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Preventing spinal cord injury following thoracoabdominal
aortic aneurysm repair: The battle to eliminate paraplegia
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Depiction of an ischemic spinal cord with the clas-
sically described anterior infarct.

CENTRAL MESSAGE

Spinal cord ischemia after TAAA
is decreasing with the develop-
ment of adjuncts to maintain
spinal cord perfusion pressure.
However, cord ischemia requires
meticulous attention to minimize
its effects.
Thoracoabdominal aortic intervention may be the most
complex operation for cardiothoracic surgeons to perform
and for patients to tolerate. The most feared complication
of extensive thoracoabdominal procedures is spinal cord
injury. Although understanding of this injury continues to
evolve, surgeons have been able to reduce the incidence
of paraplegia significantly over time through the use of mul-
tiple adjuncts, including staged aortic repair, maintenance
of distal perfusion intraoperatively, management of intrao-
perative and postoperative hypotension, neuromonitoring,
reimplantation of intercostal arteries, drainage of cerebral
spinal fluid, intraoperative cooling, and pharmacologic ad-
juncts. However, significant burdens persist, including
increased risk of mortality, increased perioperative hospital
stays, increased hospital costs, increased need for rehabili-
tation admissions following discharge, and the resultant
changes in quality of life for both the patients and their fam-
ilies. Further reduction in spinal cord injury, or optimally
the elimination of paraplegia altogether, remains the ulti-
mate goal for aortic surgeons performing complex aortic
intervention.
See Commentaries on pages 16 and 18.
SPINAL CORD INJURY: PATHOPHYSIOLOGY
Spinal cord injury resulting in paraplegia has been

described since the introduction of thoracoabdominal
surgery. Among Stanley Crawford’s original descriptions
of open thoracoabdominal repair, he recognized the spi-
nal perfusion implications of ligating all the intercostal
and lumbar arteries.1 To address this issue, he expanded
that intercostal reimplantation was attempted whenever
feasible. As numbers accrued with thoracoabdominal
aortic aneurysm (TAAA) repair, it became clear that pa-
tients in the later described extent II group experienced
paraplegia (>20%) despite attempts at intercostal reim-
plantation.2 Until the 1990s, TAAA repairs were ap-
proached more commonly with a cut-and-sew method.
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Spinal cord injury was believed to be the result of 2 is-
sues: ischemia reperfusion from lower-body ischemia
during the case and the loss of direct perfusion for the
spinal cord. Despite improvements in perfusion and spi-
nal cord protection techniques, these complications
persist. However, paraplegia endures for different rea-
sons than believed at first. As will be discussed, the lum-
bar prominence remains a watershed after extensive
operations, with perfusion through both the intercostal
patches and the collaterals above and below the resected
area. This watershed will recover, but recovery may not
be early enough to prevent irreversible neuron injury.
Currently, this slow recovery relative to ischemic toler-
ance is believed to be the cause of delayed paraplegia.
The loss of end arterial perfusion through either inter-
costal ligation or embolism is believed to be the cause
of dense paraplegia evident intraoperatively. Unfortu-
nately, the recovery from this type of injury is negligible.
Delayed paraplegia can be reversed in many instances by
maneuvers to increase perfusion to the watershed. This
transient ischemia does result in an ischemia/reperfusion
phenomenon. Much basic science has focused on
reducing the burden of this injury, but the most accepted
approaches to reducing this injury have been focused on
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limiting exposure to the watershed through systemic and
local hemodynamic factors. Both the understanding and
practical approaches to limiting the injury once it occurs
remain elusive. Current techniques will be reviewed
here.
FACTORS ASSOCIATED WITH INCREASED RISK
FOR SPINAL CORD ISCHEMIA

The aneurysm characteristics as well as the approach to
the repair can have profound effects on the risk and preven-
tion of paraplegia. These characteristics include the extent
of replacement, partitioning of repair, monitoring of neuro-
logic function, and the optimization of spinal cord perfu-
sion. The loss of direct perforators and hypotension relate
to paraplegia. Further monitoring of markers of perfusion
can be addressed to reduce this instigator of injury.
Predictors of Paraplegia
Extent of aortic replacement. The most important risk
factor associated with spinal cord injury following TAAA
repair is the extent of aortic coverage.3 Most of the spinal
cord blood supply was previously attributed to the artery
of Adamkiewicz. It is now known that the spinal cord has
a complex blood supply derived from multiple sources,
including the intercostal, lumbar, segmental, subclavian,
and internal iliac arteries, as well as small arteries contained
within the perivertebral tissues and paraspinous muscles.4 A
greater extent of aortic coverage during repair results in
more segmental arteries (SA) sacrificed, increasing the
risk of spinal cord injury.

