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Abstract The incidence of spinal cord injury in thoracic
endovascular aortic repair (TEVAR) has been 3-5 % from
recent major papers where sacrifice of the critical inter-
costal arteries is inevitable by a stent graft. Hemodynamic
stability, which depends on a network of blood vessels
around the cord is most important not only during but also
after stent-graft deployment. High risk factors of spinal
cord injury during endovascular aortic repair are (1) cov-
erage of the left subclavian artery, (2) extensive coverage
of long segments of the thoracic aorta, (3) prior down-
stream aortic repair, (4) compromising important inter-
costal (T8-L1), vertebral, pelvic and hypogastric
collaterals, and (5) shaggy aorta. Preoperative, intraopera-
tive, and postoperative managements have been required to
prevent spinal cord injury with TEVAR. For imaging
assessment of blood supply to spinal cord including Ad-
amkiewicz artery, prophylactic cerebrospinal fluid drainage
is mandatory, and monitoring motor-evoked potential is
recommended for high risk factors of spinal cord injury.
Mean arterial pressure should be maintained over
90 mmHg after stent-graft placement for a while to prevent
delayed spinal cord ischemia in high-risk patients of spinal
cord ischemia. Finally, because spinal cord injury during
TEVAR is not rare and negligible, perioperative care
during TEVAR should be strictly performed according to
the protocol proposed by each cardiovascular team.
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Introduction

Thoracic endovascular aortic repair (TEVAR) has become
a standard treatment on the descending aorta, which is a
less invasive approach than open surgery and its avail-
ability and relative ease of application have changed and
extended management options in thoracic aortic disease.
However, spinal cord injury (SCI) can occur immediately
or be delayed, requiring clinical and neurological surveil-
lance after TEVAR when the critical intercostal arteries are
inevitable to sacrifice. This review paper presents how to
prevent SCI, representing mechanism of SCI.

Mechanism of spinal cord injury during thoracic
endovascular aortic repair

Incidence

Generally, the incidence of SCI averaged 3-5 % with TE-
VAR. The incidence of paraplegia/paraparesis after TE-
VAR, compiled from the peer reviewed literature reporting
atleast 20 casesis listed in Table 1[1-20]. There was a broad
range in the incidence of SCI, with an average of 4.5 % in
7309 patients (range 0-10.3 %), not making this technique
superior to the open surgical procedure. Although sacrificing
the critical intercostal arteries is inevitable with TEVAR,
hemodynamic stability during the procedure must be trans-
lated into a lower risk of paraplegia. Therefore, many cases in
SCI with TEVAR have incomplete and delayed appearance
as compared with open aortic surgery.
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Table 1 Incidence of

Author, year Patients’ SCI % Author, year Patients’ SCI %

paraplegia/paraparesis after No. number No. number

endovascular repair of thoracic

aortic pathology (1999-2013) Mitchell, 1999 103 3 29  Iyer, 2006 70 0 00

(11201 Won, 2001 23 0 00  Morales, 2007 186 7 38
Taylor, 2001 37 0 0.0 Buth, 2007 606 15 2.5
White, 2001 26 1 3.6 Khoynezhad, 2007 153 8 5.2
Gravereaux, 2001 53 3 5.7 Kawaharada, 2007 149 3 2.0
Cambria, 2002 28 0 0.0 Sandroussi, 2007 65 2 3.1
Thompson, 2002 46 0 0.0 Qu, 2008 87 3 34
Criado, 2002 47 0 0.0 Amabile, 2008 67 5 7.5
Lepore, 2002 43 3 7.0 Feezor, 2008 326 33 10.1
Ellozy, 2003 84 3 3.6 Misfeld, 2008 56 2 4.7
Bell, 2003 67 3 4.5 Pearce, 2008 127 17 1.3
Bergeron, 2003 38 0 0.0 Hnath, 2008 121 5 4.1
Chabbert, 2003 47 0 0.0 Siegenthaler, 2008 21 1 4.7
Krohg-Sorensen, 2003 20 0 0.0 Greenberg, 2008 352 15 4.3
Lambrechts, 2003 26 0 0.0 Matsumura, 2008 160 9 5.6
Schoder, 2003 28 0 0.0 Fairman, 2008 195 17 8.7
Matravers, 2003 24 0 0.0 Kim, 2009 72 0 0.0
Lamme, 2003 21 0 0.0 Preventza, 2009 346 14 4.0
Orend, 2003 74 2 2.7 Nakamura, 2009 36 1 2.8
Neuhauser, 2004 31 2 6.4 Kische, 2009 180 5 2.8
Bortone, 2004 132 0 0.0 Nienaber, 2009 72 2 2.6
Brandt, 2004 22 1 4.5 Chaikof, 2009 197 4 2.0
Leurs, 2004 443 11 2.5 Cambria, 2009 59 1 1.7
Crerny, 2004 54 0 0.0 Martin, 2009 261 27 10.3
Hansen, 2004 59 1 1.7 Knowles, 2010 96 6 6.2
Makaroun, 2005 142 4 2.8 Matsuda, 2010 81 3 3.6
Chiesa, 2005 103 4 3.9 Ullery, 2011 424 12 2.8
Greenberg, 2005 100 6 6.0 Georg, 2013 96 4 4.2
Melissano, 2005 45 1 2.2 DeSart, 2013 607 57 43
Cheung,2006 75 5 6.7 Total 7309 331 4.5

