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T HORACOABDOMINAL aortic aneurysm (TAAA)
repair presents a challenging and complex task for both

the surgeon and anesthesiologist. Historically, morbidity and
mortality for TAAA repair has been high, and is both sur-
geon- and institution-dependent.1 However, the TAAA
complication rate has improved significantly in the past de-
cade via research, improved surgical technique, and periop-
erative management.2–11 An update on the perioperative
management of the patient undergoing open TAAA repair is
presented.

Case Report
A 69-yr-old Caucasian man presented for repair of a 7.6 cm
extent II TAAA (fig. 1). The patient’s history was significant
for a ruptured type I aortic dissection repaired in 1998; redo-
sternotomy for repair of an ascending aortic graft pseudoan-
eurysm and the aortic arch, with “elephant trunk” placement
(“elephant trunk” is a technique used during aortic arch re-
pair where an excess distal length of tubular graft material
extends freely into the descending aorta to facilitate the sub-
sequent repair of a descending aortic aneurysm) in 1999;
abdominal aortic aneurysm repair in 2001; hypertension;
sick sinus syndrome (managed with a pacemaker); giant cell
arteritis; and chronic renal insufficiency secondary to a right

atrophic kidney. All previous surgeries were performed at
another hospital. Preoperative laboratory values were within
the normal range.

In addition to the standard American Society of Anes-
thesiologists’ monitors, a right radial arterial line was in-
serted and near-infrared spectrometry and Bispectral In-
dex leads placed on the patient’s head. Initial cerebral
oximetry readings were 70% and 72% on the right and left
hemispheres, respectively. The patient’s pacemaker was
converted to an asynchronous mode at a rate of 80 beats/
min. Anesthesia was induced with etomidate, fentanyl,
and rocuronium, with isoflurane used for anesthetic
maintenance. After induction, a 35-French, left-sided
double lumen tube was inserted. Additional intravenous
access was obtained via right internal jugular vein
9-French multilumen access and pulmonary artery cathe-
ter. After inserting a transesophageal echocardiography
probe, the patient was placed in the right lateral decubitus
position and a lumbar cerebrospinal fluid (CSF) drain
placed. Aminocaproic acid was used for antifibrinolysis.
Vancomycin was administered before incision per the
Surgical Care Improvement Project guidelines.

Upon left posterolateral thoracoabdominal surgical inci-
sion, the mean arterial pressure (MAP) was maintained
between 65–80 mmHg before cross-clamping. Permissive
hypothermia was allowed, resulting in a decrease of the pa-
tient’s temperature to approximately 32.2 C° (measured via a
nasopharyngeal temperature probe) just before aortic cross-
clamping. Mannitol 25 g was given to help maintain renal
perfusion, and 1 mg/kg heparin was administered before
commencement of left heart bypass (LHB). LHB was insti-
tuted via cannulation of the left inferior pulmonary vein and
the lower descending thoracic aorta, and flows were main-
tained at 1.5–2 l/min to maintain a MAP of approximately
80 mmHg. The proximal aortic clamp was then placed on
the aortic arch between the left common carotid and left
subclavian arteries; a separate clamp was placed across the left
subclavian artery. Nicardipine was used to offset the increase
in afterload after clamping. During cross-clamping, the
MAP was kept between 85–90 mmHg to maintain spinal
cord perfusion. CSF was drained intermittently to keep the
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CSF pressure less than 15 mmHg. After the proximal anas-
tomosis was completed, the left subclavian artery clamp was
removed and the proximal aortic clamp was moved onto the
graft; this restored flow to the left subclavian artery. LHB (26
min) was discontinued, and the remainder of the aneurysm
was opened. Selected intercostal arteries (T7-T9), the celiac
axis, and the superior mesenteric artery were reimplanted
using an “island” technique (an “island” technique involves
reimplanting a patch of aortic tissue that contains the blood
vessels to the graft). The left renal artery was reattached using
a 10-mm Dacron interposition graft. The right renal artery
was not reattached given the patient’s history of severe right
kidney atrophy. A renal perfusate consisting of chilled lac-
tated Ringer’s solution, mannitol, and methylprednisolone
was intermittently used to achieve left kidney hypothermia
during aortic clamping. The cross-clamp moved sequentially
down the aorta to reperfuse the intercostal arteries, bowel,
lower extremities, and the left kidney for “unprotected” isch-
emic times (e.g., the ischemic time after LHB was discontin-
ued) of 20, 38, 38, and 54 min, respectively. Approximately
10 min before removal of the aortic cross-clamp and rep-
erfusion of the intercostal arteries, a norepinephrine infu-
sion was initiated to maintain the MAP between 80 –90
mmHg. During this period, the patient was also given two
units of packed erythrocytes to maintain the hemoglobin
more than 10 g/dL, 5% albumin for intravascular volume
support, calcium chloride, and sodium bicarbonate to
help counteract the metabolic derangements seen with
aortic reperfusion.

