Prevention of Spinal Cord Ischaemia During Descending

Thoracic and Thoracoabdominal Aortic Surgery

Recommendations

Primary Suggestions

1.

2.
3.

4.

Hemodynamic Stability- obvious avoidance of extremes but important to:

a. Avoidance of hypotension- maintain MAP within 20% of baseline and at

least 65-70 mmHg (adjust accordingly)

b. Consider higher MAP if shunt in use or history of hypertension

c. Avoidance of tachycardia (i.e. cardioprotective strategy)
Spinal drain for 48 hrs keeping the CSF pressure < 7-10 cmH,0
Keep spinal cord perfusion pressure (Distal aortic MAP- CSF pressure) > 60-70
mmHg
Regional hypothermia- Use of cold saline either by intermittent boluses or
infusion into epidural and/or subarachnoid space (target is CSF temp 25-28°C).
Remember to safeguard against the potential deleterious effects of CSF pressure
elevation that occurs coincident with the epidural infusion .

Considerations

w

Preoperative identification of artery of Adamkiewicz using MRA or angiogram to
allow preservation and/or reimplantation intraoperatively.

Femoral arterial line or arterial cannula in distal part of the axillo-femoral graft to
measure MAP below the clamp.

Monitoring of spinal cord function by MEP and/or CSF lactate.

Intrathecal papaverine in selected cases.

One of the most feared complications of thoracoabdominal aneurysm repair is paraplegia
following seemingly successful surgery. Neurological injury after conventional open
repair occurs in up to 22% of patients after type 1l repair’. Paraplegia rates are often
diluted into a wider group of patients such as thoracic repair® and type IV? repair in
whom the risk is reduced. Paraplegia results not only in severe physical disability, but is
also associated with decreased survival rates *. There is much debate over the best
methods to reduce the rate of paraplegia

With advances in anesthetic and surgical techniques, the incidence of intractable

neurological complications has declined, but the rate of paraplegia or paraparesis still
ranges from 5 to 40%>
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FIGURE 1. Mormal theraccabdominal acrta and aneurysm classification. Extent |, distal to the left subclavian artery to above the
renal arteries. Extent |1, distal to the left subclavian artery to below the renal arteries. Extent I1l, from the sixth intercostal space to
below the renal arteries. Extent IV, from the twelfth intercostal space to below the renal arteries (total abdominal acrtic aneurysm).
Extent V, below the sixth intercostal space to just above the renal arteries.

BLOOD SUPPLY TO THE SPINAL CORD

In the human embryo, there are paired radicular arteries that supply the spinal cord.® With
growth, these radicular arteries involute, and as a result, there are only a few radicular
arteries remaining in adults.” These radicular arteries are linked together by the
longitudinal arteries of the spinal cord, namely the paired posterior spinal artery and the
singlg anterior spinal artery (AnSA), which supplies the anterior two third of the spinal
cord.

Among the radicular arteries at different levels, there is one which is exceptionally
large called the artery of Adamkiewicz (ARM).” It has a characteristic hairpin bend that
perfuses the spinal cord distal to its junction with the AnSA. An interesting finding is that
the AnSA above the ARM is considerably smaller in diameter compared with that below
the ARM.” The level at which the ARM arises from the aorta varies amongst individuals
but arises from T9 to T12 in 75% of individuals (Varying in position from T7 to L4). **°

The AnSA is fed by different inputs. If most of these inflow tracts are
disconnected from the aorta, there will be a decrease in the pressure in the ASA and
retrograde flow of blood through the opened intercostal and lumbar vessels to the
operating field instead of going through the ASA due to a steal mechanism.** This
explains the clinical observation that the more extensive the aortic involvement and
resection, the higher will be the rate of paraplegia.*?
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PATHOGENESIS OF SPINAL CORD ISCHAEMIA

Immediate neurological complications are considered a direct result of hypoperfusion of
the spinal cord and secondary in hypoxic damage. Delayed complications can develop
between 1 and 21 days following surgery.*® This has been postulated to be the result of
reperfusion hyperaemia and free radical generation leading to edema of the cord with



regional hypotension and reduced perfusion of the vascular plexus.** The major causes of
spinal cord injury, during and after aortic surgery are:*®

(I) the duration and degree of ischaemia;

(1) Failure to re-establish blood flow to the spinal cord after repair;

(111) Biochemical mediated reperfusion injury.

I-Duration and degree of ischaemia

Effect of aortic cross-clamping:
Clinical studies have demonstrated that the duration of aortic cross-clamping is a major
determinant of postoperative paraplegia.’? The rate of paraplegia increases from 0% when
the cross-clamp time is less than 15 min, to 25-100% when the time exceeds 60 min.***’
The application of the aortic cross clamp will lead to hypertension proximal to the clamp
which increases the afterload of the heart resulting in heart failure and causes hypotension
distal to the clamp.'® The other effect of aortic cross clamping is an increase in CSF
pressure.’® Both the increase in CSF pressure and hypoperfusion of cord may contribute
to significant neurological complications.

Experimental studies demonstrated that the CSF pressure rose significantly after
60 min of cross clamping. If the CSF pressure was uniformly raised to, or exceeded that
in the distal aorta, the incidence of paraplegia was 100%.%° This has led to the concept of
‘relative spinal cord perfusion pressure’ which is equal to the distal mean arterial
pressure minus the CSF pressure.”*

I1-Failure to re-establish spinal cord blood flow: monitoring techniques

Failure to re-establish blood flow to the spinal cord after repair will lead to spinal cord
ischemia. Based on cadaver dissections examining the spinal cord blood supply in
humans, as well as on the use of hydrogen mapping, the critical vessels to be reattached
during surgery are those from T6 down to L2.

In 98 patients undergoing type | or type Il thoracoabdominal aneurysm repairs
Svensson et al®* found that If patients had intercostal or lumbar arteries between the T10
and L1 segments that were not reattached during the time of the aortic repair, the
incidence of paraplegia/paresis postoperatively was 63%, in contrast to a 25% incidence
rate in patients in whom these vessels were present and reattached (p = .05). Similarly,
studies by Ross and colleagues and by Safi and colleagues show a higher incidence of
paraplegia/paresis when patent intercostal or lumbar arteries were not reattached at the
time of surgery in these segments.?%*

I11-Reperfusion injury: mechanism

Reperfusion injury has been postulated as one of the etiologies of delayed spinal cord
injury. Reperfusion is the restoration of blood flow to the organ after a period of
ischaemia. Reperfusion of ischaemic neuronal tissues leads to release production of
oxygen derived free radicals, produced as a result of incomplete oxygenation during the
period of ischaemia.’®



Superoxide on its own is not highly reactive, however, when it reacts with
transition metal such as iron, superoxide and its metabolite, hydrogen peroxide, can be
converted into iron oxygen complexes and hydroxyl radicals. These are extremely
reactive and can cause considerable cellular damage. Neural tissue is very vulnerable to
iron related free radical injury. Efforts have been made to discover free radical scavengers
so as to reduce ischaemic cellular damage.”