Gaudino and colleagues5 reviewed studies from 2008 to
2018 on TAAA repair reporting that rates for Crawford ex-
tents I, II, III, IV, and V aneurysms were 4.0%, 15.0%,
7.0%, 2.0%, and 7.0%, respectively. Obviously, the high-
est rate is observed for Crawford type II aneurysms. In a re-
view of 445 consecutive TAAA repairs, Conrad and
colleagues6 reported similar findings showing that spinal
cord injury occurred more frequently in type I or II than
in III or IV (17% vs 8%) and identifying extent I or II an-
eurysms as independent predictors of spinal cord injury.
Staged repair of TAAAs. It has been shown that sacrifice
of SA during TAAA results in a significant decrease in
spinal cord perfusion pressure (SCPP); however, remodel-
ing of the collateral network takes place over 5 days
following SA loss.4,7 Based on this, multiple studies
have examined the use of staged procedures in TAAA,
or replacing separate segments of aorta at disparate
operations.8-10 These studies have demonstrated a
statistically significant decrease in the rate of
postoperative paraplegia in both animal and human
models.8,9 Staged procedures done in a hybrid manner us-
ing thoracic endovascular aortic repair followed by open
repair of the abdominal component have also
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demonstrated a reduction in the incidence of postopera-
tive paraplegia.10

Procedure Management
Left heart bypass (LHB) and distal perfusion. LHB is a
widely used adjunct during TAAA repair that decreases the
risk of spinal cord injury by shunting oxygenated blood
from the left heart to the distal circulation thus maintaining
blood flow to the tissue distal to the aortic crossclamp. In a
retrospective analysis performed by Coselli and LeMaire,11

patients with an extent I or II TAAA underwent open repair
with or without LHB. There was no significant difference
between the LHB and non-LHB patients with an extent I
aneurysm. Those patients with an extent II TAAAwho un-
derwent repair with LHB had a significantly reduced rate of
paraparesis and paraplegia (4.8%) compared with those pa-
tients who underwent repair without LHB (13.1%), empha-
sizing the importance of maintaining distal perfusion,
especially in more extensive aneurysms.11

In addition to LHB, perfusion to the spinal cord can be
maintained via sequential aortic clamping. Sequential
clamping allows for immediate reperfusion of reimplanted
SA limiting the overall ischemic period for individual seg-
ments of the spinal cord during the repair. To the best of our
knowledge, no large trial has been performed to assess the
efficacy of sequential clamping for reducing the risk of spi-
nal cord injury during open TAAA repair.
Neuromonitoring and early injury detection. The cur-
rent methods for monitoring neurological function include
motor-evoked potentials (MEP), somatosensory-evoked
potentials (SSEP), and near-infrared spectrometry (NIRS).
Due to its rapid response to blood pressure and cerebrospi-
nal fluid changes, neuromonitoring enables early detection
of neurologic deficits.

Banga and colleagues12 demonstrated decreases in MEP-
and SSEP-predicted immediate spinal cord injury that
allowed for the quick implementation of a standardized
protocol to optimize spinal cord perfusion and restore lower
extremity blood flow. Intraoperative monitoring of MEP as
a guide to adequate spinal cord perfusion has been shown to
reduce the acute paraplegia rate to 4.1% in extent I or II
TAAA.13

NIRS, an easily applicable noninvasive tool for contin-
uous monitoring of regional hemoglobin oxygen saturation,
has also been used in the early detection of spinal cord
injury. Boezeman and colleagues14 validated the associa-
tion of regional hemoglobin oxygen saturation with MEP
monitoring and demonstrated the feasibility of NIRS to sur-
veil the hemodynamic changes in oxygenation of the para-
spinal region during and after TAAA repair.