At the time of left kidney reperfusion, furosemide and indigo
carmine were given, with 12 min passing before blue dye was
observed in the urine. From the time of aortic cross-clamping to
left kidney reperfusion, the patient’s body temperature de-
creased to 30.5°C. After reversal of the heparin with protamine
active rewarming was begun, which included increasing the am-
bient room temperature, warming the intravenous fluids, irri-
gating the surgical field with warm saline, and use of a forced-air
body warmer. Norepinephrine was used to maintain a MAP
between 80–90 mmHg, with intermittent boluses of calcium
chloride given to maintain a normal plasma ionized concentra-
tion. Transfusion totals for the surgery included 5 units packed
erythrocytes, 6 units fresh frozen plasma, 20 units platelets, and
1,250 ml cell saver blood; also administered were 1,500 ml 5%
albumin and 2,000 ml crystalloid. Outputs were 2,500 ml urine
and a 3,000-ml estimated blood loss. The patient was taken to
the intensive care unit with a propofol infusion for sedation.

In the intensive care unit, the patient was hemodynami-
cally stable, neurologically intact, and receiving no inotropic
support, with MAPs between 80–90 mmHg and CSF pres-
sures less than 15 mmHg. On postoperative day 1, the pa-
tient was extubated and the CSF drain clamped; there was no
evidence of neurologic sequelae.

Discussion

TAAAs are most commonly classified according to the Craw-
ford classification system (fig. 2). The mean growth rate for
all thoracic aortic aneurysms is 0.1 cm per year, with aortic
aneurysm size directly correlating with rupture, dissection,

Fig. 1. Three-dimensional reconstruction (A) and axial contrast enhanced computed tomography image (B) of thoracoabdomi-
nal aortic aneurysm. Note the aneurysm is lined with thrombus and the right kidney is severely atrophic (arrows). TAAA �
thoracoabdominal aortic aneurysm.
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and death. Growth rate is greater for descending aortic an-
eurysms compared with ascending aortic aneurysms; aneu-
rysms caused by dissection compared with nondissection an-
eurysms; and aneurysms associated with conditions such as
Marfan syndrome and other connective tissue disorders com-
pared with those without such conditions.12

Dapunt et al. looked at the risk factors for aneurysm ex-
pansion and found that a history of hypertension, male sex,
age older than 70 yr, history of smoking, and initial aneu-
rysm diameter more than 5 cm at diagnosis were indepen-
dent predictors of rapid expansion.13 A prospective study in
which more than 500 TAAA patients were followed over 9 yr
revealed the annual rupture or dissection rate was 7% for
aneurysms more than 6 cm.14 This same study showed pre-
emptive surgical repair restored normal life expectancy.14

Crawford and DeNatale followed 94 TAAA patients who
had not been managed surgically and found that 75% of
these patients died within 2 yr, of which approximately 50%
of the deaths were secondary to aneurysm rupture.15 There-
fore, surgical intervention is generally advised for TAAAs,
especially when the aneurysm is more than 6 cm in diameter.
When determining whether or not a patient should undergo
TAAA repair, the benefit versus the risk of such a procedure
must be weighed. Because the risk of acute perioperative
death may be higher than the repair benefit in patients with
preexisting, uncorrectable medical comorbidities, the pru-
dent decision might be to forego surgery.

