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Abstract

Paraplegia affects up to 22% of patients undergoing thoarcoabdominal aneurysm
surgery, producing long-term morbidity and a significant burden to healthcare. This article
discusses the mechanisms that may lead to paraplegia during open and endovascular repair
from an anatomical and physiological perspective. There are many adjuncts that must be
considered to reduce the risk of spinal cord injury, such as revascularisation of intercostal
arteries, maintenance of high mean blood pressure, spinal cord drainage and cooling. These
adjuncts are discussed, highlighting the evidence available for each method and the practical

ways in which they may be used.
© 2009 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.

Introduction

One of the most feared complications of thoracoabdominal
aneurysm repair is paraplegia following seemingly
successful surgery. Very few vascular centers around the
world have conquered this threat, and neurological injury
after conventional open repair occurs in up to 22% of
patients after type Il 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.
Although the anatomy and physiology of the spinal cord are
well studied, the complex mechanisms regarding the
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pathology of this condition remain poorly understood.
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 and this article studies the strategies employed
by surgeons.

Anatomy of the Spinal Cord

There is a need to understand the anatomy of the spinal
cord in order to get to grips with the fundamental problems
encountered when attempting to prevent paraplegia during
thoracoabdominal aneurysm surgery. The supply to the cord
is via the anterior spinal artery and two posterior spinal
arteries. These in turn are supplied by segmental radicular
arteries that are small branches of the cervical, thoracic
and lumbar vessels. Thus, back bleeding from an intercostal
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artery into the open aorta implies a patent radicular artery
but if this vessel was occluded, back bleeding could still
occur from the intercostal supply of the rib rather than the
spinal radicular artery.

The largest of the radicular arteries is the artery of
Adamkiewicz, often given off from the T10 level but varying in
position from T7 to L4. This artery supplies the conus, but has
a poor connection with the superior portion of the spinal cord.
It is given off by the left intercostal or lumbar artery in over
75% of patients® and is recognised by its characteristic hairpin
bend. The use of selective arteriography is virtually aban-
doned as it is cumbersome and carries a non-negligible risk of
embolization. With new imaging techniques, this artery may
be identified in the majority of patients using computerized
tomography and magnetic resonance scanning.®

The radicular vessels are of great importance in deter-
mining an adequate supply of blood to the cord. From the
vertebral arteries, just proximal to the formation of the
basilar artery, a longitudinal anterior spinal artery is
formed which runs uninterrupted along the cord and anas-
tomoses with all other radicular divisions. The two poste-
rior spinal arteries arise from the posterior inferior
cerebellar arteries, that are similar in nature to their
anterior counterparts but there is usually a rich networking
of smaller arteries that interlink these two posterior
vessels. There is very little communication between the
anterior and posterior spinal networks so that anterior
spinal artery occlusion causes ischaemia of the anterior
horns and paralysis.

The segmental blood supply to the longitudinal anterior
spinal vessels is supplemented by collaterals: in the caudal
segments from the lateral sacral, middle sacral, iliolumbar
and lumbar arteries. These radicular arteries are well
represented in the cervical spine but poorly represented in
the lumbar spine. From an anatomical point of view
therefore, the sacrifice of the intercostal arteries during
a thoracic aorta repair could be justified. However, if an
extended thoracoabdominal aortic repair is planned, pres-
ervation of blood flow from the lumbar arteries is impor-
tant.” Lumbar artery ligation during previous infra-renal
aneurysm repair is an independent risk factor for the
development of paraplegia after thoracic or thor-
acoabdominal aortic aneurysms repair.®

Adjuncts and Ancillary Techniques during
Surgical Repair

Revascularistion of spinal cord

Given the delicate nature of the arterial supply to the
anterior spinal cord it seems logical to attempt to revascu-
larize dominant supplying arteries. Indeed it has been shown
in retrospective series that re-implantation of significant
patent arteries is associated with lower paraplegia rates.
Revascularization of arteries around the T11/T12 level may
well be most important in reducing the risk of cord
ischaemia.’ However, if the radicular branch, arising from
the segmental posterolateral aortic branch that is revascu-
larised, is small or occluded then a great deal of time may be
spent unintentionally revascularising an intercostal muscle.
Some information may be provided on the need for

revascularization and risk of cross-clamping by pre-opera-
tive imaging of the collateral circulation of the cord. Using
magnetic resonance imaging, the presence of a collateral
circulation has been shown to be 97% predictive for stable
intra-operative spinal cord function when measured by
motor evoked potentials.'©

Although revascularization of prominent thoracic arteries
is widely practiced during thoracoabdominal aortic surgery
the problem of spinal cord ischaemia still exists. In our
experience there are cases where successful revasculariza-
tion of a dominant intercostal artery with a patent functioning
graft none the less results in profound paresis. A view of the
pathological cause of spinal cord ischaemia that only takes
into account the anatomical arterial supply of the spinal cord
is simplistic and other factors need to be taken into account.

