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Introduction

Anatomy of the aorta

The aorta is the main and largest artery of the human body, a lifeline that
transports oxygen, nutrients, essential metabolites, immunity and waste products
to all parts of the body. It starts from the left ventricle of the heart and soon gives
three main arch branches to supply the brain and arms. Then it descends alongside
the vertebra throughout the body giving off branches that supply all the thoracic
and abdominal viscera, until it bifurcates just before entering the pelvis into the
two common iliac arteries, which supply the pelvic organs and the lower
extremities.

The aortic wall is formed of three layers; the intima (inner layer), media (thick
middle layer, which provides the tensile strength by sheets of intertwining elastic
tissue arranged in a spiral array) and the adventitia (the outermost layer).

Common pathologies of the aorta

Atherosclerosis is the most common pathology of the vascular system including
the aorta. It is a chronic and most often asymptomatic disease with multifactorial
etiology (Hansson 2005). The distal part of the aorta is commonly affected which
may sometimes result in symptomatic occlusion or stenosis (Figure 1).

There are several definitions of an aortic aneurysm. Commonly, an aortic
aneurysm is defined as a dilation of the aortic wall to to more than 1.5 times its
normal size (Johnston et al. 1991) or as an outer abdominal aortic diameter over
3cm in males (Hirsch et al. 2006). The etiology is multifactorial (Pearce &
Shively 2006) and results in weakness and widening of the aortic wall. Aneurysm
may occasionally cause pain, which is a sign of impending rupture. Unless treated
immediately rupture may result in shock and death. Generally, aneurysms less than
five cm in diameter have a low risk of rupture and do not need to be treated.
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Figure 1

There are several non-invasive imaging techniques to visualise the aorta: ultrasound of an abdominal
aortic aneurysm (left) and CTA of patient with left iliac occlusion (center), MRA of patient with
aortic dissection (right),.

Acute aortic dissection (Figure 1) and ruptured aortic aneurysms are the most
common life-threatening disorders affecting the aorta (Hagan et al. 2000, Patel et
al. 2014). Aortic dissection starts with an intimal tear usually in the thoracic part
of the aorta. The tear in the intima involves also part of the media, makes the
blood pressure split the aortic wall, separating the intima/media from the
media/adventitia, and creates a false lumen. This may obliterate both aortic side
branches and the true aortic lumen, which in turn may cause a characteristic severe
chest or abdominal pain with or without other associated ischemic symptoms.
Even with optimal treatment, aortic dissection with end-organ ischemia, heart
failure or rupture of the aorta can lead to death.

Historical aspects on the aorta and vascular system
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The basis for today’s modern vascular surgery rests on achievements and
developments that came from the past.

Figure 2

The Ebers Papyrus (c. 1550 BC) from Ancient Egypt was found between the legs of a mummy in the
Assassif district of the Theban necropolis in Egypt. It is kept at the library of the University of
Leipzig, in Germany.

The first description of the heart, aorta, and arterial aneurysm was found in the
earliest (1550 BC) medical writing of Ebers Papyrus (Ebers 1875), which was
copied from earlier texts (Figure 2). The writer described the treatment of
aneurysms by knife and fire to stop the bleeding. This would suggest that they
were talking about peripheral aneurysms (Barker 1992).
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The first documented atherosclerosis and arterial calcification has been found in
Egyptian mummies (2000 BC), where it was relatively common (Slaney 1990),
however it was not mentioned in the Greek or Roman ancient literature.

The misnomer "aorta" is derived from the Greek words dopth - aortg, and from
aeipm — aeird, which means "I lift, raise". The name reflects the understanding of
the ancient Greeks after they observed in cadavers that the aorta was empty of
blood. They thought its main function was to suspend the heart and pass air into
the lungs (Kuntz & Kuntz, 2008). Hippocrates (460-370 BCE) and his pupil
Aristoteles (384-322 BCE) used the term aorta to describe the mounting part for
the heart and lungs (Lascaratos et al. 1988).

Aneurysms were also described by the Rome gladiator physician, Galen (130-
199 AD), as a dilatation of arteries. These were probably posttraumatic
pseudoaneurysms. Antyllus a pupil to Galen reported on treating these peripheral
aneurysms with proximal and distal ligature of the artery without excising the sack
because it seems that they had problems with hemostasis; their ligatures may have
slipped off during arterial stump retraction causing fatal bleeding. Although his
works have been destroyed, his ideas are recorded in the writings of Oribasius
(400 AD) (Lascaratos et al. 1988).

Abu al-Qasim al-Zahrawi (in west known as Abulcasis) (936-1013 AD), was born
and lived in al-Zahra town, six miles northwest of Cordoba, Andalusia. He
described different hemostatic methods including the cautery and how to ligate
blood vessels almost 600 years before Ambroise Paré (Pearn 2012). He also
explained the hereditary nature of hemophilia and described the procedure for
treating testicular varicose veins (Abulcasis 1973). Al-Zahrawi was also the first to
use catgut in surgery and to illustrate various cannulae (Hamarech 1984).
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Figure 3

A latine translation of the medical textbook " Kitab al-Maliki or Complete Book of the Medical Art”
of Ali Bin Abbas Al-Ahwazi". The right picture shows Ali Bin Abbas Al-Ahwazi performing an
abdominal operation.

Ali Bin Abbas Al-Ahwazi (known in the west as Haly Abbas) (930- 994 AD) was
born in Al-Ahwaz, lived and died in Baghdad. He was the first to describe surgical
treatment for tumors of the vessels “aneurysms” (Figure 3). He also described the
different types of arterial pulses and the inference of each including its relationship
to the functionality condition of the heart. The first known description of capillary
circulation was also part of his work (Aciduman et al. 2010). He developed
catheters for the first time and invented the concept of using them to overcome
internal obstructions or stenosis, where they were used first for urinary retention
and dysuria (Figure 4).
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Figure 4

Page from a 1531 Latin translation by Peter Argellata of El Zahrawi's treatise on surgical and
medical instruments.

-3

Alaa-al-din Ibn al-Nafis (1210-1288) was born in Damascus and died in Egypt. He
was the first physician to describe the pulmonary and coronary circulation, four
centuries before the descriptions of William Harvey (England, 1578-1657) (Abdel-
Halim 2008). Ibn al-Nafis created a scientific evidenced based concept in
medicine with a disciplined approach. He emphasized the joint relationship
between anatomy and physiology. He was clear in condemning several of the
common medical understandings of his time. For instance, he rectified the by
Galen and Avicenna old description of heart anatomy and its function (Iskander
1967, Abdel-Halim 2008). He also described the arterial supply of the heart
muscles by the coronary arteries (Figure 5) 300 years before the description of
Realdo Colombo (ltaly, 1516-1559).

Matheus Purmann (1649-1711) (Luben-Germany) operated in 1680 an antecubital
aneurysm, and he ligated the artery above and below the aneurysm and removed
the sac (Barker 1992). The ligature technique was soon disseminated, and is
described in the Swedish literature of Olof af Acrel (1717-1806) in his
“Chirurgiske héndelser” (Acrel 1965).
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The development in Europe brings us to the English surgeon John Hunter (1728-
1793), who studied among others the development of collateral circulation when a
main artery was occluded. His method of treating aneurysms was based on this
observation. In 1785, he ligated the superficial femoral artery high up in the
Hunter’s canal to treat a popliteal aneurysm. The patient did well; the aneurysm
shrunk to a hard knot, and the limb survived (Perry 1993). The ligation method
remained the only option until endoaneurysmorrhaphy of a large traumatic
brachial artery aneurysm was performed by Rudolph Matas (USA) (1860-1957) in
May, 1888 (Matas 1888).

Figure 5
The opening page of one of Ibn al-Nafis's medical works. This is probably a copy made in
India during the 17th or 18th century.
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After John Hunter, sir Astley Cooper (1768-1841) made the famous operation of
tying the abdominal aorta for a leaking iliac aneurysm in 1817 (Crone 1957). The
right leg remained viable; however, the left leg became very ischemic, and the
patient died two days after the procedure (Brock 1952).

The French surgeon Rene Leriché (1879-1955) published in1923 his observations
on obliteration of the terminal aorta and stated that the ideal treatment would be
resection of the area and reestablishment of flow with a vascular prosthesis. In
1940, he described in detail “Leriché syndrome” that now bears his name (Leriche
& Morel 1948). He recommended a resection of the terminal aorta and common
iliac arteries together with bilateral lumbar sympathectomy through a
retroperitoneal approach.

At the beginning of the 20th century (1902), Alexis Carrel (USA) received the
Nobel Prize for demonstrating a suture technique for arterial anastomosis (Edward
& Edward 1974).

The Portuguese surgeon Cid Dos Santos performed the  first
thromboendarterectomy in 1947, and a few years later, it was accepted as a
treatment for aortoiliac atherosclerotic obstructions (Dos Santos1947).
Thrombendarterectomy allowed treatment of localized aortoiliac occlusive disease
(Wylie 1952).