MONITORING OF SPINAL CORD ISCHEMIA

Techniques have been developed to monitor the function of the spinal cord during surgery
so that surgeons can obtain information concerning the adequacy of blood supply to the
spinal cord after repair.

1. Somato-sensory Evoked Potential monitoring:

The primary injury to the spinal cord during surgery and aortic cross clamping is hypoxic
damage to the neurons. Nerve conduction is highly sensitive to hypoxia. A peripheral
electrical stimulation is elicited and the signal amplitude and conduction time along the
spinal cord are recorded at the cortical projection on the contralateral postcentral gyrus.

SSEP amplitude decreased by 40% after cross clamping with hypotension for 3—4
min. If this was allowed to persist, a flat-line SSEP response would be observed
indicating the absence of conduction.?®*’ Practically, SSEP is obtained by stimulation of
the posterior tibial nerve at the medial malleolus by a bipolar input channel. The SSEP
waveforms can be recorded by electrodes placed on the scalp. Measurements are made
before aortic cross clamping which serve as baseline. Tracings are recorded at 2-min
intervals during the rest of the operation.?® A 10% increase in signal latency usually
precedes a decrease in the amplitude. This shift in latency is directly related to the
decrease in perfusion pressure of the spinal cord. The duration of ischaemia required to
shift the latency 10% from its baseline is defined as the L10 time, indicating the need to
re-establish spinal cord perfusion in 4-6 min.® There are four classical types of SSEP
response:?

Type | responses are characterized by a decreased amplitude and increased latency 3-5 min after aortic
cross-clamping. This indicates failure to provide adequate perfusion pressure of up to 60 mmHg distal to the
clamp.

Type Il responses, SSEP is maintained throughout the period of aortic cross clamping indicating adequate
distal perfusion pressure. This indicates that the critical segmental arteries are not located within the
segment of aorta between the cross-clamps.

Type 111 responses are represented by the sudden loss of sensory conduction after application of the
proximal cross clamp indicating that the critical arteries are located within the excluded segment of the
aorta. This isan indication for reimplantation and reperfusion of the excluded intercostal segments.

Type IV responses are characterized by gradual ‘fade out’ of normal SSEP tracings in 30-50 min. This
indicates marginal or deficient distal perfusion even in the presence of proximal to distal bypass with
acceptable distal perfusion pressure. This occurs in the presence of profound vasodilatation, extensive



aneurysmal disease and failure of retrograde perfusion distal to aortic clamp. The surgeon must react
quickly to further re-establish distal perfusion at a higher perfusion pressure usually greater than 70 mmHg.

Clinical studies®®* have shown that SSEP is sensitive and may offer an
improvement in surgical strategy during thoracoabdominal aortic surgery. However,
SSEP only records the activity of the posterior and lateral columns of the spinal cord. It
fails to represent the function of the anterior spinal cord that is supplied by the single
ASA. The specificity of SSEP measurement is low with a false positive rate of 67%."

2. Motor Evoked Potential

MEPs are elicited either transcranially or by stimulation of the cord directly. Motor
responses can be recorded at the level of the cord (spinal MEP), the nerve (neurogenic
MEP) or the muscle (myogenic MEP). Experimental studies suggest myogenic MEP may
be sensitive in predicting paraplegia.*> Transcranially elicited MEP has been used
clinically with detection of cord ischaemia within minutes, and no false positive or false
negative results were observed.*® However, preoperative anesthetic planning is necessary
as most volatile anesthetic agents will depress myogenic responses.®’ Neuromuscular
blocking agents can affect the amplitude of the MEP and the level of the drugs has to be
maintained precisely. The other shortcoming of MEP is that axonal conduction is resistant
to ischaemia and the disappearance of MEP is slow after spinal blood flow has been
interrupted.®%

3. Cerebrospinal Fluid S100 and Lactate

There are strong correlations between C-S100 levels and C-lactate levels with time in
patients with SCI. In patients with SCI C-lactate levels increased soon after aortic cross-
clamping, whereas C-S100 levels did not become significantly elevated until 6 hours
after cross-clamping.®
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STRATGIES TO PREVENT SPINAL CORD ISCHEMIA

I- Reduction of the duration of ischaemia:

The duration of spinal cord ischaemia during aortic cross-clamping is of utmost
importance as the rate of postoperative paraplegia increased with cross-clamping time.
Large retrospective series have shown that the duration of aortic cross-clamping is
intimately related to the risk of neurological complications.***! aortic cross-clamp time
was the most important predictor of immediate post-operative neurological deficit along
with the extent and type of aortic aneurysm repaired, the presence of aortic rupture,
patient age, and renal dysfunction.'? The incidence of paraplegia was noted to be 27% in
those with an aortic cross-clamp time of over 60 min, falling to 8% with those that have
expedient surgery and clamp times of less than half an hour.

I1-Reduction of the severity of ischaemia:

a. ldentification of critical segqmental arteries (Preoperative angiography).

Preoperative angiography aimed at identifying the segmental arteries that give rise to the
critical radicular arteries supplying the cord. The major problem of this method is the
direct injection of toxic contrast agents via the ARM that may itself result in paraplegia.*?
Preoperative angiography may identify the ARM in 85% of cases. With the ARM
identified and that particular segment of aorta revascularized, the risk of paraplegia was
5%. If reimplantation was not carried out within the excluded segment bearing the ARM,
the risk of paraplegia was 50%.* Recently, magnetic resonance angiography has been
proposed as an alternative non-invasive method for studying of the ARM
preoperatively.** It has been shown that the ARM could be demonstrated in 69% of the
patients, however, the number of patients in this study is relatively small.*®

b. Intraoperative localisation of critical segmental arteries

The basis of this technique is that hydrogen is dissolved in solution with the production of
a weak current when in contact with platinum. If hydrogen is injected into a radicular
artery that supplies the spinal cord, it is carried to the ASA. The hydrogen will pass
through the membrane and the wall of the artery that is then detected by a platinum
electrode placed alongside the spinal cord.*°

c. Distal aortic perfusion technigues

It is important to maintain distal aortic perfusion pressures between 60 and 70 mmHg. As
perfusion falls below 60 mmHg, the spinal cord blood flow falls in proportion to
perfusion pressure.*’” With the use of distal perfusion techniques, a significant reduction
in the risk of spinal cord ischaemia has been reported.