Not all surgeons believe that intercostal artery revascu-
larisation is of paramount importance. Some argue that
without profound hypothermia of the cord, intercostal re-
implantation jeopardizes spinal cord blood flow from back
bleeding or balloon obstruction of afferent collateral
vessels. Acher'" describes a technique of thoracoabdominal
aneurysm repair with no intercostal artery revascularisation,
sewing off the origins of these vessels immediately the aorta
is opened. This technique, combined with expedient surgery
and cardiovascular stability has produced results that are
impressive with regard to spinal cord ischaemia. He believes
that by suture ligation of these vessels the flow of blood is
directed to the spinal cord by collateral vessels and the need
for revascularisation is abolished. Biglioli’s approach
involves clipping the intercostal arteries from the outside of
the thoracic descending aorta before aortic cross-clamping,
with no intercostal or lumbar artery reattachment to the
graft, again with comparable results to that of Acher.'? The
literature is further confused by including all thor-
acoabdominal aneurysms when type Il aneurysms have
a significantly greater risk of paraplegia than types lll and IV.
In type IV aneurysm repair, for example, the paraplegia rate
is close to that of infra-renal repair."

In addition to revascularization of the intercostal
vessels, it is also important to consider the superior and
inferior supply to the cord via the subclavian arteries and
internal iliac network. Revascularisation of the internal
iliac arteries should not only be considered in the context
of buttock ischaemia but also in an attempt to maintain
adequate spinal perfusion. The internal iliac artery should
be maintained on at least one side and needs careful
consideration in the case of common, and internal, iliac
aneurysms as well as in cases where a uni-iliac stent graft is
placed. The left subclavian artery has achieved prominence
in the case of stent grafting. Often a secure landing zone
for a thoracic stent can only be achieved by covering the
origin of the left subclavian artery. If this is combined with
coverage of a long length of aorta then revascularization of
the subclavian artery either by carotid subclavian trans-
position or bypass should be mandatory.

Reducing spinal cord ischaemic time

Whilst successful revascularisation of the segmental vessels
supplying the spinal cord seems important, reduction in
ischaemia time is also of great value in reducing paraplegia



656

C.D. Bicknell et al.

rates. Large retrospective series have shown that the
duration of aortic cross-clamping is intimately related to
the risk of neurological complications. '3

This was recognised early on in the history of thor-
acoabdominal aneurysm repair.” Crawford developed the
*‘clamp and sew’ technique which consisted of three
primary principles of aortic surgery: the use of a Dacron
tube graft, a simple inlay technique to revascularise
visceral and renal arteries and a short cross-clamp time.
Reduction of aortic cross-clamp times along with these
other methods vastly improved the results of thor-
acoabdominal aneurysm repair. During this ‘‘clamp and
sew’’ era in Houston, aortic cross-clamp time was the most
important predictor of immediate post-operative neuro-
logical 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.

Given this necessity for short periods of ischaemia,
utilising left heart bypass, to set up retrograde perfusion
of the spinal arteries was developed. The left atrium is
cannulated through the left inferior pulmonary vein or
atrial appendage. If left heart bypass is employed, serial
clamping of the aneurysm may be achieved to allow
retrograde perfusion of all the vital organs and spinal
cord feeding vessels during the proximal anastomosis.
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 thor-
acoabdominal 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. Interestingly this holds true even
though the aortic clamp times are longer when bypass is
utilised. Although this method seems useful for type Il
aneurysms, it does not appear to be of benefit univer-
sally, especially in type | disease.'”"'® Left heart bypass
has its own problems, not only from increasing aortic
clamp times, but also from the necessary cannulation of
the heart and extracorporeal circulation which may cause
extensive coagulopathy in patients with an extensive area
of surgical dissection. In addition, serial clamping of the
aneurysm is not always possible, especially in large type I
aneurysms.