Historically, elective surgical TAAA repair has carried a
mortality rate of 5–25%, with mortality being significantly
higher when this type of surgery is performed at institutions
or by surgeons inexperienced with the surgical technique.1,16

Therefore, it has been proposed that regionalization of care
of these types of surgical cases to the higher-volume hospitals
and surgeons is warranted.1,16

Preoperative Management
Given the potential risks and complications of TAAA repair,
a thorough preoperative evaluation is imperative. Particular
attention should be given to the patient’s cardiac, respiratory,
renal, and neurologic function because these patients are at
highest risk of developing complications related to these sys-
tems (table 1).3,9,17–18 Symptoms of an enlarging TAAA in-
clude back pain, epigastric pain, hoarseness related to left
recurrent laryngeal nerve palsy, and those related to direct
compression of the tracheobronchial tree, such as shortness
of breath, cough, and hemoptysis.
Cardiac. Perioperative cardiac morbidity and mortality for
TAAA repair is approximately 10–15% or greater.17–18 The
heart is subjected to significant hemodynamic stress by place-
ment of the proximal aortic cross-clamp,19 as well as consid-
erable physiologic alterations secondary to fluid shifts and
blood loss. Hafez et al. 18 found that approximately 30% of
patients undergoing TAAA repair experienced some type of
cardiac dysfunction within 24 h postoperatively. They also
reported significant increases in the myocardial injury
marker troponin-T at 8 and 24 h after reperfusion in patients
who underwent TAAA repair with supraceliac aortic clamp-
ing.18 Using transesophageal echocardiography, Fayad et al.
demonstrated acute diastolic dysfunction upon aortic cross
clamping in two thirds of patients undergoing TAAA re-
pair.20 Thus, the presence of coronary artery disease, valvular
function, and overall heart function should be assessed pre-
operatively,21 and if possible, significant cardiac issues
should be corrected before surgery.
Pulmonary. The leading cause of postoperative morbidity
and mortality in patients undergoing TAAA repair is respi-
ratory failure.9 Pulmonary function must be carefully evalu-
ated because one-lung ventilation is essential for surgical re-
pair of extent I, II, and III aneurysms. Because an aneurysm
can distort the left mainstem bronchus, chest x-ray and com-
puted tomography scan may give vital information regarding
double lumen endotracheal tube placement. If feasible, pa-
tients who are actively smoking should be advised to quit at
least 4 weeks before surgery.22 Patients showing good re-
sponse to bronchodilators should be started on the same
preoperatively to improve pulmonary function. Patients
with poor diffusing capacity or severe chronic obstructive
pulmonary disease may require the use of cardiopulmonary
bypass for TAAA repair because they may not tolerate one-
lung ventilation. Patients should be evaluated for a preoper-
ative history of right recurrent laryngeal nerve damage be-
cause it is not uncommon for the left recurrent laryngeal
nerve to be damaged during TAAA repair, which could lead
to respiratory compromise upon extubation (fig. 3).
Renal. Preoperative renal insufficiency in patients under-
going open TAAA repair is an independent predictor of
postoperative renal failure and mortality.2,3,9 Thus, base-
line renal function should be assessed. Among patients
presenting for TAAA repair, 13–24% have baseline renal
insufficiency (serum creatinine more than 1.5 mg/dl), pri-

Fig. 2. The Crawford classification scheme for thoracoab-
dominal aneurysm repair. Reproduced with permission from
Coselli JS, Bozinovski J, LeMaire SA: Open surgical repair of
2286 thoracoabdominal aneurysms. Ann Thorac Surg 2007;
83:s862–4. Copyright Elsevier.
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marily related to hypertension, diabetes, and atheroscle-
rotic disease. Because thoracoabdominal aneurysms in-
volve the visceral and juxtarenal aorta, renovascular
disease is often encountered. Urgency of the surgery, pre-
operative renal dysfunction, increased aortic cross clamp
time, and advanced age are independent predictors of
acute postoperative renal failure after TAAA repair, with
an overall incidence of 7– 40%.17

Radiologic Evaluation. Complete radiographic evaluation
of the aorta is necessary for surgical planning. Studies may
include computed tomography, contrast arteriography,
and magnetic resonance angiography. All iodinated con-
trast studies should be performed in advance of the

planned procedure to avoid contrast-related renal dys-
function. Patients with baseline renal insufficiency may
receive N-acetylcysteine to reduce the risk of contrast-
related nephropathy and progressive renal failure. Preop-
erative assessment of the aneurysm anatomy and of the
major branches is critical.23 Computed tomography an-
giography and magnetic resonance angiography detect the
arteria radicularis magna (ARM), also known as the artery
of Adamkiewicz, in only 50 – 80% of patients. This is
significant as the risk of postoperative paraplegia is 5% if
the artery of Adamkiewicz is identified preoperatively and
reimplanted, whereas it is as high as 50% if the artery is
not identified and reattached.