d. Passive Shunts

In the 1960s, temporary external conduits were used as shunts in thoracic aortic surgery.
The most popular shunt was the one developed by Gott.* It was made of polyurethane
polyvinyl plastic with internal diameter of 5-6 mm and the lumen was coated with a




heparin-bonded nonthrombogenic material (benzalkonium or methylamonium). The shunt
was used to bypass the cross-clamped aorta. As the shunt has got a relatively small
diameter, the resistance to the blood flow is quite significant which may compromise
distal aortic perfusion, and the proximal aorta may not be adequately decompressed. The
maximum flow through the shunt at a pressure gradient of 60 mmHg represents only 50%
of the cardiac output.*’

Temporary passive axillary—femoral bypass can and are often used. Blood flow is
dependent on the mean aortic blood pressure proximal to the cross-clamp for distal aortic
perfusion.”® The targeted MAP is debatable but should be kept at least 65-70 mmHg and
possibly higher (see above).

e Left atrial to femoral artery bypass (LAFA)

With the use of LAFA bypass, the flow to distal aorta can be regulated by a roller or
centrifugal pump. The centrifugal pump causes less haemolysis and it is relatively free of
the complications of air embolism as any air being trapped in the pump will cause
cessation of its function.”* Minimal heparinization is needed but it is recommended for
patients with distal aortic perfusion or femoral occlusive disease. With the use of the
pump, the distal aortic perfusion can be maintained at 60-70 mmHg.>! The distal
perfusion technique is always used in conjunction with other adjunctive measures such as
CSF drainage or hypothermia.

In situations where there is an absence of well developed collaterals, such as in the
case of traumatic aortic injury, the role of distal aortic perfusion in preserving
neurological function is more obvious.?? Coselli®* has reported a large group of over 1000
patients who had thoracoabdominal aneurysm repairs, comparing those where left heart
bypass was employed with a historical cohort. In patients with type Il thoracoabdominal
aneurysms, those undergoing surgery with bypass had a incidence of paraplegia or
paraparesis of 4.5%. This was significantly lower than the rate of 11.2% in those that did
not.

f. Reestablishment of spinal cord blood flow

Griepp et al®® proposed stepwise sacrifice of intersegmental arteries the start of the
procedure before the aneurysm was opened. At the same time, somatosensory evoked
potentials were used to monitor spinal cord function with temporary occlusion before the
segmental arteries were tied off permanently.>® The concept of oversewing segmental
vessels with appropriate monitoring of the spinal cord is based on the fact that many
clinical studies showed that the rate of postoperative paraplegia increases with cross-
clamping time. Time might be saved by not reattaching the non-critical segmental
arteries.

Preischaemic conditioning by temporary occlusion before cross-clamping may
provide a certain degree of protection for the spinal cord,> and the reattachment of
segmental arteries especially from below T6 to L2, may be important even if the cross-
clamping time is prolonged.>® With the refinement of hydrogen mapping techniques,
together with monitoring of evoked potentials, the goal of shorter cross-clamping time
and selectively reattaching the critical segmental arteries may be achieved.>



http://ejcts.ctsnetjournals.org/cgi/content/full/19/2/203#BIB134
http://ejcts.ctsnetjournals.org/cgi/content/full/19/2/203#BIB134
http://ejcts.ctsnetjournals.org/cgi/content/full/19/2/203#BIB135
http://ejcts.ctsnetjournals.org/cgi/content/full/19/2/203#BIB135
http://ejcts.ctsnetjournals.org/cgi/content/full/19/2/203#BIB135

I11- Cardiovascular stability

Clearly hypotension will decrease the spinal cord perfusion substantially and long periods
may precipitate immediate neurological injury. The volume of blood lost is significantly
related to spinal cord injury®® presumably as a result of decreased spinal cord perfusion.
Anaesthetic staff need to be well trained in the field of major thoracoabdominal aneurysm
surgery to prevent large fluxes of blood pressure and end organ perfusion during the
procedure. Equally an intensive care unit that is familiar with all aspects of post-operative
care is invaluable in maintaining stability.

Safi'® provide useful information of this subject in a study of patients who
develop late onset spinal dysfunction. All patients in his study who developed spinal cord
paralysis showed an acute rise in cerebrospinal fluid pressure before the onset of
symptoms. Interestingly half of the patients who developed spinal symptoms had a period
of blood pressure instability immediately beforehand. Kawanishi et al concluded that
Perioperative hemodynamics stability is of vital importance for spinal cord protection
during thoracoabdominal aortic surgery. In particular, the duration of hypotension after
coming off bypass was an independent risk factor for paraplegia.'®*

I\VV-Physiological and pharmacological adjuncts

a. Drainage of cerebrospinal fluid.

When CSF pressure equaled or exceeded distal aortic pressure, paraplegia uniformly
occurred.?! The combined effects of decreased arterial pressure and an increase in CSF
pressure during aortic cross-clamping resulted in decreased spinal cord perfusion
pressure. The perfusion pressure can be maintained by decreasing the CSF pressure, i.e.
by CSF drainage. The use of CSF drainage before aortic cross-clamping in experimental
studies has shown that the incidence of paraplegia was lower when compared with a
control group.”

Three trials analyzed by Khan et al with a total of 287 participants operated on for
Type | or 1l TAAA were included. In the first trial of 98 participants,”® neurological
deficits in the lower extremities occurred in 14 (30%) of CSFD group and 17 (33%)
controls. The deficit was observed within 24 hours of the operation in 21 (68%), and
from 3 to 22 days in 10 (32%) participants. CSFD did not have a significant benefit in
preventing ischaemic injury to the spinal cord. A criticism of this study was the volume
of CSF drainage was only 50 ml during the period of cross-clamping. CSF was not
allowed to drain freely by gravity and drainage was not continued during the
postoperative period.

The second trial of 33 participants °’ used a combination of CSFD and intrathecal
papaverine. A statistically significant reduction in the rate of postoperative neurological
deficit (P = 0.039), compared to controls. In this study, 20 ml of CSF was drained 20 min
before cross-clamping and 3 ml of warmed preservative free papaverine solution was
introduced. CSF was allowed to drain freely by gravity but stopped after unclamping the
aorta. CSF was then allowed to drain freely during postoperative period if the CSF
pressure exceeded 7—10 cmH,0.