In type Il and Il aneurysms the use of left heart bypass
can be supplemented by selective perfusion of the coeliac
trunk, superior mesenteric and both renal arteries after
cross-clamping and opening of the abdominal aorta. Four
Pruitt catheters (9 Fr.) are connected as an ‘‘octopus’’ to
the extracorporal circulation to provide flow into the
visceral vessels whilst the lower anastomoses are fash-
joned." Initially excellent results were published from
series employing the octopus, especially after a second
pump was employed in the system to increase flow rates
into the visceral segments. However, the rates of spinal
cord dysfunction are not abolished by this technique and
cannulation of each visceral vessel further complicates the
procedure and carries a risk of thrombosis and/or

dissection. Nevertheless this technique seems to be asso-
ciated with greatly improved paraplegia rates.

Spinal cord hypothermia

Further protection of the spinal cord tissue may be gained
by cooling of the epidural space during ischaemic periods.
Davison et al.2® 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, which
reached 25—28° during cross-clamping and returned to near
core temperature levels by the end of the procedure.
Cambria' has reported good results with regional hypo-
thermia. 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-1ll TAA from 19.8% to 10.6%.

In our experience, cooling of the epidural space alone is
hard to achieve quickly and may complicate the procedure
unnecessarily. The same effect may possibly be achieved by
allowing the patient to cool to 33 °C during the procedure
with active warming on completion.

Cerebrospinal fluid drainage

The perfusion pressure of the neurological tissue within the
spinal cord is a direct function of the mean arterial pressure
and the cerebrospinal fluid pressure (CSF). CSF production
rises during ischaemia causing increased pressure immedi-
ately after cross-clamping and late spinal cord oedema
after an ischaemic insult may also cause a significant
pressure increase. If the CSF pressure is allowed to rise, this
may well render the neurones relatively ischaemic.
Coupled with a fall in spinal perfusion pressure, this
mechanism may well be one of the major causes of spinal
cord ischaemia. Drainage of CSF to reduce the pressure is
a widely practiced technique. This is commonly achieved by
placing the patient in the lateral position and insertion of
a Tuohy needle into the subarachnoid space, confirmed by
free flow of CSF from the needle. Through this a spinal
drain may be inserted into this space. The CSF pressure may
be monitored and the pressure maintained at 10 mmHg by
free drainage in an open system. We maintain patients in
the horizontal or 30° head up position; with the spinal
drain, set up as an open system, 13cm (13 cm water
equates to 10 mmHg) above the external auditory meatus.
This allows the spinal fluid to drain when the pressure rises
above 10 mmHg. Clearly the drain must be clamped when
moving and sitting and requires regular monitoring to
maintain patency. This method avoids the need for pressure
monitoring which may be inaccurate and falsely reassuring.

Coselli?' has performed a randomised controlled trial of
cerebrospinal fluid drainage in 145 patients who underwent
type | or Il thoracoabdominal aneurysm repair. The protocol
for the control group included heparinization, left heart
bypass, and reattachment of patent critical intercostal
arteries. A second group received this standard protocol as
well as CSF drainage, with a target pressure of 10 mmHg,
which began at anaesthetic induction, continued for 48 h
after surgery. The two groups had broadly similar risk
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factors and a comparable aortic clamp time and left heart
bypass time as well as a similar number of intercostal
arteries that were grafted. There was a significant differ-
ence in paraplegia rates; 13% in the control group and 2.6%
in the CSF drainage group. This is an 80% reduction in the
relative risk of post-operative deficit.

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. There are also reports
of immediate reversal of neurological deficit with spinal
catheter insertion following thoracic aortic repair which
adds to the argument that this method is important in
reducing the incidence of spinal cord ischaemia.

However, this useful adjunct is not without risks as
highlighted by a recent study of 486 patients undergoing
thoracoabdominal aneurysm repair. 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.2

Cardiovascular stability

The importance of patient stability cannot be overstated.
The surgeon plays a major role in ensuring control of hae-
morrhage is achieved at all times. 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. As mentioned above??
many patients who develop late onset paraplegia have
a documented period of cardiovascular instability prior to
symptoms. This is also our experience.