Mechanism

Normal blood flow at the gray matter of the spinal cord has
been considered to be 100 ml/min/g; the critical point of
tissue blood flow that causes tissue ischemia is assumed to
be 20 ml/min/g. The inherited potential of the blood supply
to the spinal cord depends on a network of blood vessels
around the cord. Factors that increase the blood reserve of
the spinal cord during the perioperative period for TEVAR
on the descending or thoracoabdominal aorta are (1) an
increased cardiac output, (2) increased blood pressure (3)
avoidance of hypoxemia and anemia, (4) preservation of
the critical intercostal arteries, and (5) reduced CSF pres-
sure [21]. The largest 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
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grafts to be associated with SCI. These three clinical
variables each have a well-established relationship to the
blood supply of the spinal cord. Coverage of the left sub-
clavian artery, for instance, compromises the proximal
collateral circulation to the spinal cord, including the ver-
tebral and internal thoracic arteries. Extensive coverage of
long segments of the thoracic aorta using multiple stent
grafts may also significantly limit spinal cord perfusion by
compromising important intercostal (T7-L1) and lumbar
segmental arteries supplying the anterior spinal artery [8,
9]. Prior AAA repair can similarly lead to diminished
spinal cord perfusion by compromising pelvic and hypo-
gastric collaterals [12, 22]. Moreover, degenerative aneu-
rysms have been associated with an increased risk for SCI,
given that these patients tend to have fewer patent inter-
costal arteries as compared to those with postdissection
thoracic aneurysms. An atheroma with an irregular and
speculated appearance is commonly called a “shaggy
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aorta” that may be related to shower embolization in TE-
VAR. Spinal cord injury is caused by shower embolism
after TEVAR. High risk factors for spinal cord injury
during TEVAR are as follows,

1. Coverage of the left subclavian artery.
Extensive coverage of long segments of the thoracic
aorta (the length of coverage by stent graft >30 cm)
[16].

3. Prior downstream aortic repair.

4. Compromising important intercostal (T8-L1), verte-
bral, pelvic and hypogastric collaterals.

5. Shaggy aorta.

Hybrid operation using frozen or long elephant trunk
technique

The rate of incidence of SCI after frozen elephant trunk
(FET) was reported to be 8.2 % [23]. Spinal cord injury
after FET is associated with the thoracic vertebral level
where the distal end of the FET was deployed and intra-
operative hypotension, similar to TEVAR. However, the
incidence of SCI with FET is generally higher than that
with TEVAR because of hemodynamic instability during
the procedure. Recently frozen elephant trunk has not been
recommended for complex pathologic condition requiring
stent graft delivery lower than T9. Efficacy of cerebrospi-
nal fluid drainage has been reported in frozen or long
elephant trunk for patients who have high risk factors as
previous mentioned.

Management for spinal cord injury during thoracic
endovascular aortic repair

Ullery in Hospital of the University of Pennsylvania
reported onset of SCI occurred at a median of 10.6 h (range
0-229 h) postprocedure and was delayed in 83 % (n = 10)
of patients [17]. Management for spinal cord injury should
be carried out sequentially before and under and after
TEVAR considering the mechanism of blood supply to
spinal cord.

Preoperative management
Imaging assessment

CT angiography is useful modality for diagnosis and
planning treatment for TEVAR. It is necessary to plan the
size of stent graft and to perform a risk evaluation of SCI in
total by grasping having cited left s ubclavian artery cov-
erage with revascularization or not and left vertebral artery
probe patency and relations of a network to the blood

supply of the spinal cord in CT, specially, important to
identify the intercostal/lumber arteries that supply the
Adamkiewicz artery (ICA-AKA). Matsuda reported that
the estimated incidence of permanent and transient spinal
cord injury was 3.7 % in all TEVAR patients, 6.0 % when
part of or the entire distal aorta was covered and 12.5 %
when the patent ICA—AKA was covered [16].

