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Abstract Successful repair of complex thoracoabdominal

aortic aneurysms requires careful surgical planning based

on anatomic and patient considerations. Not only are sur-

gical considerations key, but also post-operative care,

regardless of surgical approach, can dramatically impact

both short- and long-term outcomes. While open repair has

been the gold standard for decades, the technical chal-

lenges associated with operative repair, a specialty

approach requisite for good outcomes, and the unique

challenges in the post-operative care of these patients have

given providers pause when considering operative inter-

vention. The relatively recent development of elegant

endovascular and hybrid approaches to this problem has

shown improved short-term morbidity and reasonable

durability. Here, we discuss these three techniques for

correction of complex thoracoabdominal aortic aneurysms

to provide some guidance for optimization of outcomes

based on individual patient anatomy and comorbid

conditions.
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Introduction

Thoracoabdominal aortic aneurysms (TAAA) represent a

single disease entity with multiple treatment options and

considerations based on anatomic specifications and the

patient-specific concomitant medical comorbidities.

TAAAs account for only 10% of all aortic aneurysms, and

there are 100-fold more abdominal aortic aneurysms

(AAA) repaired yearly as compared to TAAAs [1, 2].

Given the relative rarity of the entity, despite the first

successful repair being reported in the 1950s, much of our

knowledge of TAAA management still comes from large

single-center (often single-practitioner) studies. Although

surgical management of true TAAAs can be challenging,

there is a near-uniform poor prognosis if left untreated,

with a 76% mortality at 2 years and upwards of 95%

mortality at 5 years [3].

Recognized genetic disorders, including Marfan syn-

drome, Ehlers–Danlos syndrome, and Loeys–Dietz syn-

drome, contribute to the generation of TAAA, but the

majority are degenerative in nature and are associated

with atherosclerosis. Thus, while TAAA and AAA have a

different incidence, population distribution, and treatment

outcomes, they share similar risk factors of smoking,

hypertension, COPD, and peripheral vascular disease [4].

Since the location of the aneurysmal portion of the aorta

in relation to upper extremity and visceral segment

branches greatly affects surgical approach, the Crawford

classification scheme of TAAA is the primary method

used to describe this disease process (with some revision

by Drs. Coselli and Safi) [5, 6]. Type I aneurysms extend

from the origin of the left subclavian artery to the

supraceliac aorta. Type II are the most extensive, from the

subclavian artery to the aortoiliac bifurcation. Type III

involve the distal thoracic aorta and extend to the aor-

toiliac bifurcation. Type IV are limited to the subdi-

aphragmatic aorta. Type V (added by Drs. Safi and

Coselli) extend from the distal thoracic aorta and occa-

sionally involve the celiac and SMA trunks, but termi-

nates above the renal arteries.
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Indications for TAAA repair are still somewhat con-

troversial, especially for asymptomatic aneurysms. As a

result of the law of Laplace, the risk of rupture is directly

related to the transverse diameter of the aneurysmal seg-

ment. The annual risk of rupture doubles with each 1 cm of

growth over 5 cm, with a 7% annual risk of rupture for a

6-cm aneurysm [7, 8], and some have shown a 43% life-

time chance of rupture for aneurysms greater than 7 cm [9].

Although surgical repair carries a high risk of morbidity, in

general, most agree that repair should be undertaken for

TAAA: (1) rupture, (2) acute dissection with evidence of

malperfusion or other complication, (3) symptomatic, (4)

enlargement more than 1 cm per year, and (5) absolute size

[6.5 or[6.0 cm in patients with connective tissue disor-

der. Here, we discuss the considerations for repair of

TAAA using standard open approaches and newer

endovascular and hybrid techniques.

Open TAAA repair

The first description of TAAA repair in the United States

was by Etheredge in 1955, and subsequent work by

Debakey further demonstrated the possibility of aortic

replacement for TAAA [10, 11]. Crawford modernized and

refined the technique of open TAAA repair using an intra-

aortic anastomosis (dispensing with prior reports using

aneurysmectomy), cerebrospinal fluid drainage, cardiopul-

monary bypass (CPB), and hypothermic circulatory arrest,

with excellent results and only one death in 23 cases

[12, 13].

Approach to repair of TAAA is via a standard major left

thoracoabdominal incision. Single-lung ventilation is

employed with a double-lumen endotracheal tube. Patients

are placed in the right decubitus position after insertion of a

urinary catheter, femoral arterial and venous lines as well

as large bore volume delivery venous lines. We routinely

employ both motor- and sensory-evoked potential moni-

toring throughout the case, and a lumbar drain is used for

cerebrospinal fluid drainage. Upon incision, the peritoneum

and its contents are reflected anteriorly and to the right, and

the diaphragm is divided to allow access to the entirety of

the thoracoabdominal aorta. In our practice, we prefer the

use of an open CPB circuit for left-heart bypass which

allows for volume return via the circuit and more con-

trolled temperature management. Additionally, when the

aneurysm extends to the arch or when prior arch surgery

precludes safe proximal clamping, hypothermic circulatory

arrest can be instituted with no significant changes to the

operative set up.