Monitoring spinal cord function

Motor evoked potential (MEP) and somatosensory evoked
potential (SSEP) monitoring are established methods of
spinal cord monitoring during the procedure. MEPs are eli-
cited by placing electrodes on the scalp to produce trans-
cranial electrical stimulation which is recorded either via
the epidural space or from peripheral limb muscles. Jacobs
has shown that successful MEP monitoring can be achieved
in all patients.?* Maintaining a mean distal aortic pressure
of 60 mmHg with left heart bypass, MEPs are adequate in
82% of patients. In those that have evidence of impaired
spinal cord function increasing distal aortic pressure is
successful in restoring MEPs. Study of MEPs during surgery
may also guide the physician in determining the optimum
post-operative blood pressure post-operatively. In patients
who are at significant risk of spinal cord ischaemia, serial
cross-clamping of the aorta may identify the critical

segments of the aorta that supply important blood supply to
the spinal cord. MEPs may therefore be used to guide the
need and position of intercostal and lumbar artery graft
placement. In some patients (less than 20% of cases), MEPs
decrease significantly during aortic cross-clamping because
of critical spinal cord ischaemia but usually return after
spinal cord blood flow is restored. If the MEPs remain
attenuated it is likely that the patient will be left with
a permanent neurological deficit.

Whilst this method of monitoring spinal cord function
may be useful in studying the effectiveness of adjuncts to
improve the risk of paraplegia, it sometimes provides false
positive results. Particularly since the neurological function
of the spinal cord may be affected by anaesthetic agents
which may depress the synaptic function of the cerebral
cortex and spinal grey matter.

SSEP monitoring may also be useful in detecting spinal
cord ischaemia. However, SSEPs only reflect conduction of
sensory information in the posterior column, which has
a different blood supply from that supplying the motor
system located in the anterolateral part of the spinal cord.
Since this neurological pathway is thought to be the last to
become ischaemic, this method has limited clinical use.
However, recently Safi has directly compared MEPs and
SSEPs in a large cohort of patients?® and shown that these
two methods for detection of spinal cord dysfunction are
well correlated when intra-operative changes are irre-
versible and that each method has a strong negative
predictive value. He concluded that the more complex
measurements do not add further information to that
obtained by SSEPs.

The advantage of spinal cord drainage with increased
pressures can be seen when the spinal cord is monitored by
methods described above. With drainage of CSF there may
be a dramatic reversal in spinal cord function as monitored
by motor evoked potentials. Indeed this monitoring
method may be used to guide the need for spinal fluid
aspiration.

Management and Prevention of paraplegia
during and after Thoracic Aortic Stenting and
Hybrid Repair

Thoracic aortic stenting

Thoracic aortic stent grafting has made us rethink the
pathophysiology of cord ischaemia. Coverage of the thoracic
aorta without revascularisation of intercostals that feed
reticular vessels of the spinal cord was expected to produce
higher rates of spinal cord ischaemia than are seen. Stenting
may be performed with cerebrospinal fluid drainage but
other adjuncts believed to be necessary in avoiding spinal
ischaemia such as revascularisation of important intercostal
branches cannot be employed. Yet the paraplegia rates are
low in a number of large series'>2%:27 which have confirmed
the findings of DakeZ® after he published his original series of
13 thoracic stent grafts in 1994, with encouraging results.
There was no paraplegia in this group.

The absence of aortic cross-clamping and cardiovascular
stability may account for the encouraging results. Some
experimental animal work suggests that covering of the
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thoracic aorta using stent grafts in sheep causes little in the
way of spinal cord ischaemia, whereas cross-clamping of
the aorta for an extended period produces a profound
neurological deficit.?’ Animal studies however have their
limitations, especially in sheep that derive a great deal of
spinal cord blood supply from the lumbar and sacral vessels.

The low risk of paraplegia in thoracic stent grafting
compared with open surgery may be due to a difference in
case mix. For example, Dake’s series, although impressive,
contained largely localised aneurysms and the length of
aorta covered was small in many cases. When considering
the success of thoracic stent grafting it must be remem-
bered that the extent of repair and stent coverage is vitally
important in determining the risk of significant spinal cord
ischaemia. 3 If series contain patients with a shorter
length of covered aorta they will inevitably show improved
rates of spinal cord ischaemia. Likewise, when a dissected
aorta is stented there is often backwash into the lower end
of the false lumen of the dissected portion and this may
maintain necessary supply to intercostal vessels. This is
clearly not a phenomenon that occurs after surgical repair
and complete exclusion of the aneurysm. Comparing similar
case series when discussing surgical and endovascular
treatment options are important. The length of aorta
covered is also relevant when the case of synchronous or
dumbbell shaped aneurysms is considered, where a staged
approach is sensible to allow vital formation of collaterals
to the spinal cord.