The modern open aortic repair started in the 1950s (De Bakey 1979). In 1952
reported the French surgeon Charles Dubost for the first time a successful open
AAA repair with homograft replacement (Dubost et al. 1952). Soon polyester
Dacron grafts became available and showed good results (DeBakey et al. 1957).
During the next 40 years, open repair with Dacron was the standard therapy for
aortic aneurysmal lesions. Thereafter ePTFE-grafts emerged. Occlusive disease
was treated with graft by-pass.

However, aortic repair is major surgery with significant trauma to the patients,
longer hospital stays (1-2 weeks), longer recovery period (4-12 weeks) and it
carries a high risk for morbidity and mortality. Taking into consideration, that
aortic aneurysm opt to affect elderly people, who normally have low physiological
capacity and often other associated comorbidities, all of which increases their risk
to not sustain such major surgery.

The history of endovascular stent graft techniques

The endovascular stent-graft era started in 1986 when Nicholas Volodos,
(Kharkov, Soviet Union) established the first endovascular therapy by using an
aortic SG (Volodos et al. 1986). In 1987, he performed the first thoracic aortic
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stent graft (TEVAR) (Volodos et al. 1988). However, the dramatic shift in the
management of aortic aneurysms and other aortic pathology from open repair to
endovascular handling occurred after the widely disseminated report of Juan
Parodi (Brasil) in 1991 (Parodi et al. 1991). Endovascular therapy is a minimally
invasive aortic repair based on stents and graft material inserted and placed by
catheters and guide wires from the peripheral arteries (the femoral and brachial)
with less trauma, shorter hospital stay (2-3 days), and rapid recovery (1-2 weeks).

The first implanted SGs were homemade devices and served to establish the
feasibility of the technique (Volodos et al. 1986, Parodi et al. 1991, Volodos et al.
1991). Bifurcated and modular aortic SG was pioneered and first employed by
Timothy Chuter (USA) (Chuter et al. 1993).

The first commercially made SGs were not without problems (Van Marrwiik et al.
2005, Mestres et al. 2010). Newer grafts with both proximal and distal anchoring
(Yusuf et al. 1994, lvancev et al 1997) and between that, a supporting stent
skeleton (Lawrence-Brown et al. 1998) began to show acceptable results. While
the initial single center results were excellent (Greenberg et al. 2001, Resch et al.
2003), two British and one Dutch multi-center randomized trials demonstrated
only moderate advantage of endovascular treatment. (Prinssen et al. 2004,
Greenhalgh et al. 2004, Evar | trial 2005, Evar Il trial 2005) Today further
development of the endovascular technique has made it possible to treat the
majority of aortic aneurysms with SGs.

Modern results of standard EVAR

EVAR soon became a good alternative to open surgery with a continuously
increasing preference for this technique (Sethi et al. 2013, Fitridge et al. in press).
In many countries, more than 60% of elective aneurysm repair is made
endovascularly. Procedure-related mortality is lower with EVAR (1.4% for EVAR
and 4.2% for open repair) but late all-cause mortality seems very similar between
the groups (at 4 years; 15.8% for EVAR-group versus 17% for open-group)
(Paravastu et al. 2014). Of course, this is dependent on the selection of cases
offered EVAR- or open treatment. Since the multicenter studies were made, more
severe comorbidities in patients are accepted for EVAR-treatment. Additional
adjuncts include percutaneous access, low-profile grafts, branched SGs aso.
(Jackson et al. 2014, von Meijenfeldt et al. 2014). Simultaneously, the
endovascular skills and logistics have been improved in most centers. Results also
depend on the anatomic feasibility and different indications and treatment
traditions vary between the regions (Fitridge et al. in press). One drawback of
EVAR has been the increased rate of reinterventions (18.9% versus 9.3%). This is
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of concern although the majority of the reinterventions are relatively simple
percutaneous procedures (Quadra et al. 2013). Another question has been emerged
on how often and how long follow-up is required (Paravastu et al. 2014).

Figure 6

Two standard infrarenal bifurcated aorto-iliac stentgrafts. Both carry a bare metal top stent for cross
renal fixation. The modular nature of these devices is illustrated in the left image where the iliac limb
is to be inserted into the bifurcated body. The right image shows the flexibility of the devices and
also the catheter that was used to deploy it.

Since the first report on treating ruptured abdominal aortic aneurysm in 1994
(Yusuf et al. 1994), giant steps have been taken to implement the endovascular
treatment for rAAA. For ruptured cases, the following requirements have been
crucial: preoperative anatomic delineation by CTA, emergent access to a skilled
endovascular team, the availability of off-the-shelf SGs that covers most
situations, and an adequately equipped operation room. This is not built or gained
very easy. Single and multicenter studies have reported on improved survival for
rAAA treated with EVAR with 30-day mortality between 21-27% (Holst et al.
2009, Veith et al. 2009, Badger et al. 2014, van Beek et al. 2014). However failed
to demonstrate a difference in 30-day mortality between the EVAR and open
surgical groups, despite of the 760 patients included (Badger et al. 2014). This
may reflect an immature endovascular organisation rather than a true lack of
benefit. A major concern was the skills that should be equal at each center in
handling cases both open and endovascularly. That is normally not possible. The
endovascular skills and logistics were simpler in many centers during the early
days of the endovascular era while now some centers perform relatively few open
aortic repairs. That is to say, that reviews and meta-analyses in this area are more
difficult to interpret since open operative skills may differ from endovascular skills

20



and conclusions should be made cautiously. In an analysis of Medicare data of
11.000 rAAA-patients of whom 1.126 had EVAR and 9.872 had open surgery, 30-
day mortality was 34% versus 48% between EVAR and open repair (Edwards et al
2014). Interestingly the proportion of EVAR-treated ruptured cases increased from
8% to 31% between 2001-2008 (Edwards et al. 2014).

The success story of endovascular therapy relies on the ability of the SG device
(Figure 6) to exclude the target aortic segment, which is dependent on securing
optimal proximal and distal sealing zones. Improved endovascular skills and a
desire to be able to handle a larger proportion of cases with AAA with more
demanding anatomic morphology have led to the development of fenestrated and
branched SGs.

Modern results of fenestrated and branched EVAR

The more challenging anatomy particularly the short, conical or angulated neck
necessitates the development of advanced endovascular SGs. Therefore, both
fenestrated and branched SGs were developed to overcome this limitation. In
contrast to the fenestrated SG (Figure 7), a branched SG can be utilized even when
the visceral artery originates from unhealthy or dilated part of the aorta where
there is no apposition between the SG and the native aortic wall. Both techniques
were developed during the same timeframe, where in 1996, Park and associates
reported the first two patients treated with fenestrated devices for juxta-renal aortic
aneurysms. (Park et al. 1996) Subsequently Anderson and co-workers presented
the successful first clinical experience with fenestrated graft in treating 13 patients
with juxtarenal and pararenal aortic aneurysms (Andersson et al. 2001).

STy

Figure 7
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The principle of a fenestrated SG: A covered stent, mounted on a balloon catheter, has been passed
through the fenestration of an aortic SG (left) and is subsequently deployed by inflating the balloon
(right).

One draw-back with fenestrated SGs were that the orifices of the fenestrations
need to be placed very accurately over the orifices of side branches that are to be
revascularized (Figure 8). That demanded more endovascular skills and the side
branches were not always possible to catheterize from the fenestrations. The
fenestration technique was soon adopted by several centers (Kristmundsson et al.
2009, 2013, Oderich et al. 2014, Grimme et al. 2014) showing fully acceptable
results. In the summarizing table below (Table 1), the increasing experience is
showing promising results, and this new technique has mainly replaced open
surgery for juxta-renal aneurysms.

The technical success, to be able to catheterize target vessels for fenestrations has
been almost 100%, but in the follow-up stenosis (6-12%) and occlusion of renal
arteries are reported to occur in 2-6% of cases (Di et al. 2013). Initially, the
drawback with fenestrated SGs was considered to be a high risk of endoleaks type
I but this has not been the main complication seen. In most series, it has been
reported that the need for many unplanned adjunctive intraoperative procedures to
achieve an optimal outcome is common but also access related complications. The
technique has also expanded to thoracic cases (Mc Williams et al. 2004, Yuri et al.
2013). Small series of using this technique in thoracic aorta allows preserving
aortic branch flow to vital side branches.
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Figure 8

An intraoperative angiography of fenestrated SG demonstrating the relationship between the main
aortic SG and the bilateral renal arms. Renal SGs are yet not deployed and the most proximal aortic
part not fully deployed.

