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Since the early era of the 1950s,1,2 much progress has been
made in the surgical treatment of thoracoabdominal aortic
disease (TAAD). In the 1970s, Crawford introduced many
new concepts that are still used today including endoaortic
graft inclusion and patch reattachment of visceral vessels.3

Until the late 1980s, the cross-clamp technique was the
mainstay of surgical repair. Although results from that era
were impressive, the rate of neurological dysfunction (espe-

cially spinal cord injury [SCI]) remained high.4 Many adjunct
techniques were proposed in the 1990s to address this
complication, including distal aortic perfusion, intraopera-
tive and postoperative cerebrospinal fluid drainage, systemic
cooling, spinal cooling, and monitoring of somatosensory-
evoked potentials.5–9 More recently, alternative strategies
such as endovascular10–12 or hybrid13–15 approaches have
been proposed.
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Abstract Background Despite much progress in the surgical and endovascular treatment of
thoracoabdominal aortic diseases (TAADs), there is no consensus regarding the
optimal approach to minimize operative mortality and end-organ dysfunction. We
report our experience in the past 16 years treating TAAD by open surgery.
Methods A retrospective reviewof all TAADpatientswhounderwent anopen repair since
January 2000 was performed. The primary endpoints included early morbidity and
mortality, and the secondaryendpointswereoverall death and rateof aortic reintervention.
Results There were 112 patients treated by open surgery for TAAD. Mean age was
66 � 10 years and 61 (54%) were male. Seventy-seven (69%) patients had aneurysmal
degeneration without aortic dissection and the remaining 35 (31%) had a concomitant
aortic dissection. Therewere 12 deaths (10.7%) and theywere equally distributed between
the aneurysm and dissection groups (p ¼ 0.8). Themortality for elective surgery was 3.2%
(2/61). The rate of permanent paraplegia and stroke were each 2.6% (3/112). The rate of
cerebrovascular accident was significantly higher in the dissection group (8.5% vs. 1.2%,
p ¼ 0.05). The survival at 1, 5, and 10 years was 80.6, 56.1, and 32.7%, respectively.
Conclusion Our data confirm that open replacement of the thoracoabdominal aorta
can be performed in expert centers quite safely. Different aortic pathologies (degen-
erative aneurysm vs. dissection) do not influence the short- and long-term outcomes.
Open surgery should still be considered the standard in the management of TAAD.
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Despite this progress, the best strategy to reduce surgical-
related morbidity remains contentious. Here, we report our
experience in the open treatment of TAAD from 2000 to
2016, evaluating overall outcomes and the effect of different
aortic pathology on successful repair.

Materials and Methods

Study Design and Definitions
A retrospective analysis of our institutional database was
performed to identify all cases of open thoracoabdominal
aortic replacement between 2000 and 2016. Although our
experience with this operation began in 1983, we restricted
this analysis to the modern era. Data regarding preoperative
risk factors, extent of replacement, use of the adjuncts, and
postoperativecoursewerecollected fromthepatients’medical
charts. All patients were followed-up with cross-sectional
imaging at 1 month after surgery and clinically every
6 months to a year thereafter. Long-term survival information
was based on clinical follow-up, routine radiographic imaging,
Social Security Death Index, Epic (Epic Systems Corporation,
Verona, WI) death information, and online obituary check
(Aortic Institute methodology).16 Survival follow-up was
98.2% complete (2 patients were lost to follow-up).

The Human Investigation Committee of Yale University
approved this study. Informed consent was not required as
anonymous clinical data were used.

Early mortality is defined as death within 30 days of the
index operation. SCI includes both paraplegia and parapar-
esis. Global neurological deficit includes both delirium
requiring drug treatment, and decreased level of conscious-
ness with inability to wean from mechanical ventilation
(without localizing neurology). Focal neurological deficit is
defined as localized sensory or motor deficit. Acute kidney
injury (AKI) is defined as an increase of creatinine to more
than 1.5 times the baseline values.17

Indications for surgery were based on aortic diameter
(generally > 5.5 cm) and clinical presentation (general,
pain). Patients requiring emergent/urgent operative inter-
vention included those with aortic rupture, end-organ mal-
perfusion, or severe, unrelenting pain. These patients were
operated on regardless of aortic diameter.18 Elective surgery
was indicated when maximum aortic diameter exceeded
5.5 cm, or when rapid enlargement was evident (> 5 mm in
6 months).18,19 The extent of aortic replacement was based
on anatomic involvement. Aneurysms limited to the des-
cending thoracic aorta were not considered in this analysis.