In the third trial *® TAAA repair was performed on 145 participants. CSFD was
initiated during the operation and continued for 48 hours after surgery. Paraplegia or
paraparesis occurred in 9 of 74 participants (12.2%) in the control group versus 2 of 82
participants (2.7%) receiving CSFD (P = 0.03). Overall, CSFD resulted in an 80%
reduction in the relative risk of postoperative deficits.

Neurological deficits attributable to the spinal drain itself including intracranial
haemorrhage occurred in 1% of patients and patients with cerebral atrophy were found to
be at increased risk.>®

Study Cases Control CSFD Po_stop
vol/pressure drainage
Crawford™® 14/46 (30%) 17/52 (33%) 50 mls only No
Svensson”’ 2/17(11.8%) 7/16(43.8%) 7-10 cm H20 | Up to 48 hours
Coselli™® 2/82(2.7%) 9/74(12.2%) <10mm Hg Up to 48 hours

b. Hypothermia

Hypothermia is one of the most effective methods in the protection of neural tissues
during ischaemia.®®® Experimental work has shown that during the periods of aortic
cross-clamping, hypothermia conferred a protective effect on spinal cord function.
Hypothermia increases the tolerance of neural tissue to ischaemia by decreasing oxygen
demand and the metabolic rate, and can confer a marked protective effect on the spinal
cord.®® Other mechanisms may also account for the protective effect of hypothermia. The
release of neurotransmitter has been implicated in the pathogenesis of ischaemic injury of
the spinal cord.®*®® The inhibition of the synthesis and release of these neurotransmitters
by hypothermia has been proposed as an additional factor that results in the protection of
the spinal cord.®"®

Profound systemic hypothermia carries with it the associated risks of
coagulopathy and cardiac dysrhythmias, whereas moderate systemic hypothermia
minimizes these risks.*® The principal limitation of moderate hypothermia lies in its
potential for the promotion of arrythmias.” It is widely accepted that hypothermia is
associated with morbid cardiac events.”

Apart from systemic hypothermia, regional hypothermia has been used for spinal
cord protection. Experiments showed that regional hypothermic perfusion applied to the
epidural or intrathecal space may protect the spinal cord during cross-clamping of the
aorta '>"®. However, open laminectomy has to be performed if such a degree of
hypothermia (15-18°C) is to be achieved. Davison et al.”® demonstrated regional
hypothermia of the spinal cord with an infusion of iced (4°C) saline solution. This was
administered into an epidural catheter while monitoring cerebral spinal fluid (CSF)
temperature, that reached 25°C during cross-clamping and returned to near core
temperature levels by the end of the procedure. A standard 4F 40-cm epidural catheter for
administration of local anesthesia and infusion of iced (4°C) normal saline was inserted at
the T10 to T12 level and advanced cephalad 4 to 5 cm. A second 4F thermistor catheter
was placed 4 cm into the subarachnoid space at the L3-4 interspace, permitting
continuous recording of CSF temperature and pressure. An arbitrary 30 to 40 mm Hg
gradient was maintained between the mean arterial and CSF pressures, particularly during
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the early stages of the infusion, to safeguard against the potential deleterious effects of
CSF pressure elevation that occurs coincident with the epidural infusion .

A strategy that combines the neuroprotective effect of regional cord hypothermia,
preservation of spinal cord blood supply, and postoperative adjuncts (eg, avoidance of
hypotension, CSF drainage) appears necessary to minimize SCI after TAA repair.
Cambria” has reported good results with regional hypothermia. In his series of 334
thoracoabdominal aneurysm repairs, neurological injury to some degree occurred in
11.4%. Epidural cooling reduced the risk in patients with types I-11l TAA from 19.8% to
10.6%.

c. Pharmacological agents
Several pharmacological agents with different mechanisms of action have been suggested
as being effective in protection of the spinal cord during the period of hypoperfusion.

1. Increasing Spinal Cord Tolerance to Ischemia

i. Intrathecal papaverine- The use of intrathecal papaverine and CSF drainage has been
described. Experiments in baboons showed that even with 60 min of cross-clamping, the use of
CSF drainage and intrathecal papaverine prevented the development of paraplegia.” The role of
papaverine is as an arterial dilator that helps to increase regional spinal cord perfusion.

ii. Opiate antagonist naloxone- During aortic cross-clamping in dogs, the level of R-endorphinin
the CSF was increased. The opiate antagonist naloxone has been shown to improve neurological
outcome following ischaemic insults to neural tissue.**®* The combination of CSF drainage and
naloxone has been studied in 61 patients compared with 49 patients as a control group, and
significant protection from neurological deficits demonstrated.®

iii. Anesthetic Agents- Barbiturates like thiopental block synaptic transmission and relax
vascular smooth muscle, and have been reported to be neuroprotective in animals.®® Kirshner and
co-workers® however, found no benefit provided by thiopental alone, but did find a moderate
amount of protection conferred by the combination of thiopental, hypothermia, and superoxide
dismutase.

iv. Calcium channel blockers- Calcium-channel blockers augment cerebral blood flow and
neurologic recovery after cerebral ischemia.® Schittek et al*® observed almost complete protection
from spinal cord injury afforded by the intravenous administration of nimodipine after 30 minutes
of spinal cord ischemia in pigs. In a rabbit model of spinal cord ischemia, however, Lyden et al®
found no protective effects conferred by three calcium-channel blockers selective for the
cerebrovascular system. They proposed that calcium enters the injured neuron by way of channels
other than those blocked by these drugs.

v. Excitatory amino acid antagonists- Recent attention has been focused on the excitotoxic
neurotransmitter theory of spinal cord injury. Administration of the NMDA receptor antagonists
MK801% and LY233053% have been found to provide some degree of spinal cord protection in
rabbit models of spinal cord ischemia.