Table 1
Initial outcome of fenestrated SGs for juxtarenal aneurysms

Authour No. of pat. EL-I (%) 30-day mortality (%)
Anderson et al. 2001 13 0 0
O’Neil et al. 2006 119 5.9 0.8
Semmens et al. 2006 58 6.9 34
Scurr et al. 2008 45 0 2.2
Kristmundsson et al. 2009 54 5.6 3.7
Greenberg et al. 2009 30 13 0
Amiot et al. 2010 134 2 2
Verhoeven et al. 2010 100 2 1
Kienz et al 2010 61 6.6 0
Manning et al. 2011 20 0 10
GLOBALSTAR 2012 318 4.4 35
Kristmundsson et al. 2013 100 0 1
Tsillamparis et al. 2013 264 0 0.8
Cochennec et al 2014 89 0 6.7
Oderich et al. 2014 67 14 15
Hertault et al. 2014 288 0 24
Grimme et al. 2014 138 4.3 14

Branched SGs were also developed and many prototypes tested both
experimentally and in clinical cases (Inoue et al. 1999, Chuter et al. 2005,
Andersen et al. 2005). The main advantage of branched SGs is that they can be
used in aneurysmatic parts of the aorta where there is no apposition between the
main SG and the native aortic wall. A disadvantage is that the operation time is
longer (Manning et al. 2011, Silveira et al. 2012). There are by now multiple
reports of successful implementation of branched SG in treating among others,
hypogastric, pararenal, juxtarenal, para-anastomotic, thoracoabdominal, and aortic
arch aneurysms (Greenberg et al. 2006, Muhs et al. 2006, Dias et al. 2008,
Kasirajan 2011). All these series are limited but show that endovascular treatment
with branched SG has lower 30-day mortality than the corresponding open
surgical repairs while the need for reintervention is at an acceptable level.
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Chimney stent grafts

Figure 9

There are four main types of stents applied as CGs: The rigid balloon expandable bare and covered
stents (left) and the flexible selfexpanding bare and covered stents (right). Jostents, a Wallstent and a
Fluency covered stent are shown.
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Chimney graft technique

The nomenclature of this technique has varied overtime and various terms have
been used. The “snorkel”, top-stent (Larzon et al. 2008), parallel grafts or as the
majority called it a “chimney graft” (Figure 9) is required for two main reasons.
The fenestrated and branched SGs have so far been unsuccessful to become
universally applicable because they require a long manufacturing time (1-2
months) and remain costly (Dias et al. 2008). Urgent cases cannot await such long
time. Therefore, urgent cases with a hostile neck that are not fit for OR may have
no other therapeutic alternative.

Figure 10

One of the first performed CG cases, which was made in 1999 as a bailout procedure to rescue an
accidentally overstented renal artery by L Lénn and M Malina. This is the CT image at 14 years
follow-up. Patent CG and excluded AAA are noted.
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To our best knowledge, the first CG was applied in 1999 to rescue an overstented
renal artery in a patient treated by Lars Lonn and Martin Malina (Figure 10).
Greenberg and coworkers were the first to publish a CG procedure that was
performed in 2001. Thereafter, they conceptualized this technique with EVAR as a
therapeutic option for AAA (Greenberg et al. 2003). By implanting a CG parallel
to the main aortic SG, side branches could be preserved both in the abdominal and
thoracic aorta (Greenberg et al. 2003). It was soon also used intentionally in
emergent cases as a primary solution (Malina et al. 2008). Thereafter many groups
expanded the application of CG technique beyond juxtarenal aneurysms to
suprarenal, thoracoabdominal, and aortic arch aneurysms. The technique has been
successfully implemented to manage several different aortic lesions for instance
aortic dissection, rupture, occlusive disease, aortic fistulas and reinterventions for
complications of previous open and endovascular aortic interventions and
infections.

The CG technique extended the applicability of endovascular repair in the
emergent cases, and rapidly became a reasonably good alternative to open surgery
(Kolvenbach et al 2011).

Some centers use the CG technique as the treatment of choice also for elective
cases (Lachat et al. 2013). Maybe the most important factor for this was that CGs
were readily available on the shelf and affordable while the manufacturing time
and cost of fenestrated and branched SGs could be prohibitive (Banno et al 2014,
Guo et al in press). A complementary technique of inverted CGs allowing
retrograde flow up to side branches were used — the periscope technique was first
reported for visceral arteries during repair of a ruptured TAAA (Lachat et al.
2010)

The sandwich technique (Figure 11) where CGs are placed in between two layers
of aortic SG to allow the CGs to revascularize side branches even in an
aneurysmatic part of the aorta was used first for revascularization of the internal
iliac artery (Lobato et al. 2011) and later for revascularization of the visceral and
renal arteries (Lobato & Camacho-Lobato 2012).




Figure 11

Aortic aneurysms that involve the visceral portion of the aorta can be managed with the sandwich
technique, where CGs (marked red) pass between the proximal and distal (marked orange) aortic SGs
to the visceral arteries.

The principle of chimney graft technique

Whether in the abdomen or in the thorax, for aneurysm, dissection, transection or
occlusive disease the principle of CG technique is almost the same. Chimney graft
is deployed into a vital aortic side branch alongside and parallel to the main aortic
SG in order to extend the sealing zone and maintain blood flow to the aortic side
branches (Figure 12-14).

Figure 12
An often used illustration of the chimney graft technique demonstrates the relationship between
chimney graft, main aortic SG and the aorta. Courtesy of M Malina.
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Brachial

Figure 13

The procedure requires multiple access ports, one for each chimney graft and for the aortic SG. The
visceral chimneys are classically introduced via the brachial approach while the main aortic SG is
passed through the femoral ports. For arch branches, a right carotid approach may be preferred for
chimney graft insertion. The chimney graft can also be inserted to the visceral branches through a
femoral approach through the so called “lift technique” (Lachat et al. 2010, 2013).
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Figure 14
The sequential steps of chimney graft insertion — here exemplified in a patient treated for aortic
occlusive disease:

Non-deployed CGs are inserted first.
Then, the main aortic SG is inserted and kept non-deployed.

Balloons are inflated inside all CGs to keep them expanded and obstructed. This would
protect the visceral organs from possible embolization by any dislodged material, while
deploying and inflating the main aortic SG.

Main aortic SG is deployed and inflated with balloon.

Then the balloon of the main aortic SG is deflated allowing the blood to flow downstream
(flushing any debris out distally in case of occlusive disease).

The balloons of CGs are then deflated allowing revascularization of the visceral organs.

Completion angiography demonstrates patency of all stented vessels
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Figure 15 Small improvements that make the stents more suitable for the CG technique:

A. A 6F introducer sheath is parked in the renal artery for insertion of a CG from a brachial approach
prior to deployment of the aortic SG. Even this 6F sheath proved difficult to introduce into the renal
artery unless the stiff guide wire was passed dangerously far into the kidney for stability.

B. A 58 mm long covered stent is parked in the kidney to be deployed after the release of the aortic
SG. Until recently, only 22mm long covered stents with a 6F profile were available and longer stents
required larger sheaths that are more difficult to pass into the renal arteries.

A major problem for the visceral CGs has been the fact that most covered stents
(Figure 9) require 7 F sheaths or larger. Such large sheaths are difficult to
introduce in the visceral arteries from a brachial approach. This is particularly true
for the renal arteries. The recent development of low profile covered stents now
makes it possible to insert even long covered stents through 6 F sheaths (Figure
15). This facilitate the use of CGs and is likely to expand the applicability of this
technique.

Modern results of chimney stent grafts

Chimney grafts were initially used as a rescue technique and adopted by some
centers especially for emergent cases both in the abdominal and thoracic aorta
with promising results. Still a major concern has been proximal endoleak type |
(Rutherford 2004). However, to have a solution or rescue on the “shelf” for
maintaining blood flow to vital side branches and repair for endovascular
treatment in an emergent situation even in cases with complex morphology is
necessary for endovascular development. While it does seem justifiable to treat
urgent cases with CGs, the majority of published cases were elective patients, and
in many instances treatment selection has been based on economic factors and not
on the best available treatment as a guideline (Table II, H11).
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Table 11

Early outcomes from studies on visceral chimney grafts.

Authors No. No. Elective/ | Early EL-I 30-day
patie | CGs | urgent patency No.(%) M No
nts repair No.(%0)

Larzon et al. 2008 13 14 716 14 (100) 1(8) 0

Ohrlander et al. 2008 6 11 1/5 11 (100) 1(17) 0

Hiramoto et al. 2009 8 8/0 8 (100) 1(13) 0

Allagaband et al. 2010 2 2/0 2 (100) 0 (0) 0

D’Utra et al. 2010 1 1/0 1 (100) 1 (100) 0

Donas et al. 2010 72 127 72/0 127 (100) 6 (8) 0

Kolvenbach et al. 2010 5 17 0/5 5(100) 1 (20) 0

Bruen et al. 2011 21 37 21/0 36 (97) 1(5) 1

Coscas et al. 2011 16 26 16/0 25 (96) 2(13) 2

Pecoraro et al. 2011 3 8 0/3 7 (88) 1(33) 1

Ricci et al. 2011 1 2 1/0 2 (100) 0 (0) 0

Brechtel et al. 2012 1 0/1 4 (100) 1 (100) 0

Lee etal. 2012 28 56 28/0 55 (98) 2(7) 2

Moulakakis et al. 2012 4 2/1 4 (100) 1(33) 0

Tan et al. 2012 2 0/1 2 (100) 0 (0) 0

Zhang et al. 2012 31 45 45/0 45 (100) 5 (16) 0

Fukui et al 2013 13 18 12/1 18 (100) 0 (0) 0

Lachat et al. 2013 77 169 68/9 165 (98) 19 (25) 2

Lee etal. 2013 2 1/0 2 (100) 0 (0) 0

Schiro et al. 2013 9 0/9 9 (100) 2(22) 0

Tolenaar et al. 2013 13 22 11/2 21 (95) 1(8) 0

Varu et al. 2013 4 6 6/0 6 (100) 1(17) 0

Banno et al. 2014 38 60 32/6 59 (98) 2(5) 3

Ducasse et al. 2014 22 22 22/0 22 (100) 1(5) 1

Marino et al. 2014 0/1 3(100) 1 (100) 0

Massmann et al 2014 2/0 2 (100) 0 (0) 0

Rouer et al. 2014 1/0 1 (100) 0 (0) 0

Guo et al. In press 42 56 42/0 42 (100) 8 (19) 0

Overall 407 734 357/50 59 12
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Table 111

Early outcomes from studies on thoracic chimney grafts.