Although neuromonitoring has gained popularity, there is
no consensus regarding which neuromonitoring modality
generates the most benefit. Fok and colleagues showed
MEP is more useful than SSEP at predicting paraplegia.
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Most patients whose MEP dropped and remained below
threshold had immediate permanent neurologic deficit,
whereas loss of SSEP had little association with permanent
neurologic deficit.15 Further studies are needed to identify
the ideal neuromonitoring strategy in preventing spinal
cord injury and paraplegia in TAAA repair.
Intraoperative Intervention
Intraoperative hypotension. SCPP is a function of the
mean arterial pressure minus the cerebrospinal fluid pres-
sure. Thus, a reduced mean arterial pressure results in a
reduction in the SCPP. Intraoperative hypotension or sus-
tained hypotension have been identified as independent
risk factors for spinal cord injury following TAAA repair.3,6

This phenomenon was also identified in thoracic endovas-
cular aortic repair, specifically correlating with iliac rupture
being a risk factor for spinal cord injury due to hypotension
in early feasibility studies.16 Figure 1 illustrates an ischemic
spinal cord following the classically described anterior
infarct.
SCPP maintenance. As previously discussed, the spinal
cord has a dense bloody supply. According to the Collateral
Network Concept, the presence of multiple contributing
sources allows for compensation when flow from 1 of the
blood supply sources is compromised.17 Complete SA sac-
rifice in a pigmodel by Etz and colleagues4 demonstrated an
80% to 100% increase in the diameter of the anterior spinal
artery and epidural arcades, significant increase in density
of the paraspinous vasculature with increased organization
of the vessel alignment, as well as a substantial decrease
in flow resistance within 5 days of total SA sacrifice.

Endovascular aortic aneurysm repair results in occlusion
of the intercostal/lumbar arteries, providing a good clinical
example of the importance of the collateral network in
maintaining adequate spinal cord perfusion. Eagleton and
colleagues18 described immediate onset of symptomatic
spinal cord ischemia in 73% of patients who either already
had known occlusion of at least 1 hypogastric artery before
undergoing endovascular repair or who had intraoperative
FIGURE 1. A cross-sectional view of the spinal cord following an ante-

rior cord infarction. Image created by Yuki Ikeno MD, PhD. Used with

permission.
occlusion of the left subclavian or 1 of the hypogastric ar-
teries. In comparison, the onset of acute postoperative para-
plegia, paraparesis, and sensory deficits occurred in 24% of
patients who had bilateral patency of the subclavian and hy-
pogastric arteries.
Intercostal artery reimplantation. Reimplantation of the
intercostal arteries is a way of maintaining the complex
blood supply network to the spinal cord. However, this
adjunct remains controversial. Afifi and colleagues19 con-
ducted a 13-year review of all descending thoracic aneu-
rysm and TAAA repairs at their facility. Selective T8 to
T12 intercostal artery reimplantation was carried out based
on their protocol and loss of intraoperative MEPs. Findings
demonstrated a 1.3-fold increase in the odds of developing
paraplegia, both early and delayed, for each intercostal ar-
tery ligated from T8 to T12 even if intraoperative MEPs re-
mained intact. This suggests routine reimplantation of
intercostal arteries, at least at the level of T8 to T12, could
be a useful adjunct in reducing the rates of early and delayed
paraplegia following TAAA repair. The authors also noted a
minimal increase in operative time (1-2 minutes per vessel)
associated with intercostal artery reattachment.19

Intraoperative and postoperative cerebrospinal fluid
pressure measurement and drainage. In addition to the
dense blood supply spinal cord perfusion also depends
on the SCPP as previously discussed. Early mouse studies
done by McCullough and colleagues20 postulated that
drainage of cerebrospinal fluid could serve as a useful
adjunct in TAAA aneurysm repair to reduce the risk of spi-
nal cord ischemia suggesting that elevated cerebrospinal
fluid pressures impair spinal cord perfusion. Since that
time, multiple retrospective studies evaluating cerebrospi-
nal fluid drainage have been suggestive of potential benefit
in the reduction of postoperative paraplegia and parapare-
sis.21 A randomized controlled trial published by Coselli
and colleagues21 randomized 145 patients undergoing
extent I or II TAAA repair to either a cerebrospinal fluid
drainage group or a noncerebrospinal fluid drainage group
with the primary end points of death, paraplegia, and para-
paresis. Findings demonstrated an 80% reduction in the
relative risk of paraplegia and paraparesis. In those pa-
tients who initially did not undergo cerebrospinal fluid
drainage but who developed postoperative neurologic def-
icits, the study also demonstrated a gradual improvement
in neurologic function in 50% of patients with delayed
placement of a spinal drain and cerebrospinal fluid
drainage.
Epidural cooling. Hypothermia during circulatory arrest
is a well-known and widely used method of protecting
end organs during TAAA repair. Cambria and colleagues22

developed a method for direct epidural cooling via the
instillation of 4�C normal saline through an epidural cath-
eter, reducing the incidence of paraplegia/paraparesis to
7%. Neither method—epidural cooling versus hypothermia
JTCVS Techniques c Volume 8, Number C 13