Chiesa®' has reviewed a large case series of over 100
patients undergoing thoracic stent grafting and found
a delayed-onset paraplegia rate of 4%. These neurological
deficits resolved completely after the institution of CSF
drainage, steroids administration, and arterial pressure
adjustment. A number of studies have reported similar
results. Of note, a perioperative mean arterial pressure
(MAP) of less than 70 mmHg and CSF drain complications
have been shown to be independent risk factors for the
development of delayed-onset paraplegia.>'~34 Other vari-
ables that have been reported as significant predictors of
paraplegia in patients undergoing thoracic stenting
included those with a previous abdominal aortic aneurysm
repair and those with significant pre-operative renal
insufficiency.® A thorough understanding, therefore, of the
risk profile in patients requiring TEVAR is essential. Careful
haemodynamic monitoring is vital and prophylactic
measures for spinal cord protection should be considered in
patients whose thoracic aortas require extensive coverage
and those with other independent risk factors. The use of
somatosensory evoked potentials has also been advocated
in TEVAR.3>3¢ However, the occurrence of ischaemic
changes during these tests may jeopardize the completion
of the procedure, and the risk of embolization remains
considerable.?”

Recent study of the EUROSTAR multicenter registry of
thoracic stent grafting® has demonstrated that perioper-
ative paraplegia or paraparesis is significantly associated
with blockage of the left subclavian artery without revas-
cularization. In this series of 606 patients with variable
aneurysm pathology, paraplegia or paraparesis developed
in 15 patients (2.5%). In a multivariate analysis of this data,
spinal cord ischaemia was independently correlated with
left subclavian artery coverage without revascularization,

the presence of renal failure, concomitant open abdominal
aortic surgery and the use of three or more stent grafts.
Coverage of the left subclavian without surgical revascu-
larisation increases the risk of paraplegia nearly fourfold.

Visceral hybrid repair

Exclusion of complex thoracoabdominal aneurysms that
involve the visceral vessels with stent grafting and retro-
grade revascularisation from the distal aortic or iliac
segments is an alternative method of treating this condi-
tion. Clearly using this method, revascularisation of the
important intercostal and lumbar supply to the spinal cord
is impossible. Profound paraplegia may be expected given
the considerable length of excluded aorta. Despite this, our
initial results with regard to spinal cord ischaemia were
exceptional.®® In the first 29 consecutive patients treated
there was no spinal cord ischaemia documented following
the procedure. This group included 3 Crawford type I, 18
type Il, 7 type lll in 7 and 1 type IV thoracoabdominal aortic
aneurysms. Exclusion of the full thoracoabdominal aorta
was achieved in all 26 completed procedures and extended
to include the iliac arteries in four, with revascularization
of coeliac in 26, superior mesenteric artery in 26, left renal
artery in 21, and right renal artery in 21. Elective and
urgent cases had a mortality of 13%.

Although these results, showing no paraplegia, are
remarkable perhaps the lack of aortic clamp and patient
stability during the procedure are more important than is
currently thought. Also, visceral ischaemia times are short
and staggered. The median ischaemia time was 15 min
(range, 13—27 min) for the superior mesenteric and coeliac
arteries and 15 min for the renal arteries (range, 13—21 min).
Each of these vessels is anastomosed sequentially so that the
liver and gut are not ischaemic.

Our initial results of 29 consecutive patients formed the
majority of cases in a systematic review by Donas et al. in
2007.% In a total of 13 studies, 58 patients were identified,
all unfit for open surgery. The overall early and long-term
mortality was 15.5% and no procedure-related neurological
deficits were reported. More recent significant series of
hybrid repair include Bockler et al. who report a paraplegia
rate of 11% in 28 cases,*' and Siegenthaler et al. who report
no spinal cord injury in a series of 21 consecutive
patients.*?