Following any necessary exposure of visceral vessels,

CPB is initiated, and sequential clamping of the distal aorta

and visceral vessels allows for reconstruction with a tube

graft or branched graft. This approach minimizes ischemic

insult to end-organs. After restoration of antegrade blood

flow, protamine is administered. During the post-operative

period, maintaining supranormal blood pressure with ino-

tropes and vasoactive agents is critical to maintaining

cerebral perfusion pressure while draining cerebrospinal

fluid. We wean sedation early to allow for full neurological

assessment, especially lower extremity function.

In early reports of open TAAA repair, hospital mortality

approached 10% with significant rates of paraplegia or

paralysis (14%), stroke (3%), renal failure requiring dial-

ysis (9%), and respiratory complications (33%) [14].

Refinement of surgical technique, emphasis on end-organ

perfusion, and recognition that spinal cord protection is key

to preventing paralysis has led to slow improvements in

contemporary outcomes. The Houston group maintains

some of the best results with 5% 30-day mortality and less

than 4% spinal ischemia (as low as 1.3% in one report)

[13, 15, 16]. In a contemporary series from 2005 to 2012 of

more than 800 open TAAA repairs, operative mortality was

8.4% with a 5% permanent spinal cord injury rate and 7.4%

of patients requiring dialysis [17]. When stratified by

Crawford classification, Extent II and III patients had the

highest rates of adverse outcomes approaching 20% with

7.6% permanent paraplegia in Extent III patients.

Based on these studies, it is clear that open repair of

TAAA has likely struck a nadir of operative mortality and

morbidity. In the hands of high-volume surgeons and

centers, acceptable operative mortality is likely 5% with a

5% risk of paraplegia. Other investigators have studied

intercostal reimplantation as a means for improving post-

operative spinal ischemia, but conclusive findings are

lacking. In our practice, we offer open repair of TAAA for

younger patients with few medical comorbidities, and

complex anatomy not amenable to other options.

Endovascular TAAA repair

After nearly 50 years of improving results with open

TAAA repair and in parallel to the development of com-

plex endovascular techniques for AAA repair, the first

totally endovascular repair of TAAA was reported using

custom-made branched stent grafts [18]. Similar to the

benefits of endovascular repair of AAA, there are theoret-

ical advantages to endovascular TAAA repair as compared

to open. Perhaps the two greatest benefits of an endovas-

cular approach to TAAA are avoiding the large thora-

coabdominal incision with need for single-lung ventilation

and elimination of visceral ischemia during reconstruction.

One drawback, however, to the endovascular approach is

that there is no way to revascularize large intercostal

arteries which may have otherwise been reimplanted
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during an open repair. This has the potential to result in

greater rates of spinal cord ischemia in endovascular

TAAA repair.

As it stands, endovascular repair of TAAA requires

advanced wire and catheter skills and devices which are

currently under investigational use. To maintain flow to

multiple visceral segments, either separate endograft

‘‘snorkels’’ or ‘‘periscopes’’ are required to supplement the

standard tube aortic stent graft, or custom-designed fen-

estrated stent grafts with openings for the major visceral

segments must be created (often on a 6–12-week time-

scale). This results in challenging implantation and long

fluoroscopic times with radiation exposure to both patient

and operating staff. Improvements in delivery systems,

however, have made much of the device deployment pos-

sible via a percutaneous femoral approach, without the

need for groin incisions.

Results of endovascular TAAA repair have been

promising in the hands of experienced operators and cen-

ters [19–21]. In single-center reports, operative 30-day

mortality has been low, ranging from 2 to 6% (although

one early report had 21% operative mortality). Renal fail-

ure requiring dialysis was present in less than 5% of most

cases. Unfortunately, spinal cord ischemia still complicated

a substantial number of repairs, with transient paraplegia

reportedly as high as 20% and permanent injury ranging

from 4 to 8%. Cardiorespiratory complications were uni-

formly low. As evidence of the complex nature of this

operation, fluoroscopy times ranged from 110 to 145 min.

Long-term durability is still questionable. All-cause sur-

vival in one study was only 60% at 3 years [18], but

another study showed that TAAA-specific survival was

80% at 3 years [21]. In that group, however, the mid-term

reintervention rate was high at 50% at 3 years.

While a purely endovascular approach to TAAA repair

is appealing for many reasons, the questionable durability,

long fluoroscopic times and radiation exposure, and lack of

reasonable comparison to open repairs still limits imple-

mentation to a small number of highly specialized centers.

Furthermore, clinical applicability in connective tissue

disorders, chronic dissections, and mycotic psuedoa-

neurysms is unclear, and there is no role for endograft

placement in the setting of prosthetic infection. In our

practice, only high-risk open surgical patients and those

with aneurysm anatomy amenable to endovascular repair

are offered this technique. With the worry of spinal cord

ischemia, we still employ cerebrospinal fluid drainage and

supraphysiologic blood pressure parameters for these

patients in the perioperative period. Additionally, since

delayed development of endoleaks and resultant continued

expansion of the aneurysm sac is a known possibility with

endovascular TAAA repair, all patients must obtain routine

(yearly) cross-sectional imaging to survey the durability of

the repair. Despite this, there is still a small subset of

patients who will clearly benefit from endovascular TAAA

repair who would otherwise not survive a standard open

operation.

