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Abstract
The object of this review is to examine the role of TEVAR in causing SCI. The
anatomy and physiology of blood flow to the spinal cord is examined. The
role of auto regulation of blood flow within the spinal cord is also examined.
This review examines the reported results from the scientific literature of the
effect of thoracic aortic aneurysm repair on spinal cord blood flow. In the
light of these findings several conclusions can reasonably be reached. These
conclusions are that the development of SCI can reasonably be predicted
based on complexity and extent of the TEVAR procedure performed and BP
augmentation and CSF drainage can significantly reduce the impact of SCI.
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1. What Is Spinal Cord Ischemia (SCI)
Ischemia is the stopping of blood, originally the staunching of bleeding, now
only local anaemia; deficiency of blood supply to (a part of) an organ. Therefore
spinal cord ischemia is reduction or cessation of blood supply to part or whole of
the spinal cord. When blood supply is lost there is usually a commensurate loss
of function. With respect to the spinal cord this usually means the development
of paraparesis or paraplegia. Ultimately profound reduction in blood supply results in infarction and death of the organ.
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2. How Is the Spinal Cord Supplied with Blood
Blood supply to the spinal cord is predicated on 2 systems. The first is the anatomical structures of arteries and veins which supply oxygenated blood to the
spinal cord and removed deoxygenated blood back to the heart. The second is
the auto regulatory mechanisms the control the microcirculation of blood vessels
within the spinal cord itself.
The anatomical layout of spinal cord blood supply is examined by Griepp RB
& Griepp EB [1] “the major cephalic inputs into the spinal cord blood supply include the vertebral arteries and other branches of the subclavian and carotid arteries that reach the cord in its upper portion. The input to the central cord is
from multiple segmental branches (the intercostal and lumbar arteries), including a large branch in the lower thoracic or upper abdominal aorta now designated as the artery of Adamkiewicz. The distal spinal cord and caudaequina are
supplied primarily from the hypogastric arteries and their branches.”
Lazorthes G, Gouaze A, Zadeh JO et al. [2] espoused the concept of the collateral network of the spinal cord consisting of [1] arteries in the spinal cord, [2]
perivertebral tissues and [3] paraspinal muscles with inputs at the 3 levels as outlined by Griepp and Griepp above. They documented the dynamic nature of
spinal cord blood supply input and also the possibility of steel syndrome through
the same system. The collateral network is likely to be significantly influenced by
spinal cord vascular auto regulation.
Spinal cord vascular auto regulation is based on 3 factors [1] systemic arterial
pressure, [2] central venous pressure and [3] cerebrospinal fluid pressure.
Griepp and Griepp [1] have made the statement “Arterial perfusion pressures in
the high physiologic range have been adopted by almost all aortic surgeons.”
And “Perfusion through the collateral network is undoubtedly enhanced by high
perfusion pressures. Most surgeons insist that mean arterial pressures be maintained at least at 80 mmHg and perhaps as high as 90 to 100 mmHg during the
operative period.”
Lazorthes G, Gouaze A, Zadeh JO et al. [2] examined 10 patients for a consecutive series of 858 thoracoabdominal repairs (June1990-June 2006). These patient all had delayed onset paraplegia within 48 hours postoperatively. In all 10
patients somato-sensory evoked potentials were intact at the completion of surgery. A control group of 10 matched subjects without spinal cord injury were
compared for hemodynamic characteristics and extent of segmental artery sacrifice. The only significant difference between these 2 groups was a higher mean
central venous pressure in the paraplegia group during the first 5 hours postoperatively.
Cerebrospinal fluid (CSF) is produced by the choroid plexus and the ependymal cells of the brain. The choroid plexus is essentially a venous plexus and
CSF occupies the subarachnoid space of the central nervous system. Ependymal
cells actively secrete sodium into the lateral ventricles creating osmotic pressure
which draws in water and chloride. About 500 mls of CSF is produced in 24
hours but CSF is constantly reabsorbed so that 100 mls to 160 mls is present at
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any one time. Recently Klaric M, Oreskovic D [3] have suggested that CSF is
produced in the entire central nervous system as a consequence of water filtration through capillary walls and is controlled by AQP4. AQp4 is a membrane
protein that controls conduction of water through membranes [4]. AQp4 is up
regulated by direct insult to the central nervous system. Circulation of CSF is
dependent on the cardiac cycle and is bidirectional.
