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Risk factors, outcomes, and clinical manifestations
of spinal cord ischemia following thoracic
endovascular aortic repair
Brant W. Ullery, MD,a Albert T. Cheung, MD,b Ronald M. Fairman, MD,a Benjamin M. Jackson, MD,a

Edward Y. Woo, MD,a Joseph Bavaria, MD,c Alberto Pochettino, MD,c and
Grace J. Wang, MD,a Philadelphia, Pa

Objective: The purpose of this study was to assess the incidence, risk factors, and clinical manifestations of spinal cord
ischemia (SCI) after thoracic endovascular aortic repair (TEVAR).
Methods: A retrospective review of a prospectively collected database was performed for all patients undergoing TEVAR
at a single academic institution between July 2002 and June 2010. Preoperative demographics, procedure-related
variables, and clinical details related to SCI were examined. Logistic regression analysis was performed to identify risk
factors for the development of SCI.
Results: Of the 424 patients who underwent TEVAR during the study period, 12 patients (2.8%) developed SCI. Mean
age of this cohort with SCI was 69.6 years (range, 44-84 years), and 7 were women. One-half of these patients had prior
open or endovascular aortic repair. Indication for surgery was either degenerative aneurysm (n � 8) or dissection (n � 4).
Six TEVARs were performed electively, with the remaining done either urgently or emergently due to contained rupture
(n � 2), dissection with malperfusion (n � 2), or severe back pain (n � 2). All 12 patients underwent extent C
endovascular coverage. Multivariate regression analysis demonstrated chronic renal insufficiency to be independently
associated with SCI (odds ratio [OR], 4.39; 95% confidence interval [CI], 1.2-16.6; P � .029). Onset of SCI occurred
at a median of 10.6 hours (range, 0-229 hours) postprocedure and was delayed in 83% (n � 10) of patients. Clinical
manifestations of SCI included lower extremity paraparesis in 9 patients and paraplegia in 3 patients. At SCI onset,
average mean arterial pressure (MAP) and lumbar cerebrospinal fluid (CSF) pressure was 77 mm Hg and 10 mm Hg,
respectively. Therapeutic interventions increased blood pressure to a significantly higher average MAP of 99 mm Hg (P �
.001) and decreased lumbar CSF pressure to a mean of 7 mm Hg (P � .30) at the time of neurologic recovery. Thirty-day
mortality was 8% (1 of 12 patients). The single patient who expired, never recovered any lower extremity neurologic function.
All patients surviving to discharge experienced either complete (n � 9) or incomplete (n � 2) neurologic recovery. At mean
follow-up of 49 months, 7 of 9 patients currently alive continued to exhibit complete, sustained neurologic recovery.
Conclusion: Spinal cord ischemia after TEVAR is an uncommon, but important complication. Preoperative renal
insufficiency was identified as a risk factor for the development of SCI. Early detection and treatment of SCI with blood
pressure augmentation alone or in combination with CSF drainage was effective in most patients, with the majority
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achieving complete, long-term neurologic recovery. (J Vasc Surg 2011;54:677-84.)
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Thoracic endovascular aortic repair (TEVAR) is in-
creasingly being used for a diverse group of aortic pathol-
ogies. Results from the first multicenter U.S. Food and
Drug Administration-sponsored trial for the Gore device
(W. L. Gore & Associates, Flagstaff, Ariz) demonstrated
significantly decreased perioperative mortality, respiratory
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ailure, renal insufficiency, and spinal cord ischemia (SCI)
n patients after TEVAR compared to a matched cohort of
atients undergoing open repair of descending thoracic
ortic aneurysms.1 Najibi et al2 likewise demonstrated less
orbidity with endovascular intervention (26% vs 50%)

elative to a historic nonrandomized control of patients
ith open repair. Other direct comparisons have shown

imilar trends favoring the endovascular approach.3-6

The conduct of TEVAR obviates the need for many of the
ritical physiological alterations that are believed to contribute
o the development of SCI after open surgery such as aortic
ross-clamping, reperfusion injury, and acute hemodynamic
hanges. Nevertheless, the risk of SCI after endovascular re-
air remains. The incidence of SCI after TEVAR is generally
ess when compared to open surgical repair but still occurs
ith a reported incidence of 0 to 13%.4,7-12