Table 1. Perioperative Considerations for the Major Organ Systems Involved in Thoracoabdominal Aortic Aneurysm
Repair

System Preoperative Intraoperative Postoperative

CV Assess aneurysm extent Adequate IV access/invasive
monitoring

BP control to ensure SCPP

Cardiac evaluation per AHA/ACC
guidelines

BP control to prevent aneurysm
rupture

Monitor for signs of
myocardial dysfunction

��blockade per AHA/ACC
guidelines

Manage hemodynamic changes of
aortic clamping/unclamping,
LHB or CPB

Consider statin therapy
Pulmonary Smoking cessation 4–6 weeks DLT placement Airway edema (consider

leaving DLT in place)
Assess tracheobronchial

involvement of aneurysm
Considerations of single lung

ventilation, including use of
CPAP, PEEP, bronchodilators,

RLN injury possible

Discuss possibility of tracheostomy Pulmonary edema, TRALI,
ARDS possible

Renal Assess preexisting renal
dysfunction

Renal protection strategies (e.g.,
hypothermia, distal aortic
perfusion, cold crystalloid
perfusate)

Monitor for signs of renal
failure

Discuss possibility of postoperative
renal failure

Hemodialysis possible

CNS Assess baseline neurologic status;
document deficits

Neuroprotection strategies (e.g.,
permissive hypothermia, LHB,
CSF drainage, epidural cooling,
reimplantation of intercostal
arteries, deep hypothermia)

Assess and monitor
neurologic status

Discuss potential for paralysis Neuromonitoring (SSEPs, MEPs) Maintain SCPP (via BP and
CSF drainage)

Baseline SSEPs, MEPs
Hematology Assess coagulation status and use

of anticoagulant/antiplatelet
drugs

Systemic heparinization (LHB) Coagulation monitoring

Discuss likelihood of blood
transfusion

Antifibrinolytic therapy Ensure normal coagulation
and platelet count/function
before removal of CSF catheter

Type and cross-match Potential for massive transfusion
— Protamine considerations

ACC � American College Cardiology; AHA � American Heart Association; ARDS � acute respiratory distress syndrome; BP � blood
pressure; CNS � central nervous system; CPAP � continuous positive airway pressure; CPB � cardiopulmonary bypass; CSF �
cerebrospinal fluid; CV � cardiovascular; DLT � double lumen tube; IV � intravenous; LHB � left heart bypass; MEPs � motor-evoked
potentials; PEEP � positive end-expiratory pressure; RLN � recurrent laryngeal nerve; SCPP � spinal cord perfusion pressure; SSEPs �
somatosensory-evoked potentials; TRALI � transfusion related acute lung injury.
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Intraoperative Management
Monitors and Left Heart Bypass. Central to the successful
management of patients undergoing TAAA repair is the abil-
ity to quickly respond to hemodynamic changes and volume
shifts. Preoperative anxiety or pain from placement of inva-
sive monitoring lines can result in an increase of the patient’s
blood pressure and heart rate, which may increase the risk of
potential aneurysm rupture. Thus, adequate preoperative se-
dation before induction for line placement is indicated where
tolerated. The right radial artery is the preferred location for
arterial monitoring because a left radial arterial line would be
compromised if the aortic cross-clamp is placed proximal to
the left subclavian artery. Although rare, an unrepaired aber-
rant right subclavian artery could pose a challenge to blood
pressure monitoring in similar fashion. In this situation, col-
laboration between the anesthesiologist and the surgeon is
required to determine the best site for arterial blood pressure
monitoring. A concurrent femoral arterial line can also be
placed to monitor distal aortic perfusion if LHB is to be used.

To obtain sufficient central venous access, a “double-
stick” technique is often used in which two introducers are
placed in the same central vein after induction, along with a
pulmonary artery catheter. A rapid infusion device is also
essential to manage volume shifts and need for rapid trans-
fusion during TAAA repair. Transesophageal echocardiogra-
phy can also be a valuable adjunct for monitoring fluid shifts
and ventricular function.