Therefore CSF formation and pressure as well as reabsorption are influenced
by the differential between arterial and venous pressure and modified by activity
of AQp4. Spinal cord perfusion pressure is determined by the relationship between arterial pressure in the collateral network, which is also influenced by
central venous pressure, and pressure of CSF in the subarachnoid space. The interplay between these factors may result in subtle variation of spinal perfusion
pressure and therefore spinal cord perfusion.

3. What Are the Risk Factors for Spinal Cord Ischaemia
In 1998 Ishmura S, Kawaguchi S, Koizumi N Obitsu Y & Ishikawa M, [5] reported on the use of a retrievable aortic occluder to predict the development of
spinal cord ischemia based on the end point of somato-sensory evoked potentials. In 2001 Gravereaux EC, Faries PL, Burks JA et al. [6] with an experience of
53 patients concluded “concomitant or previous abdominal aortic aneurysm repair and long segment thoracic aortic occlusion appear to be important risk factors (for the development of SCI). Chiesa R, Melissano G, et al. [7] reported on
an experience over 5 years of 103 patients elective endovascular repair of the
thoracic aorta. They concluded that “Peri-operative hypotension (MAP < 70
mmHg) was found to be a significant predictor of spinal cord ischemia”. They
also indicated that “patients with previous or synchronous abdominal aortic repair” were at risk of developing SCI. They also indicated the length of aortic
coverage may be an important factor in the development of SCI. Buth J, Harris
PL, Hobo R et al. [8] made the following statement “independent correlation
with SCI was observed for 4 factors [1] left subclavian artery covering without
revascularisation (odds ratio [OR], 3.9; p = 0.027), [2] renal failure (OR, 3.6; p =
0.02), [3] concomitant open abdominal aortic surgery (OR, 5.5; p = 0.037) and
[4] 3 or more stent grafts used (OR, 3.5; p = 0.043). Some of these findings were
confirmed by Kawaharada N, Morishita K, Kurimoto Y et al. [9] concluded
“Prior thoracic aortic replacement was found to be a significant predictor of
spinal cord ischemia”. Amabile P, Grisoli D, Giorgi R et al. [10] in an experience
of 67 patients concluded “Multivariate logistic regression analysis showed that
length of aortic coverage was the only independent significant predictor of SCI.
ROC curve analysis revealed 205mm of aortic length coverage as the threshold
for increased risk of postoperative SCI (p = 0.001), with specificity and sensitivity of 95.2 and 80% respectively”. Similarly Feezor RJ, Martin TD, Hess PJ et al.
[11] came to the following conclusion “patients with permanent SCI had a
greater absolute (260.5 ± 40.9 vs 195.8 ± 81.6 mm, p = 0.002) and proportionate
(88.8% ± 12.1% vs 67.6% ± 24.0%, p = 0.001) length of aortic coverage”. Also
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Greenberg RK, Lu Q, Roselli EE et al. [12] Found “No significant difference in
the incidence of mortality or SCI was found between ER and SR techniques. The
strongest factor associated with SCI remains the extent of the disease”. Drinkwater SL, Goebells A, Haydar A et al. [13]. Concluded “ … of the prespecified
factors investigated for association with SCI, only percentage of aortic coverage
was significantly associated with the incidence of SCI; adjusted odds ratio per
10% increase in aorta covered = 1.78 [95% CI 1.81 - 2.71], p = 0.007”. In 2011
Ullery BW, Cheung AT, Fairman RM et al. [14]. In a study of 424 patients undergoing TEVAR stated “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 = 0.029)”.
In summary the factors that are clearly demonstrated within the scientific literature to be predictors for development of SCI are the extent of coverage of the
aorta with a threshold of 205 mm absolute coverage or doubling for every 10% of
aortic coverage. Coverage of the subclavian artery without revascularisation and
prior or concomitant abdominal aortic surgery have also been demonstrated to
be associated with the development of SCI. The association between chronic
renal failure and the development of SCI is most likely to be a reflection of the
extent of involvement of the aortic disease process. The overarching thesis is the
impact all these factors have on perfusion pressures provided to the spinal collateral network from the proximal, mid segmental and distal hypogastric arterial
supply of blood flow.

4. What Is the Incidence of Spinal Cord Ischemia
The reported incidence of SCI is variable because each reported series consists of
variable numbers of patients with vary incidence of risk factors and varying incidence of interventions to prevent or ameliorate SCI. However in a review of
[15] Sullivan TM and Sundt TM looked at 28 studies from 1999 to 2005 which
included 1895 patients. Twelve of these studies reported a zero incidence of paraplegia/paraparesis but only 1 of these studies contained more than 50 patients.