In the present study, we sought to evaluate the inci-
ence and investigate risk factors for the development of
CI after TEVAR. We focused much of our investigation
n the clinical manifestations of SCI with regard to its

nset, severity, and pattern of recovery.
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METHODS

This study represents a cumulative experience that fol-
lows our previous report describing our experience from
the stent graft trials of 1999-2004.13 A protocol for man-
aging SCI was consistently used by experienced personnel
at our institution beginning in July 2002; this serves as the
starting point for our analysis. A retrospective review of a
prospectively collected database was performed for patients
undergoing TEVAR at our institution between July 2002
and June 2010. Endovascular repairs involving aortic arch
hybrid (n � 43) or abdominal debranching (n � 6) proce-
dures were excluded. Preoperative patient demographics,
comorbidities, thoracic aortic pathology, intraoperative
procedure-related variables, postoperative outcomes, de-
velopment of perioperative SCI, and clinical details related
to SCI, including onset, severity, and recovery patterns,
were examined (Fig 1).

Patients with a history of prior abdominal aortic aneu-
rysm (AAA) repair, radiologic evidence of bilateral hypo-
gastric artery occlusion, planned long extent coverage, or
left subclavian artery (zone II) coverage without revascu-
larization were deemed high-risk for the development of
SCI. All patients in the present study with one or more of
these risk factors had prophylactic lumbar cerebrospinal
fluid (CSF) drainage, intraoperative somato-sensory-
evoked potential (SSEP) monitoring, and/or maintenance
of a higher perioperative mean arterial pressure (MAP),
unless such interventions were not feasible due to acuity of

Excluded

Aortic arch hybrid: n=43
Abdominal debranching : n=6

Aortic arch hybrid: n=43
Abdominal debranching : n=6

Thoracic endovas
(July 

Thoracic endovas
(July 

Clinical manifestations of SCIClinical manifestations of SCI

PatienPatien

Fig 1. S
presentation. The extent of endovascular coverage of the i
escending thoracic aorta was classified into three groups:
xtent A was coverage from the origin of the left subclavian
rtery to the sixth thoracic vertebral level; extent B was
overage from the sixth thoracic vertebral level to the
iaphragm; and extent C was coverage of the entire de-
cending thoracic aorta from the left subclavian artery to
he diaphragm.14

All patients were admitted to the surgical intensive care
nit (ICU) postoperatively in accordance with our previ-
usly described spinal protection protocol.13 A focused
eurologic assessment was performed on an hourly basis
ntil recovery from anesthesia permitted a more thorough
eurologic examination. Lower extremity motor function
as classified according to the following modified Tarlov

cale,15 ranging from 0 to 5: 0, no lower extremity move-
ent; 1, motion without gravity; 2, motion against gravity;
, able to stand with assistance; 4, able to walk with
ssistance; and 5, normal. Spinal cord ischemia was defined
s any new lower extremity motor or sensory deficit in the
ostoperative period not attributed to intracranial pathol-
gy. Paraplegia was defined as complete loss of motor
trength in the bilateral lower extremities (Tarlov score �
), whereas paraparesis was defined as motor weakness in
ny lower extremity muscle group or unilateral paraplegia
Tarlov score � 1-4 or, if present, a score of zero in a single
ower extremity). A deficit noted upon awakening from
nesthesia, regardless of severity, was defined as immediate-
nset SCI. Development of a neurologic deficit after an

Retrospective Analysis

Perioperative spinal cord ischemia (SCI)

No
n=412

No
n=412

TEVARs
n=424

TEVARs
n=424

aortic repairs (TEVAR)
June 2010)

aortic repairs (TEVAR)
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ographics, thoracic aortic anatomy, intraoperative data, 
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postoperative setting was classified as delayed-onset SCI.
Complete recovery was achieved upon full reversal of neu-
rologic deficit and subsequent restoration of the patient’s
baseline neurologic status. Incomplete recovery, on the
other hand, was associated with partial improvement of
neurologic deficit without return to the patient’s baseline
neurologic status.