LHB has proven benefit for repair of extent I and II TA-
AAs (fig. 4).24 Although LHB has been used for extent III
and IV TAAA repairs, its benefit has not been reliably dem-
onstrated. LHB entails bypass of oxygenated blood from the

left atrium to the distal aorta or femoral artery, maintaining
spinal cord, renal, mesenteric, and lower extremity perfusion
during proximal aortic clamping.24–25 LHB is instituted be-
fore aortic cross-clamping to reduce preload to the left ven-
tricle, such that the abrupt rise in blood pressure that typi-
cally occurs with aortic cross-clamping is curtailed
minimizing the use of vasodilators.
Antifibrinolytic Therapy. Supraceliac aortic cross-clamping
is associated with the development of primary fibrinolysis,
which can lead to coagulopathy.26 Thus, antifibrinolytic
therapy is recommended for TAAA repair. However, there
are few actual data to suggest efficacy of this practice (largely
because randomized controlled trials are difficult to perform
in this population).27 Either �-aminocaproic acid or
tranexamic acid are considered viable options for antifibrino-
lytic therapy.
Hemodynamic Changes with Aortic Cross-Clamping. The
most profound hemodynamic response to aortic cross-
clamping is an increase in arterial blood pressure, which is
attributed to an increase in afterload.19 Generally, the more
proximal the aortic clamp, the more extreme the augmenta-
tion of blood pressure. Clamping of the supraceliac aorta is
associated with significant increases in MAP, left ventricular
filling pressures, and end-systolic/diastolic volumes.19 Nicar-
dipine, nitroglycerin, nitroprusside, and/or the vasodilating
properties of inhaled volatile agents may be used to help
offset the increase in afterload seen with aortic cross-clamp-
ing. Left ventricular wall motion abnormalities and diastolic
dysfunction occur in more than 50% of cases where a su-
praceliac aortic cross-clamp is used.20 Also seen with suprace-
liac aortic clamping is passive venous recoil and catechol-
amine release, both of which lead to decreased venous
capacitance. As a result, blood from the splanchnic and other

Fig. 3. Relationship between the left recurrent laryngeal nerve
and the aortic arch. The left recurrent laryngeal nerve is
susceptible to injury with aortic cross-clamping during tho-
racoabdominal aortic aneurysm repair involving the distal
aortic arch and proximal descending aorta. Reproduced with
permission from Coselli JS, LeMaire SA: Tips for successful
outcomes for descending thoracic and thoracoabdominal
aortic aneurysm procedures. Semin Vasc Surg 2008;21:13–
20. Copyright Elsevier.

Fig. 4. Left heart bypass. Left heart bypass involves partial
bypass of oxygenated blood from the left atrium or pulmo-
nary veins to the distal aorta or femoral artery during thora-
coabdominal aortic aneurysm repair. Reproduced with per-
mission from Coselli JS, LeMaire SA: Tips for successful
outcomes for descending thoracic and thoracoabdominal
aortic aneurysm procedures. Semin Vasc Surg 2008;21:13–
20. Copyright Elsevier.

EDUCATION

Anesthesiology 2011; 115:1093–102 Vaughn et al.1097

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/115/5/1093/452655/0000542-201111000-00033.pdf by guest on 20 April 2024



vascular beds below the level of the aortic cross-clamp are
expelled back to the heart, thereby increasing preload, and
subsequently, cardiac output.19 With prolonged duration of
the aortic cross-clamp, systemic vascular resistance increases
and cardiac output decreases.19

Increases in myocardial preload and afterload secondary
to supraceliac aortic cross-clamping lead to an increase in
myocardial contractility and oxygen demand.19 The re-
sponse by the heart is to increase myocardial oxygen supply
by increasing coronary blood flow.19 Thus, although the in-
crease in blood pressure in response to aortic cross-clamping
must be managed judiciously, care must be taken to ensure
arterial blood pressure is not overly reduced, which may re-
sult in decreased coronary artery, cerebral, spinal cord, renal,
and/or mesenteric perfusion. Indeed, in situations where
LHB is not used, blood pressure distal to the aortic cross-
clamp is directly reliant upon blood pressure proximal to the
cross-clamp.19 During aortic cross-clamping, distal blood
flow occurs via collateral vessels and is primarily dependent
on pressure rather than cardiac output.19 Thus, proximal and
distal aortic pressures should be maintained at levels to en-
sure adequate end-organ perfusion when LHB is not used.
Johnston et al. showed that application of 15 cmH2O posi-
tive end-expiratory pressure with aortic cross-clamping re-
duces the hypertensive response typically seen and allows for
concomitant volume expansion, which results in better
maintenance of stroke volume and blood pressure after
clamp removal.28

