included 91 aortic
dissections (Type A (acute and Chronic)
n= 78, type B {acute and chronic): n=13)
and aortic aneurysms (n=40), respectively.
Median follow-up was 42 + 37 months.
40 patients had undergone previous car-
diac operations. Concomitant procedures
included 25 Bentall, 26 CABG, 17 David,
S Yacoub and 8 aortic root repairs, re-
spectively.

Three different FET prostheses, cus-

ing aorta. Publications with Long term follow-up results

tom-made (n=66), Jotec-E®-vita (n=30) and Vascutek
{n=35) prosthesis were used. The cerebral protec-

tion was done moderate hypothermic circulatory ar-
rest (MHCA) and selective antegrade cerebral perfusion
{SACP)

Results
Intra-operative mortality was 1,6%(n=2) and in-hos-
pital mortality was 14.17% (n=20). CPB, X-clamp,
MHCA and SACP times were 238470, 137 £51,
5824, and 69+31 minutes respectively. Complica-
tions included re-thoracotomies 18% (n=24), acute re-
nal failure leading to Dialysis 16% (n=21), paraparesis
3.1% (4} and stroke 14.7% (n=19)

Thirty-six patients underwent follove-up procedure
on the downstream aorta, either endovascular (n=16),

open surgery (n=20), respectively.
One, five and ten-year survival was 8223, 7215 and
5818 years, respectively.

Conclusion

FET concept adds to the armament of the surgeon in
the treatment of complex and diverse aortic arch pa
thology. The initial learning curve, acute dissections,
re-do and concomitant procedures partially explains
the higher mortality rate. Nevertheless, our experience
demonstrates acceptable short and long-term results in
treating this complex disease cohort. Our series shows
that in carefully selected patients with combined pa
thology of the aortic arch and the proximal descend-
ng aorta, the FET procedure allows for a 'single-stage’
procedure.

Figure 11 EACTS daily news 2012. Depicted arch grafts: e-Vita left, Hannover Hybrid (customised, middle), Thoraflex (right).

arch surgery to the next stage of surgical care. The fact
that two distinct approaches on different continents both
resulted in the development of a FET—with the same name
independently—reflects the “technology readiness level” of
aortic arch surgery.

Ultimately, any surgical innovation requires courage
the part of both the surgeon and the patient. In this case,
however, a third party has to be complimented on their
courage—industry. It took the inaugurators many attempts,
until finally, one company would enter the journey in
prefabricating the FET. Twenty years later, four different
products from different companies are on the market (33).
For eligible patients, the prefabricated FET has evolved
towards the gold standard in many aortic arch pathologies.
Mortality has improved steadily with time. Accordingly,
FET has found its way into national and international
guidelines (34). It only took 25 years ...
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