Goal MAPs were initially assigned by the surgeon in
conjunction with the anesthesiologist and were based on
intraoperative SSEP recordings, extent of endovascular aor-
tic coverage, and overall estimated risk of SCI. Lumbar CSF
was drained continuously in the operating room to achieve
target CSF pressures of 10 to 12 mm Hg. Intermittent
drainage was performed in the ICU to prevent excessive
drainage that may predispose the patient to the risk of
subdural hematoma. With careful monitoring and intermit-
tent drainage, the fluctuations in CSF pressures are small,
and CSF pressures are maintained in the range of 10 to 12
mm Hg. Lumbar drainage catheters were clamped at 24
hours and removed 48 hours after the operation if there was
no evidence of any neurologic deficit. Upon detection of
neurologic deficit, interventions directed at increasing spi-
nal cord perfusion were immediately implemented accord-
ing to our institutional protocol.13 Volume expansion

Table I. Preoperative predictors of spinal cord ischemia af

Variable No SCI % (No

Demographics
Age (mean � SD) 70.6 � 12
Gender, male 55 (204/368

Comorbidities
Hypertension 91 (350/386
Stroke 15 (42/282)
Atrial fibrillation 22 (85/379)
Prior MI 21 (55/256)
CRIa 9 (34/378)
COPD 35 (132/378
PVD 41 (155/378
CHF 26 (97/374)
Diabetes 19 (71/376)
Tobacco use 70 (184/264
Prior aortic surgery 32 (116/357

Perioperative variables
Acuity, emergent/urgent 42 (163/384
Preoperative rupture 23 (84/373)
Pathology type
Aneurysm 73 (279/380
Dissection 20 (76/380)
PAU 3 (10/380)
Traumatic transection 4 (15/380)
Vascular access
Femoral 76 (260/340
Iliac 24 (80/340)
Extent C coverageb 38 (131/346
Zone II coveragec 21 (76/357)

CHF, Congestive heart failure; COPD, chronic obstructive pulmonary disea
atherosclerotic ulcer; PVD, peripheral vascular disease; SCI, spinal cord isch
aCreatinine �1.5 mg/dL.
bStent coverage from origin of left subclavian artery to diaphragm.
cEndovascular coverage of the left subclavian artery.
and/or vasopressors were used to assist in further augment- S
ng MAP to 85 to 100 mm Hg or above. If a functioning
umbar CSF drain was already in place at the time of SCI
nset, we then targeted a lower CSF pressure of 8 to 10 mm
g. In those patients without a lumbar CSF drain, a drain
as placed emergently if there was no significant improve-
ent in neurologic examination after increase in arterial
lood pressure. Because it is faster to augment blood
ressure, and if we achieve immediate recovery with blood
ressure augmentation alone, we may defer lumbar drain
lacement.

Statistical analysis. Statistical analysis was performed
sing SPSS, version 17.0 (SPSS, Chicago, Ill). Univariate
nalysis was performed using �2 tests to correlate baseline
emographics, comorbidities, and perioperative factors
ith SCI. A multivariate logistic regression model was then
sed with SCI as the dependent variable. Any P values less
han .05 were considered statistically significant for all
nalyses.

ESULTS

Of the 424 patients undergoing TEVAR with stent
rafting confined to the thoracic aorta, 12 patients (2.8%)
eveloped SCI. Univariate analysis of patient demograph-

cs, comorbidities, and perioperative factors on the risk of

EVAR, univariate analysis

SCI % (No.) P value

69.6 � 13 .87
42 (5/12) .38

100 (12/12) .61
17 (2/12) 1.00
0 (0/12) .08

25 (3/12) .74
33 (4/12) .02
33 (4/12) 1.00
17 (2/12) .14
17 (2/12) .74
17 (2/12) 1.00
92 (11/12) .07
50 (6/12) .23

50 (6/12) .77
25 (3/12) .74

.82
67 (8/12)
33 (4/12)

0 (0/12)
0 (0/12)

.42
67 (8/12)
33 (4/12)

100 (12/12) � .001
25 (3/12) .73

I, chronic renal insufficiency; MI, myocardial infarction; PAU, penetrating
TEVAR, thoracic endovascular aneurysm repair.
ter T

.)