Authors No. No. Elective/ | Early EL-I 30-
patie | CGs | urgent patency No.(%) day
nts repair No.(%) M
No
Hiramoto et al.2006 1 1 1/0 1 (100) 0 (0) 0
Baldwin et al. 2008 7 7 413 7 (100) 1(14) 2
Larzon et al.2008 10 10 2/8 10 (100) 0 (0) 0
Ohrlander et al.2008 4 4 0/4 4 (100) 1 (25) 1
Sugiura et al. 2009 11 11 0/11 11 (100) 2 (18) 0
Lachat et al.2010 1 4 0/1 4 (100) 1 (100) 1
Rancic et al.2010 2 4 0/2 4 (100) 1 (50) 1
Dias et al.2011 4 4 0/4 4 (100) 0(0) 1
Gehringhoff et al. 2011 9 9 0/9 9 (100) 1(11) 0
Pecoraro et al. 2011 6 16 0/6 16 (100) 1(17) 0
Schlosser et al.2011 1 2 0/1 2 (100) 1 (100) 0
Richardson et al. 2011 1 1 0/1 1 (100) 0(0) 0
Ketelsen et al. 2011 1 1 0/1 1 (100) 0 (0) 0
Shu et al. 2011 8 8 8/0 8 (100) 0 (0) 0
Yoshida et al. 2011 2 6 2/0 6 (100) 0(0) 0
Joseph et al. 2012 1 1 1/0 1 (100) 0 (0) 0
Mitshouka et al. 2012 1 1 1/0 1 (100) 0 (0) 0
Shu et al. 2012 32 34 28/4 34 (100) 0 (0) 0
Brunkwall et al. 2013 6 12 6/0 12 (100) 2 (33) 1
Fukui et al. 2013 9 15 9/0 15 (100) 4 (44) 0
Samura et al. 2013 2 4 2/0 4 (100) 0 (0) 0
Zhou et al. 2013 2 1/0 2 (100) 0(0) 0
Mangialardi et al. 2014 26 28 19/7 28 (100) 6 (23) 1
Xue et al. 2014 59 62 42/17 61 (98) 5(8) 0
Overall 205 246 126/79 26 8
M, mortality.

The beneficial effect of this new technique has been documented in reviews
(Katsagyris et al. 2013, Wilson et al. 2013) but long-term data, especially
regarding emergent cases has been limited. Mortality from the procedure even if it
requires more access sites and longer procedural time for repair has been favorable
(Lachat et al. 2013). It has also been shown that major access complications are
more common than the anticipated type | endoleaks. The results depend on what
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type of aortic pathology and what aortic arch side branches have been treated
(Katsagyriset al. 2013, Wilson et al. 2013). Another limitation is that multicenter
randomized studies of convincing size comparing this technique with other
treatment possibilities do not seem feasible.

It has been discussed if endoleak type | can be minimized by a certain length of
the overlapping zone from the CG-graft (Criado et al. 2013 Lachat et al. 2010,
2013). The gutters alongside the CG-s could be a potential source for type I
endoleak. However the length of that overlap possible to achieve is mainly due to
anatomical factors. From the litterature no major conclusive view on the length of
overlapping required for abdominal and/or thoracic pathology exists.

The published cases of thoracic pathologies combined with CG-grafts are
definitively more complex (Wilson et al. 2013). Nevertheless, the results are
promising but maybe the hemodynamic forces are even more overwhelming in the
arch of aorta even if not proven (Katsagyris et al. 2013, Wilson et al. 2013). The
risk of type 1l endoleak in CG-graft cases especially if thoracic side branches has
been revascularized is also recognized (Criado et al. 2013).

In approvement of this technique as it seems from the literature further validation
of the usefulness of this CG-graft technique is needed. However, the main
indication for this technique that is accepted is emergent cases or cases where the
manufacturing time for a fenestrated or branched SG cannot be waited for. In our
center emergency cases has been a large part of our indication for having the
consideration of a CG combined with abdominal or thoracic aortic repair.

Another problem seen in this category of patients are the substantial risk of
developing renal insufficiency or even the requirement of hemodialysis. In the
recent reviews, the risk of chronic renal impairment is reported to be around 10 %
and the need for chronic hemodialysis around 2% (Katsagyris et al. 2013).
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Aim of thesis

The general aim of the present thesis was to study different aspects of the CG
technique that would demonstrate the feasibility of CGs in treating complex aortic
lesions at the arch, descending thoracic and abdominal aorta. The thesis explores
also the contribution of this technique in expanding the endovascular therapy in
replacement to open surgery.

The applicability, efficacy, complication rate and mid- to long-term durability of
the CGs has been studied with the consideration of the possibility to routinely
adopt and/or expand the applicability of this technique.

Specific aims

I.  To test the novel application of CG technique in treating midaortic
occlusive diseases (Paper I).

Il.  To evaluate the mid to long-term efficacy and durability of CGs used with
TEVAR for urgent lesions of the thoracic aorta (Paper I1).

IlIl.  To analyze the long-term results of CGs in visceral arteries of the
abdominal aorta (Paper I11).

IV.  To analyze how CGs may potentially expand the applicability of EVAR
for rAAA (Paper 1V).
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Patients and Methods

Detailed methodology of each study is present in the respective paper. The
following will provide a short summary of patients and methods in general. In the
context of the present thesis the term and abbreviation “Chimney graft, CG”,
denotes to both chimney stent and chimney stent graft.

Patients

All studies reflect a single center experience where all patients were treated in the
vascular center of Skane University hospital-Malmo, Lund University, Malmg,
Sweden. They were operated between November 2004 and June 2013. All cases
were urgent or semi-urgent and with complex lesions. Ten patients (Jan 2006 - Jan
2011) received CGs for midaortic occlusive disease (paper 1), 29 patients (Nov
2004 - Oct 2012) received CGs for proximal aortic lesions (paper II), 51 patients
(June 2006 - Oct 2012) received CGs for visceral branches (paper 1) and 206
patients had a ruptured AAA (Jan 2006 - June 2013)(paper 1V).

Patients presented with diversity of complex aortic lesions. It was often difficult to
categorize them; however, it was more difficult to have them in one group. Each
of them was almost unique with different pathology and different
data/circumstances. It was difficult to have the thoracic and abdominal (visceral)
group together in one group because each has different characteristics with
different circumstances and CG behaves differently in each group. Patients were
regrouped for several times until we were satisfied with the current groups.

All patients with midaortic occlusive disease formed a special entity (paper 1), and
patients with mid- to long-term review are classified into thoracic group by whom
the lesion affects the thoracic aorta (paper I1) and abdominal group (paper I11) for
whom CG was implanted into the visceral branches. Seven patients were shared
between papers Il and 111, because they underwent TEVAR with visceral CGs for
lesions that involved both the thoracic and abdominal aorta. The fourth group
composed of good quality CTAs of 206 patients with ruptured AAA that were
treated at Skane university hospital-Malmo between January 2006 and June 2013
(paper 1V).
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Patients who were proposed for and operated with the CG technique were deemed
unfit for OR, fEVAR, and bEVAR. They mostly had complex aortic lesion that
required emergent/urgent handling with distorted anatomy and associated
comorbidities. The median age of patients operated with CG technique was 75
years (IQR, 69-78).

Patients had preoperative CTA and normally a FU CTA vyearly. Patients with
impaired renal function receive either limited volumes of diluted contrast or
intraoperatively CO2 contrast. In the worst scenarios with severe renal
impairment, they were followed up with ultrasonography and the routine clinical
investigation.

Paper |

Ten female patients with a median age of 70 years, presented with visceral and /or
lower limb ischemia due to severe midaortic stenosis or occlusion. All patients
required urgent or semi-urgent management, however all were considered high-
risk candidates for open repair.