2. Decreasing Reperfusion Injury
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i. Free radical scavengers- A large body of research has been focused on limiting free radical-
induced injury during the reperfusion of ischemic tissue. The intravenous administration of the
endogenous free radical scavenger superoxide dismutase (SOD) just before and after termination
of aortic occlusion in animals was found to protect against ischemic periods of 30 minutes or less.
% However, it was found that SOD alone is not protective against periods of ischemia of 40
minutes or more. % With the conjugation of SOD to polyethylene glycol, the half-life of SOD is
increased from minutes to hours. ® It was found that this form of SOD alone effects partial but not
complete prevention of neurologic injury after 40 and 60 minutes of spinal cord ischemia.*
Despite success in limiting myocardial reperfusion injury, the xanthine oxidase inhibitor
allopurinol has been shown to be of no benefit in animal models of spinal cord ischemia.*

ii. Steroids- Laschinger et al*® reported that ischemic spinal cord injury was prevented in animals
receiving methylprednisolone intravenously. The protective effects of corticosteroids were
thought to be related to their ability to stabilize membranes, modulate the immune system, and
scavenge for free radicals. The 21-aminosteroids lack any mineralocorticoid or glucocorticoid
activity and are potent scavengers of superoxide and lipid peroxyl radicals, as well as extremely
potent inhibitors of iron-dependent lipid peroxidation under in vitro conditions.”* Fowl et al*®
reported a decreased rate of spinal cord injury in rabbits given the 21-aminosteroid U74006F
intravenously.

iii. Immune system modulation- Immune system modulation is a relatively new technique for
attenuating reperfusion injury. Giulian and Robertson®® were able to inhibit the phagocytic and
secretory functions of mononuclear phagocytes with chloroquine and colchicine, and
demonstrated that the clinical and histopathologic outcomes were improved after 20 minutes of
spinal cord ischemia in rabbits treated with these agents. Clark et al®’ studied the effects of an
antibody to the surface glycoprotein CD18, a substance required for leukocytes to adhere to the
endothelium, and found a significant reduction in neurologic deficits after 30 minutes of spinal
cord ischemia in rabbits given the antibody.

iv. Adenosine- An expanding body of literature has documented the neuroprotective effects of
adenosine and its analogues.*®*® Adenosine-1 receptors are primarily located in the neural tissue,
whereas adenosine-2 receptors reside in the smooth muscle and endothelium of the vasculature.
The activation of adenosine-1 receptors decreases neuronal and membrane excitability, thereby
limiting the damaging influx of calcium through voltage-gated channels. Aspartate and glutamate
release is inhibited.?®%° Adenosine-2 receptor activation promotes vasodilation, inhibits platelet
aggregation, and inhibits neutrophil activation and subsequent free radical production, thus
theoretically reversing the tendency toward the no-reflow phenomenon.’® Recently, in a gerbil
model of cerebral ischemia, von Lubitz and Marangos'® demonstrated significant neuroprotective
effects from an exogenously administered adenosine analogue that was given after reperfusion.
On the basis of these findings, regional infusion of hypothermic adenosine into the excluded
infrarenal aorta of the rabbit provides complete protection from spinal cord injury after 40
minutes of spinal cord ischemia, as shown by both clinical and histologic evidence.'*

12



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

References

Greenberg RK, Lu Q, Roselli EE, Svensson LG, Moon MC, Hernandez AV, et al. Contemporary
analysis of descending thoracic and thoracoabdominal aneurysm repair: a comparison of
endovascular and open techniques. Circulation 2008 Aug 19; 118 (8):808e17 [Epub 2008 Aug 4].
Bavaria JE, Appoo JJ, Makaroun MS, Verter J, Yu ZF, Mitchell RS, et al. Investigators
endovascular stent grafting versus open surgical repair of descending thoracic aortic aneurysms in
lowrisk patients: a multicenter comparative trial. J Thorac Cardiovasc Surg 2007
Feb;133(2):369e77 [Epub 2007 Jan 8].

Kieffer E, Chiche L, Godet G, Koskas F, Bahnini A, Bertrand M, et al. Type IV thoracoabdominal
aneurysm repair: predictors of postoperative mortality, spinal cord injury, and acute intestinal
ischemia. Ann Vasc Surg 2008 Nov;22(6):822¢8.

Svensson LG, Patel V, Robinson MF, Ueda T, Roehm Jr JO, Crawford ES. Influence of
preservation or perfusion of intraoperatively identified spinal cord blood supply on spinal motor
evoked potentials and paraplegia after aortic surgery. J Vasc Surg 1991 Mar; 13 (3) :355e65
Hazim J. Safi, MD?, Charles C. Miller, 111, PhD? Spinal cord protection in descending thoracic and
thoracoabdominal aortic repair Ann Thorac Surg 1999;67:1937-1939

Dommise G.F. The Arteries and Veins of Human spinal cord from birth. Edinburgh: Churchill
Livingstone, 1975:173-182.

Svensson L.G., Klepp P., Hinder R.A. Spinal cord anatomy of baboon: comparison with man and
implications on spinal cord blood flow during aortic cross-clamping. S Afr J Surg 1986;24:32-34.
Sliwa J.A., Maclean I.C. Ischaemic myelopathy: a review of spinal vasculature and related clinical
syndromes. Arch Phys Med Rehabil 1992;73:365-372.

Jellinger K. . Zur orthologie and pathologie der ruckenmarksdur lutung. Wien: Springer-Verlag,
1966:55-59.

Piscol K. Die Blutversorgung des Ruckenmarkers und ihre klinischem relevanz. Berlin: Springer-
Verlag, 1972:1-77.

Griepp R.B., Ergin A.M., Galla J.D., Klein J.J., Spielvogel C., Griepp E. Minimizing spinal cord
injury during repair of descending thoracic and thoracoabdominal aneurysms: The Mount Sinai
Approach. Semin Thorac Cardiovasc Surg 1988;10:25-28.

Svensson L.G., Crawford E.S., Hess M.S., Coselli J.S., Safi H.J. Experience with 1509 patients
undergoing thoracoabdominal aortic operations. J Vasc Surg 1993;17:357-368.

Crawford E.S., Mizari E.M., Hess K.R. The impact of aortic perfusion and SSEP monitoring on
prevention of paraplegia after aortic operations. J Thorac Cardiovasc Surg 1988;95:356-357.
Naslund T.C., Hollier L.H., Money S.R., et al. Protecting the spinal cord during aortic clamping:
The influence of anaesthetic and hypothermia. Ann Surg 1992;215:409-416.

Svensson L.G. New and future approaches for spinal cord protection. Semin Thorac Cardiovasc
Surg 1997;9(3):206-221.

Livesay J.L., Cooley D.A., Ventemiglia R.A. Surgical experience in descending thoracic
aneurysmectomy with and without adjuncts to avoid ischaemia. Ann Thorac Surg 1985;39:37-46.
Katz N.M., Blackstone E.H., Kirklin JW., Karp R.B. Incremental risk factors for spinal cord
injury following operation for aortic transection. J Thorac Cardiovasc Surg 1981;81:669-674.
Svensson L.G., Richards E., Coull A. Relationship of spinal cord blood flow to vascular anatomy
during thoracic aortic cross-clamping and shunting. J Thorac Cardiovasc Surg. 1986;91:71-78.
Sevensson L.G., Crawford E.S. Aortic dissection and aortic aneurysm surgery: clinical
observation and experimental investigations, and statistical analysis. Part Il. Curr Probl Surg
1992;29:915-1057.