)

)

)
)

)
)

)

)

)

)

se; CR
emia;
CI are summarized in Table I. Preoperative chronic renal
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insufficiency (CRI; P � .02) and extent C coverage (P �
.001) were significant predictors of SCI. Multivariate logis-
tic regression analysis confirmed that CRI (odds ratio
[OR], 4.39; 95% confidence interval [CI], 1.16-16.58; P �
.03) was significantly and independently associated with the
risk for SCI (Table II).

One-half of the cohort with SCI had prior aortic inter-
ventions, including open or endovascular AAA repair (n �
5) or open type III thoracoabdominal aortic aneurysm
repair (n � 1).

Mean aneurysm size was 6.6 cm (range, 5.8-9.0 cm).
One-half of the TEVARs were performed electively, with
the remaining done either urgently (n � 4) or emergently
(n � 2) due to severe back pain, contained rupture, or acute
dissection with malperfusion. The mean length of surgery
was 198 � 72 minutes. Median estimated blood loss was
255 mL, with 9 patients receiving a mean of 2.5 units of
blood postoperatively.

Immediate technical success with TEVAR was achieved
in all patients, with no type I or type III endoleaks, aborted
procedures, or conversions to open repair. Four different
devices were used in this cohort: TAG (W L Gore &
Associates, Flagstaff, Ariz), Talent (Medtronic Vascular,
Santa Rosa, Calif), Zenith TX2 (Cook Medical, Blooming-
ton, Ind), and Relay (Bolton Medical, Sunrise, Fla). To
achieve sufficient proximal landing zones, 2 of 12 patients
required a preoperative left carotid-subclavian bypass pro-
cedure. Coverage of the celiac artery was performed in 1
patient to achieve an adequate distal seal, but no visceral
revascularization was needed. The mean length of the
thoracic aorta covered by stent graft was 38 � 18 cm.

Intraoperative neuromonitoring using lower extremity
SSEPs was used in two-thirds of the SCI cohort, all of
whom demonstrated transient intraoperative SSEP changes
consistent with temporary occlusion of blood flow to the
femoral or iliac arteries during sheath insertion. Changes in
intraoperative lower-extremity SSEPs resolved in all pa-
tients upon closure of the arteriotomy and reperfusion.
Acuity of presentation prohibited the utilization of intra-
operative neuromonitoring in the remaining one-third of
patients. Seventy-five percent (n � 9) of the cohort had
prophylactic lumbar CSF drainage at the time of the pro-
cedure.

Onset of SCI occurred at a median of 10.6 hours
(range, 0-229 hours) postprocedure. The onset of SCI was

Table II. Preoperative predictors of spinal cord ischemia
after TEVAR, multivariate analysis

Variable Odds ratio (95% CI) P value

CRIa 4.39 (1.16-16.58) .029
Extent C coverageb 0.00 .995

CI, Confidence interval; CRI, chronic renal insufficiency; TEVAR, thoracic
endovascular aneurysm repair.
aCreatinine �1.5 mg/dL.
bStent coverage from origin of left subclavian artery to diaphragm.
delayed in the majority of patients (n � 10), whereas 2 l
atients exhibited clinical signs of SCI immediately upon
wakening from general anesthesia. Twenty-five percent of
atients (n � 3) reported lower extremity sensory deficits.
t SCI onset, average MAP and CSF pressure was 77 � 13
m Hg and 10 � 4 mm Hg, respectively. Therapeutic

nterventions increased blood pressure to a significantly
igher average MAP of 99 � 11 mm Hg (P � .001) and
ecreased CSF pressure to a mean of 7 � 4 mm Hg (P �

30) at the time of neurologic recovery (Fig 2).
Five of 12 patients had a functioning lumbar CSF drain

t onset and 4 others subsequently had drains placed,
ncluding 2 of the 3 patients who did not have intraopera-
ive lumbar drainage as a result of emergent/urgent proce-
ure. Of the remaining 3 patients who did not have lumbar
rains inserted after SCI onset, 2 patients rapidly achieved
omplete neurologic recovery with blood pressure aug-
entation alone, and 1 patient who did not receive a

umbar drain after initial attempt at drain placement, re-
urned purulent CSF that was concerning for primary in-
ection. One-half of the patients improved with intravenous
uid and/or colloid resuscitation alone, only 2 of which
ad a lumbar CSF drain at the time of recovery. A summary
f procedural details, intraoperative interventions, and neu-
ologic deficits for the cohort of 12 patients with SCI is
eatured in Table III.

Thirty-day mortality for patients with SCI was 8% (1 of
2 patients). The isolated in-hospital death occurred in a
5-year-old woman with a history of prior open type III
horacoabdominal aortic aneurysm repair several months
arlier that underwent urgent TEVAR for a symptomatic
.8-cm saccular thoracic aortic aneurysm complicated by

ntraoperative ventricular fibrillation arrest. After recover-
ng from a cardiac standpoint, she did not regain lower
xtremity motor function and later developed respiratory
ailure. The family decided to withdraw care on postoper-
tive day 7.

The 11 patients with SCI surviving to hospital dis-
harge, experienced complete (n � 9) or incomplete (n �
) neurologic recovery. Sensory deficits resolved in all cases.
edian ICU and total hospital length of stay was 7 days

range, 3-18 days) and 12 days (range, 5-58 days), respec-
ively. Most patients (n � 8) required rehabilitation upon
ospital discharge.

Interval follow-up was performed via review of medical
ecords, social security death index, and telephone contact
ith the patient, family, or patients’ primary care physician.
here were two late deaths after TEVAR in the SCI group,
oth from unknown causes. At a mean follow-up period of
9 � 18 months, mean postoperative survival for patients
ith SCI surviving to hospital discharge was 32 � 26
onths (range, 0.30-78 months). Of the 9 patients with

CI who underwent follow-up imaging, 2 patients had
vidence of type II endoleaks. None of these patients
equired any secondary intervention. Seven of the 9 pa-
ients currently alive continue to exhibit complete, sus-
ained neurologic recovery. The remaining 2 patients con-
inue to function independently despite stable mild right

ower extremity paraparesis.
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DISCUSSION
Our experience with performing over 400 TEVARs

since the application of a routine spinal cord protection
protocol yielded an incidence of SCI of 2.8% (12 of 424), a
figure that is consistent with previous reports.4,7-12 Com-
paring outcomes after thoracic aortic endovascular inter-
ventions can be difficult, however, given the heterogeneity

Fig 2. Mean arterial pressure (MAP) and lumbar cereb
ischemia onset and recovery for the cohort of 12 patient

Table III. Summary of procedural details, intraoperative i
with postoperative spinal cord ischemia

Procedural details

Patient
Aortic

pathology Acuity
Endograft

used
LSA

coverage
Aortic len
coverage (

1 Dissection Emergent Gore TAG No 15
2 Aneurysm Elective Relay No 25
3 Aneurysm Elective Gore TAG No 40
4 Dissection Urgent Gore TAG Yes 50
5 Dissection Emergent Gore TAG Yes 55
6 Dissection Urgent Gore TAG No 40
7 Aneurysm Urgent Zenith No 41
8 Aneurysm Elective Talent No 23
9 Aneurysm Urgent Gore TAG No 15