TABLE 1. Examples of potential pharmacologic agents in the

attenuation of spinal cord injury24,25

Mechanism of action Suggested agent(s)

Local vasodilator Papaverine

Vasopressor Epinephrine, norepinephrine,

phenylephrine

Reduction of neuronal

excitotoxicity

Steroids (methylprednisone), riluzole,

magnesium sulfate, basic fibroblast

growth factor,

dehydroepiandrosterone,

dehydroepiandrosterone sulfate

Prevention of apoptosis Minocycline

Prevention of ischemia

reperfusion injury

Statins

Antioxidant/

anti-inflammatory

Minocycline, methylprednisone, statins,

N-acetyl-cysteine, iloprost,

minocycline, allopurinol

Ischemic

preconditioning

Dexmedetomidine, anesthetic gases
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during circulatory arrest—has been proven superior.
Although there are whispers of a device that can facilitate
this process rather than having 2 drains to cool, it has not
been introduced in a useable fashion that these authors are
aware of currently.
Maintenance of postoperative mean arterial pressure.
Although the exact mechanism of delayed paraparesis and
paraplegia following TAAA repair has not been elucidated,
postoperative hypotension is believed to play a role.23 Serial
neurologic exams allow for early detection and intervention
in suspected spinal cord ischemia. The closemonitoring and
maintenance of postoperative mean arterial pressure has
been shown to aid in the recovery of neurologic function.
Cheung and colleagues23 demonstrated complete resolution
of neurologic deficits in 5 out of 8 patients who developed
delayed onset paraplegia by increasing the mean arterial
pressure to a minimum of 90 mm Hg at the onset of neuro-
logic deficits; the mean arterial pressure was subsequently
increased an additional 5 mm Hg until the neurologic defi-
cits stabilized or function was recovered. Three of the 8 pa-
tients recovered partial function with residual neurologic
deficits. Cerebrospinal fluid drainage was also used as a
postoperative adjunct, so it is uncertain if maintaining an
elevated mean arterial pressure alone aided in the recovery
of or improvement in the postoperative neurologic function.
Pharmacological attenuation of spinal cord protection.
The least discussed, and potentially the least proven,
approach to prevention of spinal cord injury is pharmaco-
logic protection. Little has been adopted on a wide scale
with regard to injury prevention using medications, yet a
vast literature exists on basic science and small case series
about the utility of medications for prevention of neuron
injury or death. These pharmacologic agents range from
local vasodilators intended to improve flow to watershed
vessels, vasopressors that are crucial in the rapid elevation
of mean arterial pressure to maintain the SCPP, to medica-
tions that attempt to reduce cellular injury through reduc-
tion of either apoptosis or excitotoxicity in the affected
neurons.23-25 Other agents are believed to aid in the
prevention of ischemia reperfusion injury, which might
play a key role in delayed spinal cord injury.24,25 Wide-
spread adoption has not been realized because pharmaceu-
tical companies do not want to support trials for these types
of medications in procedures that are relatively uncommon
with significant morbidity and mortality. Table 1 provides
examples of potential medications that may attenuate spinal
cord injury.

CONCLUSIONS
Spinal cord ischemia in TAAA repair has been shown to

be associated with the extent of the aneurysm, intraopera-
tive/postoperative hypotension, and prior history of neuro-
logic deficits. Multiple methods have been developed to
monitor spinal cord health and many adjuncts are known
14 JTCVS Techniques c August 2021
to decrease the risk of spinal cord injury during TAAA
repair. Although these adjuncts have been effective in
reducing the risk of paraplegia compared with the initial
operative outcomes, further work must be done to identify
the exact mechanism for spinal cord injury and develop a
consistent and reproducible strategy to further decrease,
and perhaps eliminate, the risk of spinal cord injury in the
setting of TAAA repair.
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