Hybrid TAAA repair

Owing to the challenges of complete endovascular repair of

TAAA and the inherent risks of major morbidity from open

repair, some groups have developed and implemented a

hybrid approach to TAAA repair. In a single setting or

staged fashion, open debranching of visceral segments

precedes placement of an endovascular stent graft to

exclude the aneurysmal aortic segment. Theoretically, this

technique has the advantages of avoiding the thoracotomy,

single-lung ventilation, and prolonged ischemic times due

to aortic cross-clamping necessary in open TAAA repairs,

and allows for repair of aneurysms with anatomy that

would otherwise be prohibitive of totally endovascular

repair. Through either a transabdominal or retroperitoneal

approach via laparotomy, any involved visceral branches

and the renal arteries are bypassed with synthetic tube

grafts using retrograde inflow from the distal aorta, the iliac

arteries, or a previous aortic graft. Proximal branches are

ligated to prevent future endoleak. In either the same set-

ting or in a second operation, an endovascular tube stent

graft is placed in the thoracoabdominal aorta to exclude the

aneurysmal section.

Early results of hybrid TAAA repairs have been

encouraging. In single-center reports, operative mortality

was 8.6–13.5%, with 62% 5-year survival, and rates of

paraplegia and renal failure match or are better than in

open repair series [22, 23]. When compared to a similar

group of patients undergoing open TAAA repair, hybrid

repair patients showed improved short-term outcomes with

equivalent mid-term survival, 95% graft patency rate, and

equivalent need for reintervention at 4 years (*10%) [24].

In a small contemporary series, hybrid TAAA repair

patients had exceedingly low rates of perioperative com-

plications, with only 30% rate of post-operative dialysis

(none permanent), 10% rate of paralysis (other patients

with temporary paraplegia reversed with aggressive cere-

brospinal fluid drainage), 0% operative mortality, and zero

aorta-related mortalities at mean follow-up of 55 months

[25].

Although some authors argue that these results with

hybrid TAAA repair do not improve upon the already

reasonable outcomes with open repair [26], a direct com-

parison is not fair at this point, since no randomized or

matched trials have been undertaken. Indeed, many

patients who are selected for hybrid TAAA repair would

not have been candidates for open repair due to significant
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medical comorbidities, and they would thus not be repre-

sented in current open repair series. An additional benefit

to hybrid repair techniques is that they can be employed in

the urgent or emergent setting of ruptured TAAA or TAAA

with malperfusion in patients who have significant respi-

ratory or cardiac comorbidities and would not survive open

repair. With current endovascular technology, these

patients would otherwise have no options for repair since

there are no off-the-shelf fenestrated stent grafts available.

In our practice, we consider patients for an elective hybrid

TAAA repair if their medical comorbidities preclude them

from a major open thoracoabdominal approach and if their

anatomy precludes reasonable endovascular stent grafting.

Furthermore, if patients wish to avoid long-term surveil-

lance for endoleaks, the hybrid approach is an option. We

still employ aggressive perioperative measures to avoid

spinal cord ischemia as with all other TAAA repair

techniques.

Comments

Clearly, surgical management of TAAA remains a chal-

lenging problem. Open repair is the gold-standard

approach, but is invasive and complex with significant risks

for major comorbidity and mortality. The durability of

open repair is well established, and, while left-heart bypass

at minimum is generally required, there are no aorta-

specific or anatomic constraints. Endovascular repair of

TAAA is becoming more prevalent. Universal clinical

applicability is still lacking, however, as there are no

commercially available stent grafts to manage all Crawford

class TAAAs. Commercial development of off-the-shelf

fenestrated grafts is on the horizon, hopefully expanding

endovascular options for TAAA repair. Long-term dura-

bility is yet to be elucidated, and patients still require

routine surveillance to monitor for endoleak development.

Finally, hybrid approaches bridge the gap to potentially

provide the best of both worlds. Complex anatomic con-

siderations can be addressed with open visceral debranch-

ing, while the primary TAAA can be covered with an

endovascular stent, thus eliminating the need for car-

diopulmonary bypass and minimizing the associated

ischemic insult. Although long-term durability of the

hybrid technique remains unclear, limited studies have

shown results and outcomes favorable to open repair.

In our practice, patients who are young with low oper-

ative risk are referred for open TAAA repair, and all

patients with connective tissue disorders or with difficult

anatomy undergo open repair. We consider purely

endovascular approaches in high operative risk patients

with anatomy favorable for currently available and custom-

made stent grafts. For patients who are high risk but do not

have anatomy amenable to total endovascular TAAA

repair, we pursue hybrid repair with open debranching and

endovascular stent grafting. Certainly, TAAA is a chal-

lenging disease entity that requires a collaborative, multi-

disciplinary team to provide safe, long-term durable

outcomes for all patient cohorts while minimizing opera-

tive risks.
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