10 Aneurysm Elective Zenith No 41
11 Aneurysm Elective Gore TAG Yes 80
12 Aneurysm Elective Talent No 34

CSF, Cerebrospinal fluid; LSA, left subclavian artery; SSEP, somato-sensory
aUse of prophylactic intraoperative CSF drainage to achieve lumbar CSF pr
bSSEP changes occurred in all patients consistent with temporary occlusion
changes resolved after arteriotomy closure and reperfusion.
cTime after arrival to intensive care unit after procedure.
dIn-hospital mortality.
of the procedures performed. Drinkwater et al16 recently i
emonstrated a significant rise in the risk of SCI with
ncreasing magnitude of procedure type; TEVAR (stent
raft confined to the thoracic aorta) was associated with the
east risk at 1.8%; arch hybrid 10%, fenestrated/branched
raft 14.3%, and visceral hybrid 20%. Although we aimed to
aximize validity by intentionally choosing to focus on a

ingle procedure type, we also observed an increase in the

nal fluid (CSF) pressure, when available, at spinal cord

entions, and neurologic deficits for cohort of 12 patients

Intraoperative
interventions

Neurologic deficit
CSF

drainagea SSEPb Onsetc (hrs) Severity Recovery

No No Immediate (3.8) Paraplegia Incomplete
Yes Yes Immediate (0.0) Paraparesis Complete
Yes Yes Delayed (19.3) Paraparesis Complete
Yes Yes Delayed (56.3) Paraparesis Complete
Yes Yes Delayed (229) Paraplegia Incomplete
Yes Yes Delayed (23.7) Paraparesis Complete
Yes Yes Delayed (6.8) Paraplegia No recoveryd

No No Delayed (13.3) Paraparesis Complete
No No Delayed (2.8) Paraparesis Complete
Yes Yes Delayed (44.8) Paraparesis Complete
Yes Yes Delayed (8.0) Paraparesis Complete
Yes No Delayed (0.8) Paraparesis Complete

d potential.
�12 mm Hg.
od flow to the femoral or iliac arteries during sheath insertion. These SSEP
rospi
nterv

gth
cm)

-evoke
essure
of blo
ncidence of SCI within our excluded patient subgroups;
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SCI was noted to occur in 14% of patients (6 of 43)
undergoing aortic arch hybrid and 17% of patients (1 of 6)
undergoing abdominal debranching procedures during our
study period. In total, our global incidence of SCI was 4%
(19 of 473).

The extent of neurologic deficits attributed to SCI after
TEVAR can range from mild paraparesis to flaccid paralysis.
At one extreme of this clinicopathologic spectrum, patients
with complete paralysis are those who have suffered irre-
versible SCI because of spinal cord infarction. Patients at
the opposite end of the spectrum represent a less severe
form of cord ischemia with the potential for reversibility
and full neurologic recovery. Delayed-onset SCI, which can
occur up to several weeks after TEVAR, is also typically due
to ischemia of the spinal cord with the potential for recov-
ery.13,17-19 Whereas a deficit noted immediately upon
emergence from anesthesia would be attributed to an in-
traoperative cause, a delayed neurologic deficit observed
after a period of normal neurologic function is secondary to
a postoperative event. Indeed, several postoperative events
have been linked to the development of delayed-onset SCI,
including hypotension, thrombosis, hematoma, emboliza-
tion, and elevated CSF pressures.17,20-22

The majority of patients (9 of 12) in our study mani-
fested SCI in the form of paraparesis, with all of these
patients achieving complete neurologic recovery. Recovery
was significantly worse in the remaining 3 patients who
manifested SCI in the form of paraplegia: 2 patients
achieved only partial neurologic recovery, whereas the
other patient did not regain any motor strength. The
patient with no recovery of deficit represented the single
mortality in this cohort. Our findings support the notion
that patients with paraparesis fare much better relative to
those with paraplegia, both in terms of the underlying
severity of SCI and the potential for reversibility of spinal
cord malperfusion.

The pathogenesis of SCI after TEVAR is poorly under-
stood and likely multifactorial. Spinal cord perfusion is a
complex, dynamic process dependent on both collateral
circulation and single segmental arteries. As a result, the
spinal cord is particularly prone to compromised blood flow
during periods of hemodynamic instability.23,24 The larg-
est series to date, reported by the European Collaborators
on Stent/Graft Techniques for Aortic Aneurysm Repair
investigators, cited left subclavian artery coverage without
revascularization, concomitant abdominal aortic surgery,
and the use of three or more stent grafts to be associated
with SCI.10 These three clinical variables each have a well-
established relationship to the blood supply of the spinal
cord. Coverage of the left subclavian artery, for instance,
compromises the proximal collateral circulation to the spi-
nal cord, including the vertebral and internal thoracic ar-
teries. Extensive coverage of long segments of the thoracic
aorta using multiple stent grafts may also significantly limit
spinal cord perfusion by compromising important intercos-
tal (T7-L1) and lumbar segmental arteries supplying the
anterior spinal artery.9,11,17,25,26 Prior AAA repair can sim-