Overall the rate of paraplegia/paraparesis was 2.7% and varied from 12.5% to
zero. Since then Etz CD, Halstead CD, Spielvogel D et al., [16] reported 2% paraplegia rate for 100 consecutive patients using intra-operative monitoring with
Motor evoked potentials and somato-sensory evoked potentials and treatment
with blood pressure manipulation and routine CSF drainage for between 28 and
72 hours postoperatively. Bavaria JE, Appoo JJ, Makaroun MS et al., [17] reported on 140 patients undergoing TEVAR and 94 open surgical control patients. The rate of SCI was 3% in the TEVAR group versus 14% in the open surgical group. Conrad MF, Crawford RS, Davison K et al. [18] reported retrospective experience of 445 patients treated between 1987 and 2005. SCI occurred in
13.2% and sustained major paraplegia occurred in 9.5% of patients. They reported that epidural cooling significantly reduced the risk of SCI. Buth J et al.
from [8] the EUROSTAR registry reported 2.5% SCI for the 606 patients in their
study. Kawaharada et al. [9] in 144 patients undergoing thoracic stent graft re76

R. Englund

ported 3.6% paraparesis/paraplegia. Amabile P et al. [10] reported 7.5% SCI in
67 consecutive patients. No patients in this series had intra-operative neurological monitoring or CSF drainage. In 2008 Etz CD et al. [16] from 858 patients
undergoing repair in patients treated between 1990 and 2006 report a paraplegia
rate of 2.7%. In 2008 Matsumura JS, Cambria RP, Dake MD et al. [19] reported
the results of a trial comparing open with endovascular repair for thoracic aortic
pathology which included both aneurysms and large aortic ulcers. Patients (n =
230) were randomised into either TEVAR (n = 160) or open surgical repair (n =
70). There was no significant difference in the incidence of SCI between the 2
groups . Two patients in the TEVAR group developed paraplegia and 7 developed paraparesis (5.6% SCI rate). Freezor et al. [11] in Dec 2008 reported SCI
rate of 10% in a retrospective series of 326 TEVAR treated patients. Greenberg
RK et al. [12] reported a comparison study of consecutive patients (n = 724)
treated by either open operation or TEVAR. There was no difference with respect to the incidence of SCI between the 2 groups (7.5% vs 4.3% respectively).
In 2010 Drinkwater SL et al. [13] reporting on 235 patients found permanent
paraplegia rate of 5.5% and an overall SCI incidence of 9.8%. In 2011 Ullery BW
et al. [14] in 424 patients treated between 2002 and 2010 reported SCI rate of
2.8%.
In summary one could reasonably assume a baseline SCI rate of between 2%
to 3% with subsequent adjustment upwards for the presence of the risk factors
length of coverage of the aortic segment, previous or concomitant aortic surgery,
presence of chronic renal failure and coverage of subclavian artery or hypogastric vessels distally without revascularisation. The presence of all these factors
could result in an incidence of SCI > 10%.

5. What Can Be Done to Prevent SCI?
The techniques available to mitigate SCI are (1) distal aortic perfusion (2) implantation or preservation of segmental arterial supply to the spinal cord (3)
epidural cooling (4) Blood pressure and hemodynamic manipulation (5) CSF
drainage.
In 1982 Cunningham JN, Laschinger JC, Merkin HA et al. [20] described the
use of somat-osensory evoked potentials to detect SCI and reversed these
changes by use of heparinised shunt and femoro-femoral shunt. Subsequently a
number of studies have claimed to demonstrate the benefit of distal aortic perfusion during thoracoabdominal aneurysm repair, [21] [22]. However distal aortic
perfusion is not likely to be relevant to endovascular repair of the thoracic aorta.
Further distal aortic perfusion is probably of no benefit in those patients experiencing delayed onset paraplegia. In 2004 Coselli JS et al. [23] reported on 15
year experience of 387 patients and made the statement “the use of LHB during
DTAA repair did not reduce the incidence of spinal cord injury.”
Although re-implantation of intercostal arteries would seem to be a reasonable approach to the avoidance of SCI in 2006 Etz CD et al. [16] reviewed 100
consecutive patients undergoing thoracic aneurysm repair involving serial seg77
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mental artery sacrifice. They claimed “sacrifice-without re-implantation- of as
many as 15 intercostal and lumbar arteries during TAA/A is safe”. As with distal
aortic perfusion this technique is not relevant to the performance of TEVAR.