Prophylactic cerebrospinal fluid drainage

It is intended to maintain spinal cord return current by
allaying cerebrospinal pressure by cerebrospinal fluid
drainage. In high-risk patients with poor network to the
blood supply of the spinal cord, preventive cerebrospinal
fluid drainage (CSFD), which has proven efficacy in spinal
cord protection during TEVAR similar to open thoraco-
abdominal aneurysm surgery, is strongly recommended
[21]. However, we always must pay attention to the com-
plications such as intracranial bleeding or a hematoma or
meningitis in the spinal cord in 2-3 % with CSFD. In a
recent review by Estera et al. [4] spanning 15 years and
1107 patients, CSF drain placement showed a technical
success rate of 99.8 % and a drain-related complication
rate of 1.5 %. Subdural hematoma developed in five
patients (0.4 %); however, since implementing a limited
CSF drainage protocol, this complication has not devel-
oped in any patients. Certain clinical situations may pre-
vent the placement of a spinal drain, such as patients with
symptomatic or ruptured thoracic aortic pathology or
patients with prior lumbar spine surgery. Indications for
placing a spinal drain, based on our current practice, are
listed in Table 2.

Shaggy aorta

Shaggy aorta may be related to shower embolization in
TEVAR. Spinal cord injury occurs caused by that shower
embolism after TEVAR. Therefore, the shaggy aorta has
recently been considered a contraindication for TEVAR.

Table 2 Indications for the use of cerebrospinal drains in patients
requiring thoracic endografts

Indications for the use of cerebrospinal drainages during TEVAR

1 Anticipated endograft coverage of T8-L1 (especially
ICA-AKA?)

2 Coverage of a long segment of thoracic aorta (>30 cm)

3 Compromised collateral pathways; for example, previous
infrarenal aortic aneurysm repair, occluded hypogastric arteries,
coverage of the left subclavian artery without revascularization

4 Symptomatic spinal ischemia in a patient who did not have a
drain placed preoperatively

* Intercostal/lumber arteries that supply the Adamkiewicz artery
identified by preoperative CT/MRI angiography
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However, we sometimes must perform TEVAR to the
atheromatous aorta with thickened wall on the descending
aorta. Statins have been reported to have pleiotropic effects
such as regression and stabilization of plaques in the aorta,
similar to the coronary artery [24].

Operative strategies

In extended thoracic, thoracoabdominal aneurysm, two-
stage operation has been considered to diminish risk of
SCI. Especially in the case of TEVAR with abdominal
debranching for TAAA, the interval between debranching
procedure and TEVAR should be several weeks to have
hemodynamic stability. Long elephant trunk or frozen
elephant trunk for extended aneurysm has been not rec-
ommended. Two-stage TEVAR after upstream aortic
replacement has been recommended for such pathologic
condition that specially required stent graft delivery lower
than T9.

Intraoperative management
Reconstruction of left subclavian artery (LSA) bypass

LSA should be reconstructed as much as possible as
mentioned above because the coverage of LSA is one of
the high risk factors of SCI. In particular, reconstruction of
LSA is requisite for a case to have other SCI high risk
factors with a long stent-graft treatment [25]. The proce-
dure of reconstruction of LSA is reported in various ways.
Generally a bypass the right axillary artery to the right
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Fig. 1 Intraoperative monitoring of mean AP and MEP during
TEVAR for high-risk patient of spinal cord ischemia—a typical case
that MEP temporary decrease. Elective thoracic endovascular aortic
repair using two stent grafts was performed zone 3 to T-12 (treatment
length was 32 cm) with coverage of intercostal artery (T-10) that
supplied the Adamkiewicz artery for 79-year woman who had
extended thoracic aneurysm. Because myogenic motor-evoked
potential (MEP) decreased by 60 % 15 min after deploying stent
graft, cerebrospinal fluid drainage (CSFD) was open and mean arterial
pressure (AP) was raised by volume overload and vasopressor
medication
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axillary artery using a prosthesis graft is performed via
bilateral subclavian incision. As an alternative procedure,
there is the bypass to the left subclavian artery from a
common left carotid artery via single incision on the left
neck. The author prefers this approach because the bypass
is short and is not over the midline neck. It is important to
evaluate the communication between bilateral vertebra/
basilar artery and the internal carotid artery before de-
branching bypass of neck arteries.

Maintenance of systemic blood pressure

The blood pressure maintenance after the stent-graft
placement is important from a point of view where spinal
cord ischemia during TEVAR greatly participates in the
anterior spinal artery network. It is necessary to maintain
low blood pressure when the stent graft is deployed with

Left Foot

Fig. 2 A case that myogenic motor-evoked potential decreased
during TEVAR. a Baseline MEP in pre-stent grafting. b MEP
decreased by 60 %. Asterisk After stent grafting. ¢ MEP recovered by
interventions shown in b to spinal cord ischemia
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regard to migration of the stent graft. However, systemic
blood pressure should be immediately augmented after
being deployment and touch-up of stent graft. It is required
to manage it so that mean blood pressure becomes more
than 90 mmHg with vasopressors such as infusion load,
correction of anemia and sometimes vasopressor medica-
tion [17].