Blaisdell W., Cooley D. The mechanism of paraplegia after temporary thoracic aortic occlusion
and its relationship to spinal fluid pressure. Surgery 1962;51:351-355.

Miyamoto K., Ueno A., Wada T. A new and simple method of preventing spinal cord damage
following temporary occlusion of thoracic aorta by draining the cerebrospinal fluid. J Cardiovasc
Surg 1960;1:188-197.

Svensson L.G., Hess K.R., Coselli J.S. Influence of segmental arteries, extent, and atriofemoral
bypass on postoperative paraplegia after thoraeoabdominal aortic operations. J Vasc Surg
1994;20:255-262.

13



23.

24.

25.

26.

217.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Ross SD, Kron IL, Parrino PE, et al. Preservation of intercostals arteries during thoracoabdominal
aortic aneurysm surgery: a retrospective study. J Thorac Cardiovasc Surg 1999;118:17-25.

Safi HJ, Miller CC 3rd, Carr C, et al. Importance of intercostals artery reattachment during
thoracoabdominal aortic aneurysm repair. J Vasc Surg 1998;27:58-66.

Halliwell B., Gutteridge J.M. Oxygen toxicity, oxygen radicals, transition metals and disease.
Biochem J 1984;219:1-14

Cunningham I.N., Laschinger J.C., Spencer F.C. Monitoring of somatosensory evoked potentials
during surgical procedures on the thoracoabdominal aorta: clinical observations and results. J
Thorac Cardiovasc Surg 1987;94:275-285.

Cohen A.R., Young W., Ransohoff J. Intraspinal localization of SEP. Neurosurgery 1981;9:157-
163.

Robertazzi R.R., Cunningham I.N. Monitoring of somatosensory evoked potentials: a primer on
the introperative detection of spinal cord ischaemia during aortic reconstructive surgery. Semin
Thorac Cardiovasc Surg 1998;10:11-17.

Marini C.P., Cunningham J.N. Prophylaxis against spinal cord ischaemia during thoracoabdominal
aortic reconstruction. Curr Ther Vasc Surg 1991;2:318-324

Shahin G.M., Hamerlijnk R.P., Schepens M.A. Upper and lower extremity somatosensory evoked
potential during surgery for aneurysms on the descending thoracic aorta. Eur J Cardio-thorac Surg.
1996;10(5):229-304.

Guerit J.M., Verheist R., Rubay J., Dion R. Multilevel somatosensory evoked potentials for spinal
cord monitoring in descending thoracic and thoracoabdominal aortic surgery. Eur J Cardio-thorac
Surg 1996;10(2):93-103.

Schepens M.A., Boezeman E.H., Hamerlijnck R.P., ter Beek H., Vermeulen F.E. Somatosensory
evoked potentials during exclusion and reperfusion of critical aortic segments in thoracoabdominal
aortic aneurysm surgery. J Cardiac Surg 1994;9(6):692-702.

Cernaianu A.C., Olah A., Cilley J.H., Jr, Gaprindashvili T., Gallucci J.G., DelRossi A.J. Effect of
sodium nitroprusside on paraplegia during cross-clamping of the thoracic aorta. Ann Thorac Surg
1993;56(5):1035-1037.

Grabitz K., Sandmann W., Stuhmeier K.B., Mainzer B. The risk of ischaemic spinal cord injury in
patients undergoing graft replacement for thoracoabdominal aortic aneurysms. J Vasc Surg
1996;3(2):1031-1037.

Svensson L.G., Patel V., Robinson M.I. Influence of preservation or perfusion of intraoperatively
identified spinal cord blood supply on spinal motor evoked potentials and paraplegia after cardiac
surgery. J Vasc Surg 1991;13:355-365.

De Hann P., Kalkmann C.J., de Mol B.A. Efficacy of transcranial motor evoked myogenic
potentials to detect spinal cord ischaemia during operations for thoracoabdominal aneurysms. J
Thorac Cardiovasc Surg 1997;113:87-100.

Kalkmann C.J., Drummond J.L., Ribberink A.A. Low concentrations of isoflurane abolish motor
evoked responses to transcranial electrical stimulation during nitrous oixde/opoid anaesthesia in
humans. Anaesth Analg 1991;73:410-415.

Elmore J.R., Gloviczki P., Harper C. Failure of motor evoked potentials to predict neurological
outcome in experimental thoracic aortic occlusion. J Vasc Surg 1991;14:131-139.

De Haan P., Kalkmann C.J., Ubags L.H. A comparison of sensitivity of epidural and myogenic
transcranial motor-evoked responses in the detection of acute spinal cord ischaemia in the rabbit.
Anesth Analg 1996;83:1022-1027.

Khaladj-N., Teebken O.E. , .Hagl-C., Wilhelmi M.H., Tschan-C., Weissenborn K., Lichtinghagen
R., Hoy-L., Haverich A., and Pichlmaier-M. The Role of Cerebrospinal Fluid S100 and Lgctate to
Predict Clinically Evident Spinal Cord Ischaemia in Thoraco-abdominal Aortic Surgery ™ Eur J
Vasc and Endovasc Surgery 2008; 36 11-19

Cambria RP, Clouse WD, Davison JK, Dunn PF, Corey M, Dorer D. Thoracoabdominal aneurysm
repair: results with 337 operations performed over a 15-year interval. Ann Surg 2002;236:471e9.
Szilagyi D.E., Hageman J.H., Smith R.F. Spinal cord damage in surgery of the abdominal aorta.
Surgery 1978;83:38-56.

Kieffer E., Richard T., Chias J. Preoperative spinal cord angiography in aneurysmal disease of the
descending thoracic and thoracoabdominal aorta: preliminary results in 45 patients. Am Vasc Surg
1987:34-36.

14



44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Yamada N., Takamiya M., Kuribayashi S., Okita Y., Minatoya K., Tanaka R. MRA of the
Adamkiewicz artery: a preoperative study for thoracic aortic aneurysm. J Comput Assisted
Tomogr 2000;24(3):362-368.

Yamada N., Okita Y., Minatoya K., Tagusari O., Ando M., Takamiya M., Kitamura S.
Preoperative demonstration of the Adamkiewicz artery by magnetic resonance angiography in
patients with descending or thoracoabdominal aortic aneurysms. Eur J Cardio-thorac Surg
2000;18(1):104-111.