Hemodynamic Changes with Unclamping of the Aorta.
The primary hemodynamic derangement typically seen with
aortic cross-clamp release is decreased systemic vascular resis-
tance and arterial blood pressure.19 The hypotension seen
with unclamping is multifactorial.19 Blood volume redistri-
bution to the lower extremities leads to central hypovolemia.
Hypoperfusion of tissues distal to the aortic cross-clamp
leads to accumulation of vasoactive and myocardial-depres-
sant metabolites (e.g., lactate), which are released upon cross-
clamp removal. Hypotension after aortic cross-clamp release
can be combated with volume loading, infusion of vasoactive
medications, prompt treatment of metabolic abnormalities,
minimized the aortic clamp time, and gradual release of aor-
tic cross-clamp.19 Sodium bicarbonate may be given to coun-
teract this metabolic acidosis, but should be given cautiously
in the setting of a mixed respiratory acidosis. Generally, it is
advisable to maintain a higher blood pressure than normal
after cross-clamp release to ensure adequate renal and spinal
cord perfusion.29 However, the fact that TAAA repair in-
volves multiple suture lines and is prone to bleeding must
also be taken into consideration when determining the opti-
mal blood pressure; this is a particularly important consider-
ation in patients with extremely fragile aortic tissue, such as
those with Marfan syndrome.
Renal Protection. Methods used for renal protection include
maintaining distal aortic perfusion during aortic cross clamp-
ing, as well as running cold perfusate into the renal arteries

during periods of ischemia. Köksoy et al. demonstrated that
cold crystalloid renal perfusate confers superior protection
compared with isothermic blood perfusate for preventing
acute postoperative renal dysfunction after TAAA repair.30

Subsequently, LeMaire et al. showed that 4°C crystalloid,
along with mannitol and methylprednisolone, intermittently
perfused into the renal arteries consistently yielded kidney
temperatures less than 28°C and provided protection against
postoperative renal dysfunction.11 Because there is a strong
association between distal aortic pressure and renal blood
flow,19 LHB can be used to maintain the perfusion pressure
during aortic cross-clamping. The use of mannitol or dopa-
mine for preserving renal function is controversial and has
not been shown to reduce the incidence of postoperative
renal dysfunction.31 Indigo carmine dye and furosemide may
be administered upon return of renal perfusion to assess both
renal perfusion and ureter patency. If dye is not noted in the
urine within 30 min, correctable surgical causes such as
kinked renal artery or ureter should be sought.
Neuroprotection. A devastating complication of TAAA re-
pair is paraplegia, with incidences ranging from 2.7–
20%.2,4–6,16,31,32 Not only is paraplegia associated with sig-
nificant morbidity, but also increased mortality.4,16 CSF
drainage, maintenance of MAP, LHB, hypothermia, and re-
implantation of intercostal/radicular arteries have proven ef-
fective in decreasing the incidence of paraplegia.4–5,24,32–35

However, no single method has proved entirely effective.
The spinal cord derives its blood supply from a single

anterior spinal artery (ASA) and two posterior spinal arteries.
The ASA supplies the anterior two thirds of the spinal cord,
which is the motor region. The posterior spinal arteries sup-
ply the dorsal third of the spinal cord, which is the sensory
region (fig. 5). The cervical region of the ASA receives its
blood supply primarily from the vertebral arteries. The tho-
racic region of the ASA is supplied by radicular arteries. The
ARM is the largest and most important of the radicular ves-
sels supplying the ASA, and originates between T9 and T12
in most people. However, in some individuals, anastomosis
may occur at a higher thoracic level or even lumbar level.
Svensson et al. showed that the diameter of the ASA is smaller
above the entry point of the ARM, and larger below its en-
try.36 As a result, blood flow resistance is 52 times greater
traveling up the ASA compared with traveling below the
ARM entry. Therefore, distal aortic perfusion during aortic
cross-clamping primarily has beneficial effects on spinal cord
perfusion below the ARM, but decreased benefit above the
ARM. Preoperative radiologic ARM identification provides
useful information allowing for successful reimplantation
and improved spinal cord function.23,37

Neuromonitoring techniques such as somatosensory-
evoked potentials and motor-evoked potentials (MEPs) may
be used to detect spinal cord ischemia. Somatosensory-
evoked potentials are typically used to monitor the integrity
of the posterior (sensory) spinal cord, and MEPs are used to
detect dysfunction of the anterior (motor) spinal cord. MEPs
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in particular have been shown to aid in detecting early spinal
cord ischemia and improving neurologic outcomes in TAAA
repairs,10,37–40 especially when used in conjunction with
LHB and CSF drainage.37 Using MEP monitoring, Shine et
al. showed that the length of MEP signal loss during aortic
cross-clamping directly correlated with the risk of paralysis.10