Monitoring of SCI using measurement of motor-evoked
potential during TEVAR

Motor-evoked potential (MEP) and somatosensory-evoked
potential (SSEP) monitoring are established methods of
spinal cord monitoring to evaluate spinal cord ischemia
quantitatively during not only extensive thoracoabdominal
aortic repair but also TEVAR [16]. In particular, MEP is
effective in the case with having high risk factors. When
MEP shows a drop after deployment of stent graft, we can
deal with infusion load, anemia improvement, and the
augmentation of blood pressure from an early stage
(Figs. 1, 2) and become able to accomplish postoperative
management strictly to prevent delayed SCI. Schurink
reported the MEPs immediately decreased below 50 and
30 % in 2 patients of 12 after coverage of ICA—AKA by
TEVAR, recovering to levels above 50 % by elevation of
the mean arterial pressure. They concluded that monitoring
of MEPs during TEVAR shows no decrease in most cases,
but this can be reversed by elevation of the mean arterial
pressure if a decrease of MEPs occurs [26].

Preoperative Risk
1. Coverage of the left subclavian artery

2. Extensive coverage of long segments of the thoracic aorta
3. Prior downstream aortic repair
4. Compromising important intercostal (T8-L1), vertebral, pelvic
and hypogastric collaterals

1. Vascularinjury
2. Hemorrhage
3. Hypotension
4, MEP abnormality

Postoperative neurological deficit
assessment of lower extremity
Normal
findings

Intraoperative Risk /

) 3. Vasopressor medication
4. Increase mean arterial pressure >= 90 mmHg
| Incomplete recovery
Neurologic

|

Management for atheromatous lesion during TEVAR

When we perform TEVAR to the atheromatous aorta with
thickened wall on the descending aorta, we should avoid
landing and touch-up to the atheromatous aorta as much as
possible in performing TEVAR. Using a temporary AV
shunt with a sieving device for an embolic protection has
been reported in a TEVAR for shaggy aorta [27].

Postoperative management

Generally all patients should be taken care after TEVAR in
an intensive care unit (ICU) for 24 h to manage hemody-
namic state according to spinal protection protocol. The
algorithm to manage the risk of spinal cord ischemia in
patients undergoing TEVAR has been shown in Fig. 3. A
focused neurologic assessment was performed on an hourly
basis until recovery from anesthesia permitted a more
thorough neurologic examination. Lower extremity motor
function was classified according to the following modified
Tarlov scale, ranging from 0 to 5: 0, no lower extremity
movement; 1, motion without gravity; 2, motion against
gravity; 3, able to stand with assistance; 4, able to walk
with assistance; and 5, normal. Mean arterial pressure
should be maintained over 90 mmHg after stent-graft
placement for a while to prevent delayed spinal cord
ischemia in high-risk patients of spinal cord ischemia. In
patients receiving CFSD, cerebrospinal pressure is kept
less than 10 mmHg, while the head of the bed (HOB) is

Interventions A

1. Prophylactic CSF drainage

2 MEP monitoring recommended if possible
3. Mean arterial pressure 75-90 mmHg

Interventions B
1. Volume overload
2 Correction of anemia and O, saturation

Intervention C
1. Increase mean arterial pressure by 5 mmHg
2 CSF drainage for CSF pressure >= 10mmHg

Intervention D

1. Restart antihypertensive drug therapy
2 Close CSF drainage at 24 hours

3. Remove CSF drainage at 48 hours

Fig. 3 Proposed algorithm to manage the risk of spinal cord ischemia in patients undergoing thoracic endovascular aortic repair. CSF

cerebrospinal fluid, MEP motor-evoked potential
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<15°. When the HOB is >15°, we assess neurologic status
prior to elevating the HOB. The drain remains in place for
24 h in an ICU, and is then removed. The utility of
extending the duration of CSFD beyond 48 h diminishes
over time because SCI episodes beyond 48 h are infrequent
and risk of CSFD-related complications increases [12].
Reason for capping the drain 24 h 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
hypotension after removal. In patients without CSFD
placement, if neurologic findings to suspect spinal cord
ischemia occur, CSFD should be immediately performed
after having confirmed normal coagulation. From experi-
ences of delayed paraparesis over 2 days after TEVAR, it
is necessary to give careful hydration and sequential care of
blood pressure and hydration after ICU care until discharge
for high-risk patients.

Conclusion

Spinal cord injury during TEVAR is not negligible. Peri-
operative care, from preoperative to postoperative, in TE-
VAR should be strictly performed according to the
protocol proposed by each cardiovascular team.
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