Surgical Technique
Whenever theclinical conditionallows, a spinaldrain is inserted
anda computed tomographyangiography (CTA) isperformedto
detect the anterior spinal artery (artery of Adamkiewicz). Since
2009, we have routinely used neuromonitoring with somato-
sensory-evoked potentials20 (26.7%, 30/112).

When technically feasible, left heart bypass (LHB)was used
for distal aortic perfusion. This was used in 79.5% (89/112) of
cases. When the left inferior pulmonary vein was unavailable
for cannulation, we used cardiopulmonary bypass (CPB) with

femoro-femoral cannulation. This was used in nine patients
(8%). If the proximal aorta was considered “unclampable,”we
used deep hypothermic circulatory arrest (DHCA), which was
necessary in four patients (3.5%).

The clamp-and-sew technique was reserved for patients
with vessels unsuitable for peripheral cannulation, or elec-
tively in Crawford type IV replacement when the spinal
artery was not involved in the replacement. This technique
was used in 12.5% (14/112) of patients.

Our surgical technique is as follows: After a standard
thoracoabdominal incision, the diaphragm is divided. We
usually utilize a circumferential incision of the diaphragm
�2 cm from the costalmargin. This incision is carried into the
hiatus permitting access in the retroperitoneal space, medial
visceral rotation, and access to the aorta.

LHB is started specifically and only after clamping the
aorta; we have demonstrated that this lowers the risk of
embolic stroke from the retroperfusion.21 The sequential
clamping technique is used in a craniocaudal fashion. Inter-
costal and lumbar arteries in the portion corresponding to
the previously identified spinal artery are preserved if
possible or directly anastomosed to the graft. In 22 patients,
a separate graft was used (19.6%). The visceral arteries are
preferably reattached as a patch (or individually if neces-
sary). The patch usually includes the celiac artery, the super-
ior mesenteric artery (SMA), and the right renal arteries. The
left renal artery is reattached separately. In patients with a
connective tissue disease, we use a branched graft for the
visceral vessels. At the end of the procedure, the aneurysmal
sac is closed over the prosthesis.

Statistical Analysis
Continuous variables are presented as mean � standard
deviation or as median as appropriate. Categorical variables
are presented as number and percentage. Univariate analysis
was done with Pearson’s chi-square test, Fischer’s exact test,
Student’s t-test, and analysis of variance (ANOVA) analysis, as
appropriate. All the preoperative and intraoperative vari-
ables with a p-value of < 0.01 were entered in amultivariate
analysis with a stepwise logistic regression to identify inde-
pendent predictors of operative mortality. However, the
number of eventswas too low to reach statistical significance
according to overfitting rules.22 Long-term survival was
estimated using the Kaplan–Meier method, and the
Gehan–Breslow–Wilcoxon test was used to make intergroup
comparisons. All the statistical analysis was performed using
IBM SPSS Statistics for Macintosh (Version 22.0, IBM Corp,
Armonk, NY).

Patients
From 2000 to 2016, 112 consecutive patients underwent
open repair of TAAD by one surgeon (J.A.E.). Mean age was
66 years ( � 10) and 54% (61/112) weremale. In 77 patients,
a degenerative aneurysm was present, while the remaining
35 patients had a dissection (acute/subacute or chronic).
Patients with dissection were significantly younger
(p < 0.00001). According to the Crawford classification
for the extent of repair, we preformed 39 type I, 27 type II,
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28 type III, and 18 type IV repairs (►Fig. 1). Hypertensionwas
present in 91.1% of patients. Coronary artery disease was
present in 33.9% and was significantly more common in
aneurysm patients than dissectors (p ¼ 0.003). As expected,
previous ascending aortic replacementwasmore common in
dissection patients (p ¼ 0.008), and previous abdominal
aortic aneurysm (AAA) repair was more common in aneur-
ysm patients (p ¼ 0.004). Preoperative patient variables are
listed in ►Table 1.