However, there are limitations and drawbacks for the use of
somatosensory-evoked potentials and MEPs for these proce-
dures, and they are not standard practice at all institutions.41

CSF drainage has been shown to substantially reduce the
risk of paraplegia in patients undergoing TAAA repairs, par-
ticularly extents I, II, and possibly III.4 Spinal cord perfusion

pressure is equal to MAP-CSF pressure. With placement of
an aortic cross-clamp there is a compensatory rise in venous
pressure, resulting in increased intraspinal venous congestion
causing a rise in CSF pressure.42 Therefore, measures to in-
crease the MAP or decrease the CSF pressure will augment
spinal cord perfusion pressure. By removing CSF, intrathecal
pressure is decreased, thereby improving spinal cord perfu-
sion pressure. CSF drainage occurs via a spinal drain, placed
in the lower lumbar region, with a goal of maintaining a CSF
pressure approximately 10–15 mmHg.4 In 326 patients who
underwent TAAA, extent II repair, Coselli found that the
incidence of paraplegia to be 4.8% in patients in which LHB

Fig. 5. Spinal cord blood supply. A single anterior spinal artery supplies the anterior two thirds of the spinal cord, and two
posterior spinal arteries supply the posterior third of the spinal cord. The artery of Adamkiewicz is the largest radicular artery
supplying the spinal cord, and is considered to play an integral role in preservation of spinal cord function.
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was used, compared with 13.1% in patients which LHB was
not used.24 Combined use of LHB and CSF drainage may
thus reduce the incidence of paraplegia in comparison with
use of each alone.5–7 Finally, reports have also shown the
benefits of a CSF drain placed postoperatively in patients
who develop delayed-onset paraplegia in whom a spinal
drain was not present intraoperatively.43 At our institution,
CSF drains are routinely placed after induction of general
anesthesia. Although this procedure may be controversial, we
think it presents minimal risk due to low lumbar placement
(no complications have been reported) and avoids evoking a
strong sympathetic response in an awake patient that could
risk TAAA rupture/leak.

Although there is clear benefit of CSF drainage in patients
undergoing TAAA repair,4 it is not without risk. Dardik et al.
revealed a 3.5% incidence of subdural hematomas in patients
undergoing CSF drainage, which also strongly correlated
with the amount of CSF drained.25 In their study, patients
who developed a subdural hematoma had on average 690 �
79 ml CSF removed, whereas those patients who did not
develop a subdural hematoma had on average of 359 � 24
ml removed. Other potential complications of CSF drainage
include meningitis, spinal or epidural hematomas, and post-
dural puncture headache.

Intentional hypothermia may also convey protective ben-
efit to the spinal cord and central nervous system by reducing
both metabolic rate and the oxygen requirement.44 In an
animal model, Strauch et al. found that mild hypothermia to
32°C yielded a doubling of the spinal cord ischemic toler-
ance.44 For TAAA repairs at our institution, permissive hy-
pothermia is achieved by allowing the patient’s core temper-
ature to drift to 32°C. Monitoring of core temperature may
include any of the following sites: pulmonary artery, distal
esophagus, tympanic membrane, or nasopharynx.45 Systemic
hypothermia via cardiopulmonary bypass and circulatory arrest
and regional spinal cord cooling via epidural infusion of cold
saline have also been reported to improve outcomes.8,34

Intercostal artery reimplantation is another technique
that has helped to reduce devastating neurologic events in
patients undergoing TAAA repair. Acher et al. found that
intercostal reimplantation decreased the incidence of paraly-
sis from 4.8–0.9% when combined with other neuroprotec-
tive adjuncts.35 In a small trial, Woo et al. reported a 0%
incidence of paraplegia using intercostal reimplantation.38

Similarly, Etz et al. recently showed that staged TAAA repair
may improve neurologic outcome. Of 35 patients who un-
derwent a two-stage TAAA extent I repair, none became
paralyzed.46 No matter what neuroprotection techniques are
used, it is vital that the patient undergoing TAAA repair be
awakened shortly after completion of the surgery to assess
neurologic status.