The use of epidural cooling has been reported by Cambria RP, Davison JK,
Carter C et al. [24]. They treated 170 consecutive patients by this technique by
open operation reporting 7% SCI. This technique is unlikely to have much impact on cases of delayed paraplegia. Additionally most reports of the use of this
technique have been associated with the use of other adjunctive measures.
Blood pressure and hemodynamic manipulation is designed to improve the
perfusion pressure presented to the spinal collateral vascular network. In 2011
Ullery et al. [14] concluded “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 achieving complete, long term neurological
recovery”. Similarly Hnath et al. [25] in 2008 concluded “Peri-operative CSF
drainage with augmentation of systemic blood pressures may have a beneficial
role in reducing the risk of paraplegia in patients undergoing thoracic aortic
stent graft placement”. Further Griepp et al. [1] stated in 2007 “Arterial pressure
in the high physiological range have been adopted by almost all aortic surgeons.”
And “Perfusion pressure through the collateral network is undoubtedly enhanced by high perfusion pressure. Most surgeons now insist that mean arterial
pressures be maintained at least at 80 mmHg and perhaps as high as 90 to 100
mmHg during the operative procedure. In 2005 Chiesa et al. [7] stated “perioperative hypotension (MAP < 70 mmHg) was found to be a significant predictor of spinal cord ischemia; hence careful monitoring and prompt correction of
arterial pressure may prevent the development of paraplegia.” Cheung et al.
(2005) [26] noted that SCI occurred in 5 patients of their series of 75 patients.
Two had full recovery in response to arterial augmentation alone. Two had full
recovery and one had near complete recovery in response to arterial pressure
augmentation and CSF drainage.
In 2004 Cina CS, Abouzahr L, Arena GO et al. [27] conducted a review of the
use of CSF drainage to prevent SCI. They found” Three RCTs reported 289 patients with type I or type II TAAA. Lower limb neurological deficits occurred in
12% patients who underwent CSF drainage and 33% of control subjects (number
needed to treat, 9; 95% confidence interval [C.I.], 5 - 50). The pooled odds ratio
(OR) for the development of paraplegia in patients in the CSF drainage group
was 0.35 (p = 0.05; 95%C.I., 0.12 - 0.99). Similar results were found in 5 cohort
studies with a control group (pooled OR, 0.26; p = 0.0002; 95%C.I., 0.17 - 0.53).
When all studies were considered together the pooled OR of TA and TAAA was
0.3 (95% CI, 0.17 - 0.54). Some have advocated the selective use of CSF drainage.
Sullivan and Sundt (2006) have suggested that the indications for CSF drainage
were 1) Anticipated endograft coverage T9-T12 (location of anterior spinal artery); 2) Coverage of long segment of thoracic aorta; 3) Compromised collateral
pathway (e.g. previous infrarenal aortic aneurysm repair); 4) Symptomatic spinal
ischemia (in a patient who did not have a drain placed preoperatively).
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6. What Are the Risks Associated with CSF Drainage
In 2009 Estrera AL, Shienbaum R, Miller CC et al. [28] outlined the use of CSF
drainage in 1105 of 1107 patients on an intention to treat basis. “The CSF leaks
with spinal headache, CSF leak without spinal headache, spinal headache, intracranial hemorrhage, catheter fracture, and meningitis occurred in 6 (0.54%), 1
(0.1%), 2 (0.2%), 5 (0.45%), 1 (0.1%) and 2 (0.2%) of cases , respectively.” The
overall complication rate was 1.7%. Further Wynn MM, Mell MW, Tefera G et
al, (26) reported a mortality rate from spinal fluid drainage complications as
0.6% (3 of 482) [29].

7. Conclusion
The performance of TEVAR is associated with a 2% to 3% incidence of spinal
cord ischemia. This risk increases with clearly identified factors. These factors
are the extent of coverage of the aorta by stent graft, prior aortic surgery, the
performance of debranching procedures, the presence of renal impairment and
the presence of hypotension. Peri-operatively the maintenance of mean systemic
arterial blood pressure at 90 mmHg or more can prevent the development of
spinal cord ischemia in many cases. CSF drainage is an important adjunct to the
prevention of SCI in high risk cases or where blood pressure management has
been optimal but SCI has developed.
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