Results

Early Outcome
The early mortality was 10.7% (12/112), with no significant
difference between aneurysm and dissection patients
(p ¼ 0.8). In elective operations, the early mortality was
3.2% (2/61). There were 5 intraoperative deaths, 2 due to
uncontrollable hemorrhage and 3 due to cardiogenic shock.
Other causes of early death were anoxic brain injury in 3,
multisystem organ failure in 2, respiratory failure in 1, and
sudden death in 1. On univariate analysis, previous cardiac
surgery (p ¼ 0.004) and urgent/emergent repair (p ¼ 0.005)
were strongly associated with early mortality. SCI was seen in
11 patients (9.8%)with 3 cases (2.6%) of permanent paraplegia
and the remaining8 transient (7.1%).A focal neurological brain
deficit was seen in4patients (3.5%) andwas significantlymore
common in patients with dissection (p ¼ 0.05). Global neuro-
logical deficit was evident in 14 patients (12.5%), 5 of which
resolved spontaneously within 24 hours, 5 within 72 hours,
and the last 4 lasted for more than 72 hours. On univariate
analysis, chronic renal failure (CRF) (p ¼ 0.008) and previous
cardiac surgery (p ¼ 0.008) were associated with postopera-
tive global neurological deficit. Twenty-five (22.3%) patients

developed AKI, 9 (8%) of whom required dialysis. All early
outcomes are listed in ►Table 2.

Late Outcome
The median follow-up duration was 36 months (range, 1–
180 months). The Kaplan–Meier survival at 1, 2, 5, and
10 years was 80.6, 73.9, 56.1, and 32.7%, respectively
(►Fig. 2). On univariate analysis, the need for tracheostomy
or reintubation in the early postoperative period was asso-
ciated with late mortality (p < 0.0001). Although patients
with degenerative aneurysms were older, the hazard ratio
(HR) of death for this groupwas not significantly higher than
the cohort of dissection patients (HR, 1.11, 95% confidence
interval [CI], 0.6–2.05, p ¼ 0.7) (►Fig. 3).

Aortic reinterventionwas necessary in 10patients at a time
interval of 1 to 15 years (median, 3 years); the procedures
performedare shown in►Table 3. Ninepatientsunderwentan
open procedure and one an endovascular procedure.

Discussion

In the past two decades, intra- and perioperative manage-
ment of patients undergoing thoracoabdominal aortic repla-
cement has evolved substantially, resulting in improved
early survival and decreased morbidity.23,24 Remarkably, in
the late 1980s, using the clamp-and-sew technique, Craw-
ford et al reported an early mortality of less than 10%,4 but
the rate of SCI was very high, with an incidence of up to 50%
in type II aortaswhen the clamp time exceeded45minutes.25

The introduction of distal aortic perfusion with LHB and of
preoperative use of spinal drainagehas brought ameaningful
reduction of SCI from 39 to 10% in type II cases.26,27 In our
series, the overall rate of SCIwas 9.8%, butmost of these cases

Fig. 1 Number of operations by Crawford classification.
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were transient paraplegia/paraparesis, with a rate of perma-
nent paraplegia of 2.6%, results that are consistent with
Coselli et al’s remarkably extensive experience.23

Another important factor with regards to SCI rate is the
aggressive reattachment of intercostal arteries in the critical
zonebetweenT8 and L1. In recent years, the use of theCTAhas
superseded selective angiography for the detection of the
spinal artery.28Knowledge of the precise location of the spinal
artery permits selective reattachment, lowering the clamping
time. Some authors have also recently proposed a selective
reattachment of the intercostal vessel guided by neuromoni-
toring,29 aiming to enhance spinal cord protection.

Although modern adjuncts have facilitated an impressive
drop in the SCI rate, the rate of early mortality has not
followed this trend. In tertiary referral centers, open surgical
repair is accomplished with an early mortality of 10% or
less.23,24,30 However, these results are not achieved outside
of the tertiary referral centers. A recent reviewof the Nation-
wide Inpatient Sample database (a discharge database repre-
senting �20% of United States hospitals) shows a mortality

after elective TAAD repair of 22.3%, with higher rates in
hospitals with lower operative volume.31 Furthermore, a
greater than threefold higher mortality has been reported
when thoracoabdominal aortic replacement is accomplished
in centers with limited experience.32 We report an overall
early mortality of 10.7% for all cases and 3.2% for elective
cases, in line with data from most expert centers.