Patients underwent preoperative assessment and were classified according to the
scale of the American Society for Anesthesiologists (ASA). All were considered
class Ill, because they suffered lower limb and/or visceral ischemia associated
with other comorbidities such as hypertension and diabetes mellitus. Their survival
without intervention was questionable/pure.

Paper 11

Twenty-nine patients (20 male) with a median age of 73 years (IQR, 63-74 years)
presented with aortic lesions at the arch (n=9), descending (n=10) or
thoracoabdominal aorta (n=10). They were treated with CG technique and
TEVAR. No patients were lost to follow-up. Twenty-two of them required urgent
(within 24 hours) intervention. Most thoracic aortic lesions were ruptured (n=14,
48%) or symptomatic. They included aneurysms (n=11), complicated dissections
(n=9), pseudoaneurysms (n=5), accidental overstenting of LCCA (n=2), iatrogenic
aortoesophageal fistula (n=1) and traumatic transection (n=1). The median FU and
IQR for the entire cohort was 2 years (0.6-3.8 years), 2.5 years (1-4 years) for
patients surviving the procedure and 3.5 years (1.9-6.4 years) for those who were
still alive.

Chimney graft technique was used in urgent cases with complex thoracic aortic
morphology that were associated with deficient sealing zone (n=27), or after
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accidental overstenting of a vital aortic side branch (n=2). No patient was a
candidate for OR, fEVAR or bTEVAR.

Placing CGs in the precerebral vessels is principally different from the visceral
arteries by gaining access from the periphery. Hypothetically, peripheral access to
the visceral arteries is also possible in selected cases e.g. renal arteries and SMA.

Paper 111

Retrospective analysis of prospectively collected data was made for fifty-one
patients with visceral CG (16 female, 35 males) with a median age of 77 years
(IQR, 72-81). Patients presented with mainly abdominal aortic lesions (EVAR=43,
TEVAR=8) necessitating urgent (n=31, 61%) and or semi-urgent (n=20, 39%)
endovascular aortic repair and visceral CG technique.

The median follow-up (FU) was 2.3 years (IQR, .8-5 years). Median FU of 30-day
survivors was 3 years (IQR, 1- 5 years) and median FU of those 22 patients who
remained alive at the end of the study period was 4.8 years (IQR, 3 — 6 years).

The indications for intervention were 37 aneurysms, 5 accidental overstenting, 4
pseudoaneurysms, 4 restenting and 1 dissection. Of the aneurysms, 19 were
ruptured at the time of presentation. Median aneurysm diameter was 75 mm (IQR,
63 - 90 mm).

The diversity of the included patients in each group (thoracic and abdominal)
made further grouping and subclassification difficult. Further analyses were of
interest, for instance the shortest stents overlapping that would secure sealing, the
course and direction of CG that would prevent EL-I, the outcome of different
types and sizes of utilized CGs. Such analyses were not possible because of the
limited number of our patients.

The impact of major associated comorbidities are seen in the high rate of deaths
among the patients. This is in contrast to most other reports on CGs but reflects
our long FU period and also the selection of patients that is dominated by
emergent/urgent cases where other techniques really has not been an option.

Paper IV

A good quality CTAs (n=206) of 248 patients with ruptured AAA that were
treated at the vascular center of Skane university hospital between January 2006
and June 2013, were analyzed. A centerline-of-flow (CLF) 3D reconstruction was
generated with a workstation (AquariusWs; Terarecon, San Francisco, CA, USA),
and the aneurysmal neck, distances between the vessels, neck diameter, aortic
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diameter at the SMA level, iliac attachment sites, suprarenal angle (o) and
infrarenal angle () were measured and used for the assessment. Based on the
instruction of the intention for use (IFU) for commercially available SG devices an
assessment of the suitability for standard EVAR was made compared to the
extended suitability when using CG technique with EVAR for those patients who
have a short aneurysmal neck as the only contraindication to the standard EVAR.
The sealing zone was extended by placing a unilateral CG to the most distal renal
artery or bilateral renal CGs. Acceptable sealing zone with a CG was defined as
being > 15mm in length, not compromising the SMA takeoff and with a maximal
aortic diameter of 30mm. A CG was not considered an option when supra- or
infrarenal angulations were outside of the IFU recommendations. Aneurysm
classification was made according to the reporting standards for endovascular
aortic aneurysm repair (Chaikof et al. 2002).

Ethics

The Ethical advisory board approved the study and informed consent was obtained
from all patients. No human identity or privacy is involved and the treatment
provided to this cohort of patients was the standard care of our department.

Statistics

Data is in paper I-111 presented as numbers, percentages, medians and range or
interquartile range (IQR). Kaplan-Meier estimate was used to construct outcome
curves. In paper IV data was presented in mean * standard deviation (SD). The
length, diameter and angulation measurements were tested by one-way analysis of
variance. Chi-square test compared the percentages and a P value < 0.05 was
considered significant. IBM SPSS program version 20 (IBM Corporation,
Armonk, New York, USA) was used for these analyses.
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Results

Paper |

Technical success was achieved in 100%. This study focuses mainly on the
technical feasibility and safety of this new indication for CG. All the aortic
occlusions could be crossed, SGs deployed without adverse complications and all
the stenosed or occluded visceral arteries could be cannulated. This required
multiple adjunctive maneuvers such as the use of buddy wires, body floss wires
and others. All stents remained patent during the study period. One patient died on
the ninth postoperative day of uncompensated heart failure.

Paper I

The median hospital stay was 7 days (4-17). All-cause mortality was 52% (15/29),
of them two deaths were CG-related that occurred after eleven months. The 30-day
mortality was 14% (n=4), all were emergent cases. The median FU time was 2
years (.6-3.8 years) and the primary technical success, according to the reporting
standards for thoracic endovascular aortic repair (Fillinger et al. 2010), was
obtained in 86% (25/29) of the patients. All primary and secondary (early and late)
EL-I (21%, 6/29) occurred in supraaortic branches, where primary EL-1 (10%,
n=3) required prompt reintervention within days, 2/3 secondary EL-I required
delayed reinterventions after 4-16 months observation and the third was sealed
spontaneously. CG-related reinterventions were required in seven patients (24%).
The secondary patency rate of the CGs was 98 (40/41). The aneurysm sac shrank
in 17/25 (68%). Sacrificing celiac trunk and LSA were generally well tolerated
without serious complication (Table 1V).
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Table IV

Early and mid to long-term results of chimney grafts with thoracic endovascular aortic repair in 29

patients.

Abdominal CG Early Primary Late Secondary Total
(<30 day) (>30 day)

Median FU (year, IQR) 2.5(1-4) 3.5(1.9-6.4) 2(.6-3.8)
All-cause mortality 14% (4) 38% (11) 52% (15/29)
Procedure-related mortality 14% (4) 7% (2) 21% (6)
30-days mortality 14% (4) 14% (4)
CG-related mortality 7% (n=2) 7% (n=2)
Type | EL 10% (n=3) 10% (n=3) 21% (6/29)
CG-related reinterventions 17% (n=5) 7% (n=2) 24% (7/29)
CG patency 95% (39/41) 98% (40/41) 98% (40/41)
Shrinkage of aneurysm sac 68% (17)
Favorable outcome 66% (19/29)

Paper Il

Seventy-three CGs were implanted into the visceral branches of the abdominal
aorta in 51 patients. The CGs were constructed of 113 stents and SGs.

The median hospitalization time was 9 days (IQR, 5-15) and the median follow-up
(FU) was 2.3 years (IQR, 0.8 — 5 years). The median FU of those 22 patients who
remained alive at the end of the study period was 4.8 years (IQR, 3 — 6 years)
(Table V).

Thirty-day mortality was 10% (5/51), all of them were procedure related and
urgently handled cases. Six percent (n=3) of the deaths were considered CG-
related, and 16% (n=8) were procedure related. All-cause mortality was 57%
(n=29).

The median length of CGs was 48 mm (IQR, 30 — 93 mm) with a median stent
diameter of 7 mm (IQR, 6 — 8 mm). Patients with long thoracoabdominal
pathology (n=8) were treated with the so-called sandwich technique (Figure 11)
(n=5) and periscope SG (n=5).

The primary assisted and secondary technical success rate was 82% (42/51) and

90% (46/51) respectively. The primary assisted patency was 96% (70/73). Thirty-
one visceral branches were consciously sacrificed for technical reasons, of them
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30 patients required an extension of the sealing zone. Two patients had two
visceral branches sacrificed (celiac trunk and right renal artery), and a third patient
with a sacrificed celiac trunk but one of his renal CG was permanently crushed
postoperatively. The three patients suffered CG- related complications and
respectively died nine months, eleven months and 10 days postoperatively.

Primary EL-I occurred in five patients (10%) (Table V1). All primary EL-I seemed
to be originated from the left renal artery. Two patients were successfully
restented, one was successfully embolized and one is still under conservative
management for the sixth postoperative year. There was no secondary endoleaks
but a single recurrent EL-I, which had relatively short CGs (22-38 mm) with
balloon expandable SGs. The aneurysm sac shrank in 63% (29/46) (Figure 16) of
the 30-days survivors, increased in 13% (6/46) and remained unchanged in 15 %
(7/46). Chimney graft-related reintervention was required in 8 patients (16%), four
within 30 days. The long-term primary and assisted primary CG-patency was 89%
(65/73) and 92% (67/73), respectively.