As time has progressed and our experience has grown,
we have experienced a more expected paraplegia rate.*?
The only three substantial series of hybrid thor-
acoabdominal aneurysm repairs in Europe have been
collated and presented. A consecutive series of 89 urgent
and elective high-risk patients have been studied. This
series demonstrated a paraplegia risk of 8%. We believe
that the excellent paraplegia rates within our earlier series
of hybrid patients were due to a small sample size rather
than a change in technique or patient selection.

Summary

Methods thought to decrease the rate of spinal cord
ischaemia include reducing aortic cross-clamp times, inter-
costal revascularisation, retrograde perfusion techniques,
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Table 1

This table documents the approaches used for spinal cord protection at St. Mary’s Hospital, Imperial College London

for open repair (each aneurysm type documented), hybrid endovascular/surgical repair and thoracic stent grafting (TEVAR)

Type | Type Il Type lll Type IV TEVAR Hybrid
Revascularisation of  / J J No No No
intercostal arteries
Left heart bypass J J J No No No
Spinal Cord cooling No, but allow No, but allow No, but allow No No No
patient temperature patient temperature patient temperature
to fall to 33° to fall to 33° to fall to 33°
CSF drainage J J J No J J
Ensure J J J J After stent  /
MAP > 80 mmHg deployment

We do not routinely measure spinal cord function at St Mary’s.

Abbreviations: CSF — Cerebrospinal fluid; MAP — Mean arterial pressure; TEVAR — Thoracic endovascular aortic repair.

cerebrospinal fluid drainage and stability during anaes-
thesia. It is difficult to separate the effectiveness of each of
these methods as the use of various techniques is employed
by most. Randomised trials on this subject are sparse.
Another major problem is variation in reporting methods
between centers. A standardised method of reporting the
type of aneurysm repair and severity of paraplegia would
greatly benefit the literature on this subject.

A multimodal approach to decrease the risk of spinal
cord ischaemia is advocated by most. The combination of
various methods seems to be effective in reducing the risk
of spinal cord ischaemia (Table 1). However, these tech-
niques do not abolish the problem. The practice of stenting
the thoracic aorta and excluding the important spinal cord
arteries with relatively low rates of paraplegia suggests
that an anatomical basis alone for spinal cord ischaemia is
over simplistic and anaesthetic stability and duration of
ischaemia may play a major role.

Conflict of Interest

None.

Funding

The authors acknowledge support from the Imperial College
Biomedical Research Centre.

References

1 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):808—17 [Epub 2008 Aug 4].

2 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 low-
risk patients: a multicenter comparative trial. J Thorac Car-
diovasc Surg 2007 Feb;133(2):369—77 [Epub 2007 Jan 8].

3 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.

4 Svensson LG, Patel V, Robinson MF, Ueda T, Roehm Jr JO,

Crawford ES. Influence of preservation or perfusion of intra-

operatively identified spinal cord blood supply on spinal motor

evoked potentials and paraplegia after aortic surgery. J Vasc

Surg 1991 Mar;13(3):355—65.

Kieffer E, Fukui S, Chiras J, Koskas F, Bahnini A, Cormier E.

Spinal cord arteriography: a safe adjunct before descending

thoracic or thoracoabdominal aortic aneurysmectomy. J Vasc

Surg 2002;35:262—8.

6 Nijenhuis RJ, Jacobs MJ, Jaspers K, Reinders M, van
Engelshoven JM, Leiner T, et al. Comparison of magnetic reso-
nance with computed tomography angiography for preoperative
localization of the Adamkiewicz artery in thoracoabdominal
aortic aneurysm patients. J Vasc Surg 2007;45:677—85.

7 Biglioli P, Roberto M, Cannata A, Parolari A, Fumero A, Grillo F,
et al. Upper and lower spinal cord blood supply: the continuity of
the anterior spinal artery and the relevance of the lumbar arteries.
J Thorac Cardiovasc Surg 2004 Apr;127(4):1188—92.

8 Schlosser FJ, Verhagen HJ, Lin PH, Verhoeven EL, van

Herwaarden JA, Moll FL, et al. TEVAR following prior abdominal

aortic aneurysm surgery: Increased risk of neurological deficit. J

Vasc Surg 2009;49(2):308—14.

Safi HJ, Miller 3rd CC, Carr C, Iliopoulos DC, Dorsay DA, Baldwin JC.

Importance of intercostal artery reattachment during thor-

acoabdominal aortic aneurysm repair. J Vasc Surg 1998;27:58—66.