ilarly lead to diminished spinal cord perfusion by compro- p
ising pelvic and hypogastric collaterals.13,25,27,28 More-
ver, degenerative aneurysms have been associated with an

ncreased risk for SCI, given that these patients tend to have
ewer patent intercostal arteries compared to those with
ostdissection thoracic aneurysms.29

In the present study, patients with preoperative CRI
ere significantly more likely to develop SCI. European
ollaborators on Stent/Graft Techniques for Aortic Aneu-

ysm Repair investigators noted similar findings in their
rospective analysis of 606 patients who underwent TE-
AR for aneurysms or dissections of the thoracic aorta.10

araplegia or paraparesis occurred in 15 of these patients
2.5%). Researchers demonstrated renal failure (OR, 3.6;

� .02) to be an independent risk factor for SCI. In
ddition, a multicenter cohort study of 72 patients who
nderwent TEVAR for treatment of degenerative thoracic
ortic aneurysm disease after prior AAA repair also noted an
ssociation between renal function and development of
CI.27 Symptoms of SCI occurred in 12.5% of these pa-
ients, with renal insufficiency again serving as an important
isk factor for SCI (P � .011). Although renal insufficiency
as also long been noted to be a major risk factor for SCI
fter open thoracoabdominal aortic aneurysm repair,30-32

he precise mechanism is less clear. It has been postulated
hat renal insufficiency serves as a marker of more severe,
idespread peripheral atherosclerotic disease and, by ex-

ension, such patients may have a compromised collateral
etwork of blood supply to the spinal cord at baseline.10

iven the findings of the present study, we now consider
RI as yet another risk factor for SCI and, as a result, we
ow recommend prophylactic lumbar CSF drainage in
atients with elevated preoperative creatinine levels.

Numerous studies have attempted to identify additional
emographic and perioperative variables that may increase the
isk of SCI after TEVAR. Additional independent risk factors
nclude age, number of patent lumbar arteries, emergent
rocedure, duration of procedure, general endotracheal anes-
hesia, and iliac artery injury.13,25,29,33,34 Although prior aor-
ic surgery, surgical acuity, aneurysm morphology, and extent

coverage were not statistically significant risk factors in our
tudy, they were common in the subgroup of patients who
eveloped SCI. Application of a clinical protocol for selective
se of lumbar CSF drainage, intraoperative SSEP monitoring,
nd maintenance of a higher perioperative MAP in high-risk
atients may have attenuated the incidence of SCI in this
ubgroup and eliminated them as statistically significant pre-
ictors of SCI.

Our previous work demonstrated postoperative hypo-
ension and increased CSF pressure to be associated with
ncreased risk of neurologic deficits after TEVAR.13 These
esults are predictable based on the physiological principle
hat spinal cord perfusion pressure equals the difference
etween MAP and CSF pressure. Cheisa et al35 also noted
he deleterious effects of perioperative hypotension in their
eview of 103 patients who underwent elective TEVAR for
horacic aortic lesions. Perioperative hypotension, defined
s MAP �70 mm Hg, was a significant risk factor for

ostoperative neurologic deficit in their analysis. In the
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present study, only 3 of the 12 patients with SCI had MAP
�70 mm Hg at the onset of neurologic deficit, with no
apparent relationship between hypotension and arrhyth-
mic, infectious, or hemorrhagic complications. Neverthe-
less, blood pressure augmentation immediately upon rec-
ognition of neurologic deficit played an important role in
improving spinal cord perfusion pressure and permitting
reversibility of SCI in these patients, as evidenced by the
significantly higher MAP at SCI recovery relative to the
observed MAP at onset. Of note, however, we do not
preemptively augment a patient’s blood pressure unless the
patient is considered high-risk or there is clinical evidence
of SCI. Most of our patients are elderly with multiple
medical comorbidities and, as a result, the risk of compli-
cations related to the maintenance of significantly elevated
blood pressures must be weighed against the small risk of
developing SCI.