Among the 30-days survivors, serum creatinine was significantly (>20%)
increased in 26/46 (57%) (Figure 16). Of these 17 (65%) patients had a sacrificed
kidney by two of them the renal artery was postoperatively unintentionally
occluded or crushed. Twelve/46 (26%) patient developed chronic renal failure that
ultimately required permanent hemodialysis. Eleven/12 (92%) of them had a lost
kidney, among them eight kidneys were intentionally intraoperatively sacrificed
(Table V). The median age of patients with a sacrificed kidney was 80 (74-82)
years, of them 15 had a ruptured aneurysm. The total implanted renal CGs in the
30-day survivors were 50 (right renal artery=29 and left renal artery=21), and the
sacrificed renal arteries were 17 (right=six and left=11) (Table V). Four patients
were preoperatively known of having renal impairment; two of them underwent
renal sacrifice and three required permanent renal dialysis (Table V).

Tabel V
Long-term results of visceral CGs with urgent endovascular aortic repair of complex lesions in 51
patients.

Abdominal CG Early Primary Late Secondary (>30 Total
(<30 day) day)

Median FU (year, IQR) 4.8 years (IQR, 3-6) 2.3(0-7.5)
All-cause mortality 10% (5) 47% (24) 57%
Procedure-related mortality 10% (5) 6% (3) 16 %
30-days mortality 10% (5) n.a. 10%

CG- related mortality 0 6% (3) 6%

Type | EL 10% (5) 2% (1) recurrent 12%
CG-related reinterventions 8% (4) 8% (4) 16%
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CG patency 89% (65/73) 93% (68/73) 93%
Renal impairment n.a. 57% (26/46) 57%
Permanent dialysis n.a. 26% (12/46) 26%
Shrinkage of aneurysm sac n.a. 63% (29/46) 63%

Kaplan Meier outcome functions of both thoracic and visceral CGs showed a
higher rate of EL-1 compared to CG occlusion (Figure 17).

Preoperative Postoperative (1 mo) Postoperative (6 yr)

Figure 17

Computed tomography angiography of an 84 years old female patient, who presented with
symptomatic abdominal aortic aneurysm with sharply angulated neck. Semi-urgent endovascular
aneurysm repair with chimney graft to right renal artery was performed. Left renal artery was
sacrificed. The pictures show preoperative, two-months and six years postoperative results, where
chimney graft remained patent and aneurysm shrank significantly. She is still doing fine in her 8"
postoperative year. She developed chronic renal failure, however, without requiring dialysis.
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Outcome Functions for 73 Patients with 99 CG
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Kaplan-Meier outcome curves of 73 patients who were treated with 99 CGs and endovascular aortic
repair (EVAR and TEVAR) for urgent complex aortic lesions. The curves are presenting the freedom

from A= chimney related mortality, B= 30-day mortality, C= CG occlusions, D= EL-I and E=all-

cause mortality.

Table VI

A chimney branch-related outcome for 73 patients with different complex aortic lesions who were

urgently treated with 99 CG technique and TEVAR or EVAR.

CG Location BT | LCCA | LSA | CT | SMA | RRA | LRA | Total

No 7 13 4 1 19 31 24 99

CG Occlusion 0 0 0 0 2 1 4 7(7%)
Primary EL-I 3 0 0 0 0 1 5 9 (9%)
Secondary EL-I 1 2 0 0 0 0 0 3 (3%)
Sacrificed branches 0 0 10 11 0 9 13 43 (59%)
Bleeding 0 0 0 0 2 0 1 3 (3%)

BT, brachiocephalic trunk;

CT, celiac trunk; LCCA, left common carotid artery; LRA, left renal
artery; RRA, right renal artery; SMA, superior mesenteric artery.
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Paper IV

Of the included patients, 85% were men with a mean age of 75+7.8 years (women
76+7.5 years). Sixty-three percent (130/206) of the rAAA were infrarenal, 32%
(66/206) juxtarenal (no healthy aorta between aneurysm and renal arteries) and 5
% (10/206) suprarenal (splanchnic and/or renal arterial involvement). Women had
smaller AAA diameters upon rupture with larger suprarenal angulation and
smaller iliac access. Standard-EVAR suitability was 34% (70/206) (Figure 18)
(male 37%, female 16%, p<0.01), with 32 different combinations of exclusion
criteria within the cohort. Sixty-five percent (n=89) of unsuitable patients had
aneurysm neck < 15 mm and short neck was the only exclusion criteria in 24%
(n=33) (Figure 18). In short neck aneurysms where no other exclusion criteria was
present, a proximal sealing zone > 15 mm could be achieved with one or two renal
CGs in 36% (n=12) and 76% (n=25), increasing overall suitability to 40% and
46% respectively.

Other anatomical factors such as large neck diameter, severe neck angulation or
access related issues (often in combination with short necks) accounted for the
remaining exclusion criteria. In 45% of patients, exclusion criteria was solely
based on short necks (24%), or access related issues (9%), or combination of these
(12%).
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Included patients

n=206

Not suitable for EVAR
n=136 (66%)

Suitable for EVAR
n=70 (34%)
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Short neck (<15 mm)
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Short neck (<15 mm)
with other exclusion

Normal neck length

(215 mm) with other
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. .
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EVAR suitability with Not suitable for
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2 chimneys

n=25 (76%)

Figure 18
Flowchart demonstrating the overall anatomical suitability of rAAA for EVAR. It also shows the
contrribution of one and two renal CG/s in increaing the rAAA-suitability for EVAR.
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Discussion

The first application of CG technique that we are aware of was in 1999 (Figure 10)
(Lénn and Malina, oral communication) as a bailout procedure to rescue an
accidently overstented renal artery during EVAR, the first published report
mentioning this technique was in 2003 (Greenberg et al. 2003). In memory of dr.
Greenberg, we acknowledge his contribution to the dissemination of his technique
although he himself was never fully convinced of its efficacy. It was theoretically
hard to believe that a small SG would endure the high forces of aortic pressure and
function durably without major complication or adverse effect. There was a
concern that the implanted CG would disturb the conformability of the main SG
and the laminar blood flow, form a nidus for new thromboembolic or obstructive
events and create gutters alongside the main SG, which may lead to EL-I and
eventually rupture. However, the outcome turned out to be better than expected
and encouraged several specialized centers to adopt this technique and expand its
application to involve the juxtarenal, suprarenal and the thoracic aorta including
the arch (Larzon et al. 2005, 2008, Ohrlander et al 2008, Lachat et al. 2010).
Physicians simply could not resist the temptation to further expand this new
technique in treating not only aneurysms but also aortic occlusive diseases,
dissections, ruptures, infections, fistulas, traumatic transections and difficult
complications of previous open as well as endovascular aortic repair (Lachat et al.
2013).

The possibility to handle emergent cases and the use of CG as a rescue possibility
made this technique useful when other advanced technique failed, such as the
branched SG, fEVAR or in-situ fenestration failed, however, as seen from our
summary and reviews by others (Katsagyris et al. 2013, Wilson et al. 2013) a large
proportion of CG-cases are elective cases where other treatment options also were
at hand.

The most recognized shortcoming of the CG technique was EL-I, which may have
discouraged a wider implementation and limited the interest in developing it
further (Moulakakis et al. 2013). Twelve years have elapsed since the introduction
of the CG technique and up to date there has been little further development of the
CG devices (Stewart et al. 2014). The development so far was by physicians who
extended the used off-the-shelf SGs in various ways such as the periscope and
sandwich-technique (Lachat et al. 2010, Lobato & Camacho-Lobato 2011).
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Commercially, there is a greater benefit from developing the most complex
devices such as branched and fenestrated SGs, while the beauty of the CGs is that
they are simple and readily available. Still, dedicated CGs need to be developed
and may incorporate a thrombogenic coating of the external surface or covered
CGs that are more flexible with a lower profile. Some of these improvements are
happening and only longer covered stents that can be passed through 6 F sheets are
available.

Even in the absence of dedicated devices, the applicability and indications for the
CG technique are expanding (Figure 19) and it is often used for the extremely
difficult and urgent cases or when other advanced alternatives, including OR,
either fails or is deemed too risky (Criado 2007, Schiro et al. 2013). In many
countries, the cost of fEVAR or bEVAR has been prohibitive, which made the CG
technique the only possible therapeutic option for many patients (Zhang et al.
2012, Guo et al. in press). Below are two examples of CGs used as bailout after
the failure of other techniques (FEVAR and in-situ-fenestration) (Figure 19, 20).

P

Figure 19

Sixty-nine years old male patient with arteria lusoria (arrows) presented acutely with symptomatic
aortic dissection type B (A) that extended distally to the external iliac arteries. Patient underwent
TEVAR (B) with attempted in-situ fenestration to LSA, however this failed because the angulation
was not suitable (C and D). CG-placement (E) rescued the situation and CG was successfully
inserted into the LSA (F).