Although most of the patients with TAAD have many risk
factors for cerebrovascular disease, the rate of permanent
stroke after thoracoabdominal aortic replacement is rela-
tively low. Our incidence of 2.6% falls within the literature
range.23,33 We noticed, however, a difference between the
aneurysm (1.2%) and dissection groups (8.5%) (p ¼ 0.05).
This may be related to embolism from retroperfusion of the
dissected aorta or to the inherent weakness of the intracra-
nial vessels in dissectors.

While open surgery is an accepted option in the treatment
of TAAD, uncertainty remains regarding the role of endo-
vascular procedures and hybrid techniques. A fenestrated or
branched graft can be used for the endovascular treatment of

Table 1 Pre-operative patient demographics, cardiovascular risk factors and aortic anatomy (aneurysm vs. dissection cases)

Preoperative variables All patients Aneurysm Dissection p-Value

Age (y) 66 �10 70 �8 58 �11 < 0.00001

Male 61 54% 41 53.2% 20 57.1% 0.7

Aortic aneurysm without dissection 77 68.75%

Aortic dissection 35 31.25%

Acute/subacute 10 28.5%

Chronic 25 71.5%

Type I 10 28.6%

Type IIIa 10 28.6%

Type IIIb 15 42.8%

Largest aortic diameter (cm) 6.19 �1.26 6.38 �1.12 5.7 �1.45 0.1

Hypertension 102 91.1% 68 88.3% 34 97.1% 0.1

Smoking 63 56.2% 45 58.4% 18 51.4% 0.4

Dyslipidemia 46 41.1% 32 41.5% 14 40% 0.8

Obesity 20 17.8% 14 18.1% 6 17.1% 0.8

Diabetes mellitus (DM) 17 15.1% 13 16.8% 4 11.4% 0.4

Congestive heart failure 15 13.3% 10 12.9% 5 14.2% 0.8

Coronary artery disease 38 33.9% 33 42.8% 5 14.2% 0.003

Chronic obstructive pulmonary disease 45 40.1% 29 37.6% 16 45.7% 0.4

Peripheral vascular disease 28 25% 22 28.5% 6 17.1% 0.1

Chronic renal failure 25 20.4% 16 20.7% 9 25.7% 0.5

Previous cardiac surgery 44 39.2% 28 36.3% 16 45.7% 0.3

Previous ascending aortic repair 27 24.1% 13 16.8% 14 40% 0.008

Previous AAA repair 25 22.3% 23 29.8% 2 5.7% 0.004

Genetically triggered disorder 11 9.8% 6 7.7% 5 14.2% 0.2

Elective 61 54.4% 43 55.8% 18 51.4% 0.6

Urgent or emergent 51 45.6% 34 44.2% 17 48.6% 0.6

Abbreviation: AAA, abdominal aortic aneurysm.
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TAAD. However, manufacture of bespoke grafts for indivi-
dual patients can be time-consuming and potentially unsui-
table in urgent/emergent situations. Verhoeven et al report
an early mortality of 7.8% and a SCI rate of 9% in the elective
endovascular repair of TAAD.10Haulon et al11 report an early
mortality of 9% and a rate of SCI of 12%. In expert tertiary care
centers, open TAAD repair is accomplished, as in our experi-
ence, with equal or lower mortality and SCI rates in the
elective setting. In our series, the early mortality was 3.2%
(2/61), in the elective setting. Although the endovascular
option may be noninferior in terms of mortality and para-
plegia, the rate of reintervention is high with endovascular
repair in the mid-term (24% at 3 years10).

In the setting of chronic thoracoabdominal dissection,
experiencewith fenestrated andbranchedendovascular grafts
remains extremely limited.34 There may be some important
role for thoracic endovascular aortic repair (TEVAR) in aortic
dissection.35–37 However, the appropriateness of TEVAR for

chronic dissection is questionable, especially as regards the
histologic change in a chronic dissected aorta (progressive
fibrosis and immobility of the dissection flap).38 Also, the
presence of multiple fenestrations decreases the likelihood of
complete false lumen thrombosis in TEVAR for chronic dissec-
tion. A meta-analysis37 of 39 studies involving 197 patients
treated with TEVAR for complicated chronic type B dissection
reported a 30-daymortality of 3.2% and 2-year survival of 91%.
Reintervention rates ranged from 0 to 60% in those studies
with a median follow-up of 31 months.