Knowledge Gap
Another extremely promising and burgeoning area of TAAA
management involves the use of endovascular technology in

hope of reducing the physiologic insult associated with tra-
ditional open repair.47–49 Thoracic endovascular aneurysm
repair could be particularly useful when treating high-risk
patients with significant coexistent morbidities, many of
whom are not considered candidates for open repair. To
date, several thoracic endovascular aneurysm repair studies
have yielded positive short-term to-midterm results, with
low morbidity and mortality rates.47 Although the thoracic
endovascular aneurysm repair approach offers relative surgi-
cal simplicity, one must always be ready to convert to open
TAAA repair should the endovascular approach be untenable
or if the patient becomes hemodynamically unstable second-
ary to aneurysm rupture.47

Endovascular TAAA repair is not without limitations.
Thoracic endovascular aneurysm repair necessitates the use
of specialized grafts that feature fenestrations and/or
branches that facilitate perfusion of the visceral arteries that
arise from the excluded aortic segment. As an alternative,
several centers have explored the utility of hybrid procedures,
which comprise an open surgical procedure to create ex-
traanatomic bypasses to the branch arteries, and an endovas-
cular procedure to exclude the entire TAAA with stentgrafts.
The results of hybrid TAAA repairs have yielded outcomes
similar to that of open repair, but data are sparse.47 Finally, it
should be noted that patients who undergo thoracic endo-
vascular aneurysm repair require long-term surveillance and
commonly require reintervention secondary to graft migra-
tion or endoleak.47 Overcoming the current limitations of
endovascular TAAA repair is an area of intensive investiga-
tion that promises to increase availability of treatment op-
tions to patients who otherwise would not be considered
candidates for aneurysm repair.

Although extensive progress has been made over the past
decades in reducing the TAAA surgical complication rate,
continued research efforts are needed to further reduce and
eliminate devastating sequelae; in particular, paraplegia and
renal failure. Although focused efforts to prevent ischemic
injury of the spinal cord have led to a substantial reduction in
the risk of immediate paraplegia, delayed deficits remain a
vexing problem.50 Recent studies by Etz et al. have provided
insight into the extensive collateral network that helps main-
tain spinal cord perfusion after segmental arteries are ligated
during TAAA repair.51 The effect of hyperglycemia on spinal
cord injury is also of interest; hyperglycemia has been shown
to have deleterious effects in patients with ischemic strokes.52

It is feasible that similar mechanisms seen in hyperglycemia-
associated cerebral injuries could contribute to poorer neu-
rologic outcomes in patients undergoing TAAA repair. In
addition, both hypercapnia and hypocapnia can have pro-
found effects on the cerebral vasculature, cerebral blood flow,
and intracranial pressure. Perhaps investigation into carbon
dioxide and spinal cord blood flow and its effects on neuro-
logic outcome for TAAA surgery would reveal an optimal
level for which arterial carbon dioxide tension should be
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maintained in patients undergoing TAAA repair to minimize
ischemic injury.

Compared with the large number of studies related to
spinal cord protection during TAAA repair, research focus-
ing on renal protection in this setting is quite limited. Con-
sequently, major progress in preventing renal failure after
TAAA repair remains elusive. The principal strategies for
protecting the kidneys during TAAA repair are maintaining
renal hypothermia during the ischemic period, maintaining
adequate perfusion pressure, and avoiding administration of
nephrotoxic agents. Other than these basic approaches to
kidney protection, few modalities to prevent renal failure to
date have been successful. Interestingly, there is evidence that
chronic statin therapy decreases the likelihood of postopera-
tive myocardial infarction, stroke, and renal dysfunction in
patients undergoing aortic surgery.53

Conclusion
We present a patient who underwent extent II TAAA repair,
using permissive hypothermia, LHB, CSF drainage, and cold
crystalloid renal perfusion. Although data analyzing this
method or similar variations for TAAA repair are favorable, it
should be noted that data also exist for other strategies. For
example, Kouchoukos et al. demonstrated good results for
TAAA repair using hypothermic total cardiopulmonary by-
pass, supplemented with periods of circulatory arrest.8 This
technique offers the potential benefit of providing protection
against brain, cardiac, renal, visceral, and spinal dysfunction
without having to use adjuncts such as LHB, CSF drainage,
selective perfusion of renal and visceral arteries, regional spi-
nal cooling, or sequential aortic clamping. Thus, TAAA re-
pair (open or endovascular) remains a significant clinical
management challenge, and although no one technique has
eliminated all complications, significant headway has been
achieved in decreasing morbidity and mortality.

The authors thank Scott A. Weldon, M.A., C.M.I., and Kristy Beal,
Clinical Assistant, for creating the illustrations.
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