The studies in the present thesis demonstrated different clinical aspects of the CG
technique including its applicability, efficiency, durability, deficiencies and its
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contribution to expanding the indication for endovascular therapy for urgent,
complex aortic lesions. Among these, we were the first to describe/report its novel
and safe applicability in treating juxtarenal occlusion of the aorta (paper 1).

Paper | studied the applicability of CG technique in treating midaortic (juxtarenal)
occlusion in urgent patients who were deemed unfit for major thoracoabdominal
surgery. Manipulating a stenosed or occluded juxtarenal aorta and deploying a SG
in the stenosed juxtarenal level carries a significant risk of dislodgement of emboli
that can occlude the adjacent visceral vessels or may result in serious distal
embolization (Mangialardi et al. 2014).

Figure 20
Fenestrated SG failed to stent the right renal artery, and then rescue-CG was possible to implant
instead and maintain flow to the kidney.

The CG technique was proposed to these patients because they were considered
high-risk for OR and consequently had no alternative therapy. All procedures were
technically and clinically successful. Mangialardi and coworkers have reported
beneficial results maybe with a more pronounced risk of peripheral embolization
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(Mangialardi et al. in press). We realize that a firm conclusion cannot be built on
our limited number of patients (n=10), however, the midterm results were
convincing without major complication or CG-related death and all stents
remained patient during the midterm FU period. In addition, the renal function
improved in the three patients with a preoperative chronic renal impairment. These
results seem promising and may allow a wider implementation of this technique
for such group of patients. In occlusive disease of the aorta, endoleak is a rare
complication of CG technique, however in non-occlusive disease it was the most
intimidating complication.

Another finding is that our 10 treated patients all were females. "Coral reef
syndrome" as well as juxtarenal aortic occlusion has been seen more often in
females (Hultgren et al. 2005, 2013). We can only speculate on why this gender
difference is noted since more distal aorto-iliac occlusive disease has more equal
distribution between the genders.

B

Figure 21
Case illustrating the complexity of the patients, potential drawbacks of the chimney technique and
the lack of alternatives:

Patient with septicemia who developed a symptomatic mycotic pseudoaneurysm at the arch of the
aorta and BT. The mycotic aneurysm expanded 1 cm in three days (A, B). The patient also had

generalized colonic cancer and was deemed inoperable. She underwent semi-urgent TEVAR with
chimneys to BT and LCCA (C), however, a minor EL-1 was noted (D). Postoperatively, there was
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further growth of the pseudoaneurysm and high-flow EL-I (E) which was treated with thrombin- and
Onyx injection (arrow) (F). Almost no EL-flow was seen after this. The patient improved, infectious
signs normalized but recurrent symptoms and increased EL-1 eventually led to open arch
reconstruction. She died 4 months later from her malignancy.

Paper Il evaluated the mid to long-term outcome of CGs in high-risk patients with
urgent complex non-occlusive diseases of the thoracic aorta (Figure 21). The
results (Paper Il) demonstrated an unexpectedly good efficiency and durability of
CGs with 21% EL-I, 98% secondary patency, 24% CG-related reintervention, 7%
CG-related mortality and 52% all-cause mortality. The EL-I was mostly
manageable, which is in agreement with the findings of others (Mangialardi et al.
2014, Xue et al. in press), and in our series the brachiocephalic trunk was the
major source with 67% (4/6) of all EL-Is. (Table VI) It seems that the
brachiocephalic trunk is not only a risk for EL-I but also for other CG-related
complications including mortality. This may be caused by the fact that the
brachiocephalic trunk is a large vessel that creates larger gutters but also by a more
extensive arch disease. Only one of the seven patients with a stented
brachiocephalic trunk remains alive. This finding concurs with other reports
(Hogendoorn et al. 2013).

The patency of all CGs were excellent (98%) in comparison to the other advanced
fenestrated and branched SGs (97%) or even to OR (97%) (Ouzounian et al.
2014).

The overall survival of our patients may seem disappointing but compares
favorably with other reports on urgent handling of thoracic aortic disease
(Carpenter et al. 2014)

Patients in paper Il received visceral CGs for mainly urgent, complex aortic
lesions. Among them was the most frequent complication not EL-1 but chronic
renal impairment (57%), which was not so dramatically reflected in other studies
(12%, 12%, 0%) (Katsargyris et al. 2013, Moulakakis et al. 2012, Lachat et al.
2013). It is unclear why other studies report less renal impairment among their
patients. The higher age, urgency and lesion complexity of our patients may not
suffice to fully explain this difference. There may also be differences in the
definition of permanent chronic renal impairment. An asymptomatic stent-kink,
renal artery thrombosis or stenosis may not be observed and lead to unilateral renal
ischemia and atrophy, despite of routine urine analysis or renal function test and
with today normally used imaging techniques (Pfister et al. 2010). Then, an
important question is still open, namely if renal impairment could be prevented
during such interventions? We don't have a definitive answer for this question.
However based on our finding, all patients who ultimately required permanent
dialysis (n=16) had by one way or another lost a kidney. Twelve patients had an
intentionally sacrificed kidney. One patient had previous nephrectomy due to
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cancer, one had a crushed renal CG, and two patients had a critical renal artery
stenosis. Such strong association emphasize the importance of preserving both
kidneys in such procedures in an elderly population. In order to achieve this goal,
it seems particularly important to avoid sacrificing a kidney unless it is
unavoidable.

If renal sacrifice cannot be avoided, the less functioning kidney should be selected
if possible. Stringent postoperative renal FU is clearly important. Liberal use of
anticoagulation may prevent chronic thromboembolisms and late trash of the
kidneys.

The frequency of type | endoleaks have as reported in the summary and reviews
been surprisingly low (Katsagyris et al. 2013, Wilson et al. 2013). Few developed
during FU as also noted in this series. Maybe the risk is higher in thoracic CG-
repair especially for late endoleak type I but still the low number of reported cases
and the short FU-times do not allow firm conclusions to be made (Paper II, I,
Lachat et al 2013). It is also shown both in our series and reviews that the majority
of endoleaks type | can be treated successfully with endovascular technique more
often in the visceral CGs compared to the thoracic CGs (paper Il, 11, Xue et al
2014, Guo et al. in press, Lachat et al. 2013).

Another concern regarding CG repair was to have two graft fabrics lying parallel
to each other in a pulsatile environment without fabric tears and late endoleaks
type I1l. We did not find such outcome among our patients. Only few such cases
have been reported and in many of them, it seems more to be due to separation of
component ruther than tears in the fabric (Lachat et al. 2013). Another cause of
concern has been migration of the grafts. The CG lying on the outside of an aortic
SG, could potentially reduce the proximal fixation and increase the risk of
migration of the SGs.

We observed one thoracic patient with this EL-1 from a CG in the brachiocephalic
trunk that was caused by distal migration of the main aortic SG (Paper II). This
has also so far only been reported in a few instances, mostly in thoracic cases
(Larzon et al. 2008).

We observed relatively different results of CGs used in the thoracic aorta versus
the abdominal aorta. EL-1 was more frequent in CGs of the supra-aortic branches
(21%) compared to those of the visceral aortic branches (12%), whereas CG
occlusions are more common in the visceral branches. This observation is also
reflected when comparing the different Kaplan-Meier curves (Papers | and II),
however the total survival function of both thoracic and visceral CGs (Figure 16)
indicated that EL-I still is more frequent than CG occlusion. A possible
explanation for this difference could be that the thoracic CGs are shorter in length,
larger in diameter and surrounded by the strong continuous movements of the
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heart and lungs. The alignment and angulation of the aortic branches are also
different and may contribute to the problems, especially the secondary EL-I (10%
vs. 0%). The reasons may also have beneficial effects such as a slightly increased
secondary CG patency among thoracic CGs (98%) compared to the visceral CGs
(93%). Overall, the 30-day mortality (14% vs. 10%) and the CG related
reinterventions (24% vs. 16%) seem somewhat increased among the thoracic
group of patients. The early required reinterventions were 71%, (5/7) for the
thoracic group, and 50% (4/8) for the abdominal group. The later CG related
reintervention are increased among the visceral group because infection and
bleeding were more frequent among them (Figure 22). Of all reinterventions, the
complementary open surgical procedures were more required for the thoracic
group of patients (57%, 4/7 vs. 25%, 2/8). This may also reflect an increased
technical demand for inserting supraaortic CGs; hence, it is associated with
frequent complications in the early postoperative period.

The CG related mortallty, all-cause mortallty, a favorable outcome and shrinkage
) 3 e b aiatbaetbaiaals and abdominal

Figure 22
63 year old woman with pneumococcal pneumonia with sepsis and abscess formation that became
multifocal despite of drainage and antibiotics.
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She developed symptomatic mycotic pseudoaneurysms in the thoracic and visceral part of aorta and
aorta enlarged rapidly.