Svensson L.G., Patel V., Coselli J.S., Crawford E.S. Preliminary report of localization of spinal
cord blood supply by hydrogen during aortic operations. Ann Thorac Surg 1990;49:528-536.
Giffiiths B., Pitts L.H., Crawford S. Spinal cord compression and blood flow. The effect of raised
CSF pressure on spinal cord blood flow. Neurology 1978;28:1145-1151.

Gott V.F., Whiffen J.D., Dutton R.C. Heparin bonding on colloidal graphite surfaces. Science
1963;142:1287.

Molina J.E., Cogordan J., Einzig S. Adequacy of ascending aorta-descending aorta shunt during
cross-clamping of thoracic aorta for prevention of spinal cord injury. J Thorac Surg 1985;90:126-
136.

Giulini SM, Maffeis R, Cangiotti L, Bonardelli S, Bertoloni G, Caratozzolo E. Temporary axillo-
femoral bypass graft for renal transplant protection during aortic aneurysm repair. J Cadiovasc
Surg (Torino) 1996;37:575-8

Safi H.J., Bartoli S., Hess K.R. Neurological deficit in patients at high risk with thoracoabdominal
aortic aneurysms: The role of cerebral spinal fluid drainage and distal aortic perfusion. J Vasc
Surg 1994;20:434-443.

Coselli JS. The use of left heart bypass in the repair of thoracoabdominal aortic aneurysms: current
techniques and results. Semin Thorac Cardiovasc Surg 2003;15:326e32

Griepp R.B., Ergin M.A., Galla J.D. Looking for the artery of Adamkiewcz: a quest to minimize
paraplegia after operation for aneurysms of the descending thoracic and thoracoabdominal aorta. J
Thorac Cardiovasc Surg 1996;112:1202-1215.

Svensson L.G. Management of segmental intercostal and lumbar arteries during descending and
thoracoabdominal aneurysm repairs. Semin Thorac Cardiovasc Surg 1998;10(1):45-49.

Ishmaru S., Kawaguchi S., Koizumi B., Obitsu Y., Ishikawa M. Preliminary report on prediction
of spinal cord ischaemia in endovascular stent-graft repair of thoracic aneurysm of retrievable
stent-graft. J Thorac Cardiovasc Surg 1998;115(4):811-818.

Crawford E.S., Svensson L.G., Hess K.R. A prospective randomized study of CSF drainage to
prevent paraplegia after high risk surgery on the thoracoabdominal aorta. J Vasc Surg 1991;13:36-
45,

Svensson L.G., Hess K.H., D'Agostino R.S., Entrup M.H. Reduction of neurologic injury after
high-risk thoracoabdominal aortic operation. Ann Thorac Surg 1998;66(1):132-138.

Coselli JS, Lemaire SA, Ko'ksoy C, Schmittling ZC, Curling PE. Cerebrospinal fluid drainage
reduces paraplegia after thoracoabdominal aortic aneurysm repair: results of a randomized clinical
trial. J Vasc Surg 2002;35:631€9.

Wynn MM, Mell MW, Tefera G, Hoch JR, Acher CW. Complications of spinal fluid drainage in
thoracoabdominal ortic aneurysm repair: A report of 486 patients treated from 1987 to 2008. J
Vasc Surg 2009;49(1):29e34.

Hagredal M., Harp J., Nilsson The effect of induced hypothermia upon oxygen consumption in the
rat brain. Neurochemistry 1975;24:311-316.

Fox S.L., Blackstone E., Kirklin J.W. Relationship of brain blood flow and oxygen consumption
to perfusion flow rate during profoundly hypothermic cardiopulmonary bypass. An experimental
study. J Thorac Cardiovasc Surg 1984;87:658-664.

Michenfelder J.D., Milde J.H. The relationship among canine brain temperature, metabolism and
renal function during hypothermia. Anaesthesiology 1991;75:130-1336.

Nakashima K., Todd M.M., Warner D.S. The relationship between cerebral metabolic rate and
ischaemic depolarization. A comparison of the effects of hypothermia, pentobarbital and
isoflurane. Anaesthesiology 1995;82:1199-1208.

Choi D.W., Rothman S.M. The role of glutamate neurotoxicity in hypoxicischaemic neuronal
death. Annu Rev Neurosci 1990;13:171-182.

15



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Faden A.l., Simon R.D. A potential role for excitotoxins in the pathophysiology of spinal cord
injury. Ann Neurol 1998;23:623-626.

Simpson R.K., Robertson C.S., Goodman J.L. Spinal cord ischaemia induced elevation of amino-
acids: extracellular measurement with microdialysis. Neurochem Rev 1990;15:635-639

Busto R., Globus M.Y., Dietrich W.D. Effect of mild hypothermia on ischaemia induced release
of neurotransmitters and free fatty acids in rat brain. Stroke 1989;20:904-910.

Ginsberg M.D., Globus M.Y.T., Dietrich R. Temperature modulation in ischaemic brain injury: an
aynthesis of recent advances. Prog Brain Res 1993;96:13-22.[MedlI

Svensson LG. An approach to spinal cord protection during descending or thoracoabdominalaortic
repairs. Ann Thorac Surg. 1999;67:1935-1936; discussion 1953-1958.

Wirthlin DJ, Cambria RP. Surgery-specific considerations in the cardiac patient undergoing
noncardiac surgery. Prog Cardiovasc Dis. 1998;40:453-468.

Kouchoukos N.T., Rokkas C.K. Hypothermic cardiopulmonary bypass for spinal cord protection:
rationale and clinical results. Ann Thorac Surg, Supp 1999;67:1940-1942.

Salzano R., Ellison L.H., Altonji D.F. Regional deep hypothermia of the spinal cord protects
against ischaemic injury during thoracic aortic cross-clamping. Ann Thorac Surg 1994;57:65-70.
Wisselink W., Becker M.O., Nguyen J.H. Protecting the ischaemic spinal cord during aortic
clamping: the influence of selective hypothermia and spinal cord perfusion pressure. J Vasc Surg
1994;19:778-795.

Berguer R., Porto J., Fedoronko B. Selective deep hypothermia of the spinal cord prevents
paraplegia after aortic cross-clamping in the dog model. J Vasc Surg 1992;15:62-71.

Vanieky I., Marsala M., Galik J. Epidural perfusion cooling protection against protracted spinal
cord ischaemia in rabbits. J Neurosurg 1993;79:736-741.