Hybrid procedures represent another alternative in the treat-
ment of the TAAD. They combine an extra-anatomic open
surgical debranching of the visceral vessels with staged or
immediate endovascular aortic repair. The avoidance of thor-
acotomy and single lung ventilation and the lack of aortic cross
clamping are expected to limit the physiologic derangements
compared with the standard surgical approach. Like other
endovascular procedures, hybrid procedures are potentially

Fig. 2 Ten-year survival with the Kaplan–Maier method.
Fig. 3 Ten-year survival with the Gehan–Breslow–Wilcoxon test for
the two groups of patients (aneurysm vs. dissection).

Table 2 Post-operative morbidity and mortality

All patients Aneurysm Dissection p-Value

Early mortality (30 d mortality) 12 10.7% 8 10.3% 4 11.4% 0.8

Early mortality in elective patients 2 3.2% 1 1.2% 1 2.8% 0.5

Spinal cord injury 11 9.8% 8 10.3% 3 8.5% 0.7

Permanent paraplegia 3 2.6% 2 2.5% 1 2.8% 0.9

Resolved within 72 h or with reinstatement of spinal drainage 8 7.1% 6 7.7% 2 5.7%

Global neurological deficit 14 12.5% 12 15.5% 2 5.7% 0.1

Resolved in 24 h 5 4.4% 4 5.1 1 2.8 0.5

Resolved in 24–72 h 5 4.4% 5 6.4% 0

Focal neurological deficit 4 3.5% 1 1.2% 3 8.5% 0.05

Resolved in 24 h 1 0.8% 0 1 2.8%

Need for tracheostomy or reintubation 23 20.5% 14 18.1% 9 25.7% 0.3

Pleural effusion requiring thoracentesis 15 13.3% 7 9.1% 8 22.8% 0.04

Acute kidney injury 25 22.3% 18 23.3% 7 20% 0.6

Temporary dialysis 9 8% 8 10.3% 1 2.8%

Reexploration for bleeding 12 10.7% 7 9.1% 5 14.2% 0.4
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unsuitable in urgent/emergency situations. In ameta-analysis39

that included 19 studies and 660 patients, the overall early
mortality of the hybrid approach was 12.6% (range from 0 to
44%) and the overall rate of SCI was 3.4% (range, 0–15.3%).
Moreover, the overall rate of perioperativemorbidity is disturb-
ingly high (varying from 35.540 to 61%15). Also, visceral graft
occlusion is disturbingly more common than anticipated, with
disastrous consequences.39 Hybrid repair has not lived up to its
expectations as an option for TAAD repair.40

It should be noted, however, that in many studies the
patients who underwent alternative (nonopen) procedures
were considered unfit for open surgery. Thus, the role of open
and endovascular procedures should be considered comple-
mentary and not strictly competitive.

This study adds to the literature demonstrating that
dedicated tertiary centers can deliver open TAAD repair
safely, from a mortality, stroke, and paraplegia point of
view. This is not unfortunately true across a large spectrum
of hospitals of varying experience levels.31 Regionalization of
care for TAAD patients should be considered.

Limitations

This study is observational in nature and involved retro-
spective review of data collected in a single tertiary care
center. These outcomes may not be typical of the general
experience at centers of varying experience levels.

Conclusion

Our data confirm that open replacement of the thoracoab-
dominal aorta can be performed quite safely in experienced
centers. Different aortic pathologies (degenerative aneurysm
vs. dissection) do not influence the short- and long-term
outcomes. We are not aware of papers from the literature
which show outcomes of endovascular and hybrid proce-
dures that can justify a shift toward an alternative approach
when compared with such results of open surgery.

Ongoing progress in endovascular techniques has altered
the approach to TAAD repair, especially in patients who are
poor candidates for open surgery. However, open repair
should fairly be considered the standard in the treatment
of TAAD except for highest risk, very unsuitable candidates.
It is best to consider open and endovascular repair as
complementary rather than competing approaches to pro-
vide the best individualized treatment for all patient
categories.
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