She was treated endovascularly with CGs with sandwich technique to SMA, RRA and LRA and Cel
Tr was embolized.

Postoperatively acalculous cholecystitis but no other procedure related complication. In FU the
several mycotic aneurysms obliterated totally, no infectious sign and at 4year control patent CGs and
no other complications found.

The need for CG technique may vary according to the pathology and aortic
morphology, where it still constitute the only definitive therapeutic option for
midaortic occlusive diseases in elderly patient with severe comorbidities, it is not
superior to the fenestrated or branched SG in a suitably elective cases (Wilson et
al. 2013). Open repair is still the standard treatment for many aortic pathologies in
many centers.

Additional statistical analysis was initially aimed to unmask the relationship
between the various types, diameters, and lengths of the utilized SGs and the
outcome of aortic repair. Spearman correlation test has indeed shown several
positive relationships, however a more advanced meaningful statistical analysis
was prohibited by the overwhelming diversity and complexity of the cases
combined with the limited number of patients. In the absence of solid conclusions,
we refrained from these data.

The fourth study demonstrated that CG technique could increase the anatomic
suitability of rAAA for EVAR. With each renal CG, there is 6% increased
suitability of ruptured aortic aneurysms for the endovascular repair. The study
demonstrated that the number of patients that could be treated endovascularly
according to the instructions for use (IFU) is lower than anticipated. If one extends
the use outside the IFU-criteria, a larger proportion of patients is possible to
handle endovascularly (Larzon and Skog 2014).

In our series, six cases had aortic or graft infections with severe comorbidities that
made them unfit for open surgery. They had no other option than endovascular
treatment. Often it is claimed that it can be used as a bridge to a later staged
surgery with the aim of eradicating the infection. Only one of our patients had a
secondary procedure done.
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Limitations of the studies

Chimney graft technique is relatively a new technique that is yet not widely nor
routinely implemented in all centers. For this reason, the related data and studies
are limited.

The uniqueness and complexity of each patient made it difficult for us to
categorize and group them properly.

It is difficult to obtain longer FU period with larger group of patients because of
the advanced age of our patients with the associated sever comorbidities that
dramatically decreases the life expectancy of our patients, who usually die due to
other causes.

If one exclude deaths, the FU time is 9.4 years and 7.5 years in papers Il and IlI
respectively.
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Conclusions

Chimney graft technique demonstrated clinically acceptable results in treating both
occlusive and non-occlusive diseases of the aorta in almost all parts of the aorta.

It showed good early, mid and long-term results that are comparable to open
surgery, fenestrated or branched SG in the arch descending, thoracoabdominal and
abdominal aortic lesions. It can routinely be advocated for urgent, complex cases
with sever comorbidities and for some elective cases.

Chronic renal impairment is an obvious risk in cases where renal artery needs to
be sacrificed. This fact should be considered preoperatively and during the follow-
up period.
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Future considerations

Chimney graft technique has the potential for further improvement. It deserves
more resources for the development of its components.

Improving the performance of CG may entitle for instance the adding of a
thrombogenic coating at the middle thirds of the CG, and upper part of the main
aortic SG, which may theoretically reduce the risk of EL-I. Ellipse or oval shaped
CGs may theoretically enhance the seal of the para-chimney gutters.

Maybe the future has “in-built” channels on the outside of the main aortic SG
giving the main graft a more circular form and without the irregular “indentations”
that the usual CGs makes. This may optimize the proximal seal and avoid gutters
from parallel grafts. Such channels may, however, make catheterization of vital
side branches even more cumbersome. However, they might also improve
outcome of CGs to BT that seems to be today the CGs with the highest risk for
complications.

With the increasing number of patients also reported results for the elective use of
CGs are acceptable with a not so high frequency of EL-I. A concern may be late
EL-111 and we need further and longer FU for analyzing such problems. That CGs
has much less documentation than fenestrated SGs for elective treatment is
important and still the role of CGs is mainly for treating emergent cases or where
manufacturing customized SGs cannot be afforded.

For all endovascular therapy, access-related complications are the most frequent
complications seen. More focus on how to improve the technique for a safer
access and secured closure of access sites is important. Developing even lower
profiles of CGs and main aortic SGs is also crucial.
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Popularvetenskaplig sammanfattning
pa svenska

Inledning/introduktion

Oppen rekonstruktion av aorta innebar en pataglig risk for postoperativa
komplikationer och dddlighet, sérskilt i den &ldre befolkningen och i dem som ar
mindre lampliga for en sadan stor operation. Endovaskular aorta kirurgi forefaller
saker, hallbar och effektiv nar det finns tillracklig proximal och distal tatningszon
for en stentgraft. Fenestratede och grenade stentgrafter har gjort det méjligt for att
erbjuda endovaskuldr kirurgi aven till dem som inte har en tillracklig tatning zon.
Men dessa special-kérlproteser ar inte rutinmassigt tillgangliga, behdver
mattanpassas och &r tidskravande att tillverka (4-6 veckor). De akuta komplicerade
fallen och patienter med ocklusiv aortasjukdom har inga andra
behandlingsalternativ om de inte l&mpar sig for Oppen kirurgi. Chimney grafter
(skorsten proteser) (CG) teknik fyller denna lucka och gor endovaskuldr
behandling fér denna patientgrupp méjlig. En skorstensgraft ar en liten kérlprotes
som lagges parallelt med den aortala stentgraften och gar till en sidogren som
behover bevaras. Skorstensgrafter bevarar blodflédet till viktiga sidogrenar (t.ex.
hjarna, tarm, njurar) och utvidgar tatningszonen for aortala stentgrafter.
Syftet med denna avhandling ar att studera kliniska aspekter av denna teknik,
inklusive tillampning, sakerhet och langsiktig hallbarhet.

Avhandlingen innehaller féljande fyra studier:

1. Skorstensgrafter bevarar blodflodet till njur- och tarmkarl och mojliggor
séker stentning av aortaocklusion i buken. (10 kvinnliga patienter)

2. Effekt och héllbarhet av skorstensgrafter vid bradskande och komplexa
aorta sjukdomar i brostkorgen. (29 patienter)

3. Langtidsresultat av skorstensgrafter for bevarande av njur- och tarmkarl
vid bradskande rekonstruktion av bukaorta. (51 patienter)

4. Effekterna av skorstensgraft till njurarna pa anatomisk tillamplighet av
endovaskulér behandling vid brustet bukaortaaneurysm. (206 patienter)
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Patienter och metoder

Alla patienter som fick en skorsten graft i denna studie ansags mycket riskfyllda
for Oppen aortakirurgi. Samtliga fall behandlades akut eller bradskande.
Majoriteten av de behandlade tillstinden var aortala aneurysm, dissektioner,
pseudoaneurysm, infektioner, felaktig dverstenting av en vital aortagren och svara
komplikationer av foregdende oppen eller endovaskular aortakirurgi. Patienternas
median alder var 75 (47-87) ar och 32% var kvinnor. De tio patienterna med
ocklusiv sjukdom var dock samtliga kvinnor.

Resultat

Skorstensgraft vid behandling av ocklusiv aortasjukdom &r en helt ny tillampning
av denna teknik som forefaller saker och effektiv. Inga graft- eller kérlocklusionen
sags och for flera en forbattrad njurfunktion. De patienter som fick skorstensgraft
for aortasjukdom i brostkorgen hade 14% 30-dagars mortalitet, 7%
skorstensrelaterad dodlighet, 21% typ | endolackage, 98% sekundar 6ppetstaende,
och 68% av de aortala aneurysmen krympte i storlek. Den tredje studien
innefattande patienter med skorstensgrafter till njur- och tarmkarl och visade en
10% 30-dagars mortalitet, 6% skorstensrelaterad dodlighet, 93% langsiktig
Oppetstaende och 12% typ | endolackage. Trettioen storre aortala grenar offrades
varav 22 var njurartdrer. 55% av de patienter som forlorade en njure blev
permanent dialyskravande. Den fjdrde studien visade att skorstensgrafter kan dka
den totala lampligheten av brustna bukaortaaneurysm for endovaskuléar behandling
fran standardbehandling 34% till utnyttjande av skorsten graft till 40-46%.
Slutsatser

OKlusiv sjukdom kan komma att behandlas endovaskulart tack vare
skorstensgrafter. Skorstensgrafter forefaller &ven tillampliga vid behandling av
akut komplex aortal sjukdom bade i brostkorg och buk. I motsats till tidigare
rapporter forefaller endoldckage inte vare en starkt begrdnsande komplikation for
denna teknik och de flesta endoldckage kunde tatas endovaskulart. Patienter dar en
njure offrades behdvde dock permanent dialys i 57% av fallen. Skorstensgrafter i
en eller till bada njurartarerna kan oka den totala tillampligheten av brustna
bukaortaaneurysm for endovaskuldr behandling med 12%.

Sammanfattningsvis forefaller skorstensgrafter vara lovande vid bradskande
komplexa aortasjukdomar i en hégriskpopulation. Resultaten motiverar en fortsatt
anvandning och utveckling av denna teknik.
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