Davison JK, Cambria RP, Vierra DJ, Columbia MA, Koustas G. Epidural cooling for regional
spinal cord hypothermia during thoracoabdominal aneurysm repair. J Vasc Surg 1998;27: 58e66.
Cambria, R; Davison, J. K Carter, C.; Brewster, D. C. Chang, Y; Clark, K. A. RN;
Atamian, S. Epidural cooling for spinal cord protection during thoracoabdominal aneurysm
repair: A five-year experience. J Vasc Surg. 31(6):1093-1102, June 2000.

Cambria RP, Clouse WD, Davison JK, Dunn PF, Corey M, Dorer D. Thoracoabdominal aneurysm
repair: results with 337 operations performed over a 15-year interval. Ann Surg 2002;236:471e9
Svensson L.G., Von Ritter C.M., Groenveld H.T. Cross-clamping of the thoracic aorta: influence
of aortic shunts, laminectomy, papaverine, calcium channel blockers, allopurinol and superoxide
dismutase on spinal cord blood flow and paraplegia in baboons. Ann Surg 1986;204:38-47.

Baskin D.S., Hosobuchi Y. Naloxone reversal of ischaemic neurological deficits in man. Lancet
1981;2:272-275.

Farlen A.l., Jacobs T.B., Zivin J.A. Naloxone but not a delta antagonist improves neurological
recovery after spinal stroke in the rabbit. Life Sci 1983;33:707-710

Acher C.W., Wynn N.M., Hoch J.R., Popic P. Combined use of cerebrospinal fluid drainage and
naloxone reduces the risk of paraplegia in thoracoabdominal aneurysm repair. J Vasc Surg
1994;19(2):236-246.

Robertson CS, Foltz R, Grossman RG, Goodman JC. Protection against experimental ischemic
spinal cord injury. J Neurosurg 1986;64:633-42

Kirshner DL, Kirshner RL, Heggeness LM, Deweese JA. Spinal cord ischemia: an evaluation of
pharmacologic agents in minimizing paraplegia after aortic occlusion. J Vasc Surg 1989;9:305-8
Steen PA, Newberg LA, Milde JH, Mitchenfelder JD. Nimodipine improves cerebral blood flow
and neurologic recovery after complete cerebral ischemia in the dog. J Cereb Blood Flow Metab
1983;3:38-43.

Schittek A, Bennink GB, Cooley DA, Langford LA. Spinal cord protection with intravenous
nimodipine: a functional and morphologic evaluation. J Thorac Cardiovasc Surg 1992;104:1100—
5.

Lyden PD, Zivin JA, Kochler A, Mazzarella V. Effects of calcium channel blockers on neurologic
outcome after focal ischemia in rabbits. Stroke 1988;19:1020-6

Yum SW, Faden Al. Comparison of the neuroprotective effects of the n-methyl-d-aspartate
antagonist MK-801 and the opiate-receptor antagonist nalmefene in experimental spinal cord
ischemia. Arch Neurol 1990;47:277-81

16



89. Madden KP, Clark WM, Kochhar A, Zivin JA. Efficacy of LY233053, a competitive glutamate
antagonist, in experimental central nervous system ischemia. J Neurosurg 1992;76:106-10

90. Qayumi AK, Janusz MT, Jamieson WE, Lyster DM. Pharmacologic interventions for prevention
of spinal cord injury caused by aortic cross-clamping. J Thorac Cardiovasc Surg 1992;104:256-61

91. Granke K, Hollier LH, Zdrahal P, Moore W. Longitudinal study of cerebral spinal fluid drainage
in polyethylene glycol-conjugated superoxide dismutase in paraplegia associated with thoracic
aortic cross-clamping. J Vasc Surg 1991;13:615-21.

92. Godin DV, Garnett ME. Altered antioxidant states in the ischemic/reperfused rabbit myocardium:
effects of allopurinol. Can J Cardiol 1989;5:365-71.

93. Laschinger JC, Cunningham JN, Cooper MM, Krieger K, Nathan IM, Spencer FC. Prevention of
ischemic spinal cord injury following aortic cross-clamping: use of corticosteroids. Ann Thorac
Surg 1984;38:500-6

94. Braughler JM, Pregenzer JF, Chase RL, Duncan LA, Jacobsen EJ, McCall JM. Novel
aminosteroids as potent inhibitors of iron dependent lipid peroxidation. J Biol Chem
1987;262:10438-40.

95. Fowl RJ, Patterson RB, Gewirtz RJ, Anderson DK. Protection against postischemic spinal cord
injury using a new 21-aminosteroid. J Surg Res 1990;48:597-600.

96. Giulian D, Robertson C. Inhibition of mononuclear phagocytes reduces ischemic injury in the
spinal cord. Ann Neurol 1990;27:33-42.

97. Clark WM, Madden KP, Rothlein R, Zivin JA. Reduction of central nervous system ischemic
injury in rabbits using leukocyte adhesion antibody treatment. Stroke 1991;22: 877-83.

98. Schubert P, Kreutzberg GW. Cerebral protection by adenosine. Acta Neurochir
1993;57(Suppl):80-8.

99. Simpson RE, O'Regan MH, Perkins LM, Phillis JW. Excitatory transmitter amino acid release
from the ischemic rat cerebral cortex: effects of adenosine receptor agonists and antagonists. J
Neurochem 1992;58:1683-90.

100.Rudolphi KA, Schubert P, Parkinson FE, Fredholm BB. Neuroprotective role of adenosine in
cerebral ischemia. Trends Pharmacol Sci 1992;13:439-45.

101.von Lubitz DK, Marangos PJ. Cerebral ischemia in gerbils: postischemic administration of
cyclohexyl adenosine and 8-sulfophenyl-theophylline. J Mol Neurosci 1990;2:53-9.

102.Herold JA, Kron IL, Langenburg SE, Blackbourne LH, Tribble CG. Complete prevention of post-
ischemic spinal cord injury by means of regional infusion with hypothermic saline and adenosine.
J Thorac Cardiovasc Surg 1994;107:536-41

103.Safi HJ, Miller CC, Azizzadeh A, lliopoulos DC. Observations on delayed neurologic deficits
after thoracoabdominal aortic aneurysm repair. J Vasc Surg 1997;26:616e22

104.Kawanishi Y, Okada K, Matsumori M, Tanaka H, Yamashita T, Nakagiri K, Okita Y.
Influence of Perioperative Hemodynamics on Spinal Cord Ischemia in Thoracoabdominal Aortic
Repair. Ann Thorac Surg 2007;84:488-492

17