The use of routine intraoperative lumbar CSF drainage
has generally been limited to select high-risk patients.3,36

Hnath et al37 conducted the only prospective TEVAR
analysis evaluating a standardized approach of mandatory
CSF drainage compared to selective CSF drainage. The
researchers concluded that selective CSF drainage may offer
the same benefit as mandatory drainage. Although we and
others have noted the therapeutic effects of CSF drainage in
the management of SCI after open thoracoabdominal an-
eurysm repair, the precise impact of CSF drainage in the
setting of TEVAR was not appreciated in the present study,
as there was no significant difference between the mean
CSF pressures at SCI onset and recovery.13,19,30,38,39

Moreover, 5 of the 12 patients in our cohort were capable
of achieving neurologic recovery in the absence of a func-
tioning lumbar drain. We postulate that spinal drainage
may have a lesser role in the management of SCI after
TEVAR compared to open repair. Indeed, we have become
more selective over time with CSF drainage given both the
low incidence with which we see SCI after TEVAR, and due
to the observed efficacy of blood pressure augmentation
alone in the few patients who do go on to develop lower
extremity neurologic deficits after TEVAR.

Our recommendation for capping lumbar drains at 24
hours and removal at 48 hours was based on our previous
work investigating SCI after open thoracoabdominal aortic
surgery.20 In that experience, median onset time for de-
layed SCI was 21.6 hours, with 75% (6 of 8 episodes)
occurring within 48 hours of operation. Similarly, 10 of 12
patients in the current series experienced SCI within the
first 48 hours postoperatively. The utility of extending the
duration of lumbar CSF drainage beyond 48 hours dimin-
ishes over time because the number of SCI episodes beyond
48 hours are infrequent, prolongs ICU length of stay, and
requires that patients remain supine. Moreover, risk of
lumbar drain-related complications such as infection and
persistent CSF leak increase with duration of drainage.
Reason for capping the drain 24 hours before removal is to
permit CSF pressure to normalize so as to ensure that SCI

does not occur at normal CSF pressures and to prevent CSF
ypotension after removal (due to obligate CSF leak upon
atheter removal).

Application and effectiveness of intraoperative neu-
omonitoring is controversial and typically performed
ased on institutional practice. At our institution, SSEPs
re monitored because of ease of use in the operating room
iven that signals are not attenuated by standard balanced
eneral anesthetic technique with full neuromuscular
lockade. Intraoperative attenuation of SSEP signals can
rompt diagnosis of SCI (bilateral lower extremity loss) or
ascular insufficiency (unilateral lower extremity signal loss
n cannulated limb) and thereby assist in guiding blood
ressure and CSF drainage goals. Based on our experience
n open thoracoabdominal cases, 90% of patients with
elayed SCI had sensory deficits. Although motor-evoked
otential monitoring may be more sensitive for detecting
CI, anesthetic and instrumentation artifacts may decrease
ts specificity for SCI (eg, is the decrease in motor-evoked
otential amplitude due to anesthetic, neuromuscular
lockade, instrument fidelity, or SCI?).40

In conclusion, SCI is a clinicopathologic entity that
aries widely vis-à-vis severity, onset, and potential for
ecovery. Several patient demographic and perioperative
ariables have been shown to be independently associated
ith development of SCI, including CRI in this study, but

he underlying mechanism of SCI after TEVAR remains
nclear. Our data suggest that blood pressure augmenta-
ion plays an important role in the recovery of SCI after
EVAR. Whereas lumbar CSF drainage should continue to
e part of the clinician’s armamentarium in managing
ostoperative SCI, ongoing data support selective rather
han empiric placement in all patients. As the application of
EVAR continues to expand, the need to better define the
henomena of SCI after TEVAR and the optimum treat-
ent/management strategy is paramount.
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