10 Backes WH, Nijenhuis RJ, Mess WH, Wilmink FA, Schurink GWH,
Jacobs MJ. Magnetic resonance angiography of collateral blood
supply to spinal cord in thoracic and thoracoabdominal aortic
aneurysm patients. J Vasc Surg 2008;48:261—71.

11 Acher CW, Wynn MM. Technique of thoracoabdominal aneurysm
repair. Ann Vasc Surg 1995;9:585—95.

12 Biglioli P, Spirito R, Porqueddu M, Agrifoglio M, Pompilio G,
Parolari A, et al. Quick, simple clamping technique in
descending thoracic aortic aneurysm repair. Ann Thorac Surg
1999 Apr;67(4):1038—43 [discussion 1043—4].

13 Svensson LG, Crawford ES, Hess KR, Coselli JS, Safi HJ. Experi-
ence with 1509 patients undergoing thoracoabdominal aortic
operations. J Vasc Surg 1993;17:357—68.

14 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:
471-9.

15 Crawford ES. Thoraco-abdominal and abdominal aortic aneu-
rysms involving renal, superior mesenteric, celiac arteries. Ann
Surg 1974;179:763—72.

16 Coselli JS. The use of left heart bypass in the repair of thor-
acoabdominal aortic aneurysms: current techniques and
results. Semin Thorac Cardiovasc Surg 2003;15:326—32.

(S

(el



660

C.D. Bicknell et al.

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

Coselli JS, LeMaire SA. Left heart bypass reduces paraplegia
rates after thoracoabdominal aortic aneurysm repair. Ann
Thorac Surg 1999;67:1931—48.

Coselli JS, LeMaire SA, Conklin LD, Adams GJ. Left heart bypass
during descending thoracic aortic aneurysm repair does not reduce
the incidence of paraplegia. Ann Thorac Surg 2004;77:1298—303.
Jacobs MJ, de Mol BA, Legemate DA, Veldman DJ, de Haan P,
Kalkman CJ. Retrograde aortic and selective organ perfusion
during thoracoabdominal aortic aneurysm repair. Eur J Vasc
Endovasc Surg 1997;14:360—6.

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;27:58—66.
Coselli JS, Lemaire SA, Koksoy C, Schmittling ZC, Curling PE.
Cerebrospinal fluid drainage reduces paraplegia after thor-
acoabdominal aortic aneurysm repair: results of a randomized
clinical trial. J Vasc Surg 2002;35:631—9.

Safi HJ, Miller CC, Azizzadeh A, Iliopoulos DC. Observations on
delayed neurologic deficits after thoracoabdominal aortic
aneurysm repair. J Vasc Surg 1997;26:616—22.

Wynn MM, Mell MW, Tefera G, Hoch JR, Acher CW. Complica-
tions of spinal fluid drainage in thoracoabdominal ortic aneu-
rysm repair: A report of 486 patients treated from 1987 to 2008.
J Vasc Surg 2009;49(1):29—34.

Jacobs MJ, Mess W, Mochtar B, Nijenhuis RJ, Statius van Eps RG,
Schurink GW. The value of motor evoked potentials in reducing
paraplegia during thoracoabdominal aneurysm repair. J Vasc
Surg 2006;43:239—46.

Keyhani K, Achouh P, Miller CC, Azizzadeh A, Coogan SM,
Estrera AL, et al. Analysis of motor and somatosensory evoked
potentials during thoracic and thoracoabdominal aortic aneu-
rysm repair. San Diego: Society for Vascular Surgery; 2008.
Stone DH, Brewster DC, Kwolek CJ, Lamuraglia GM, Conrad MF,
Chung TK, et al. Stent-graft versus open-surgical repair of the
thoracic aorta: mid-term results. J Vasc Surg 2006 Dec;44(6):
1188—-97.

Thompson M, Ivaz S, Cheshire N, Fattori R, Rousseau H,
Heijmen R, et al. Early results of endovascular treatment of the
thoracic aorta using the Valiant endograft. Cardiovasc Intervent
Radiol 2007 Nov—Dec;30(6):1130—8.

Dake MD, Miller DC, Semba CP, Mitchell RS, Walker PJ,
Liddell RP. Transluminal placement of endovascular stent-grafts
for the treatment of descending thoracic aortic aneurysms.
N Engl J Med 1994;331:1729—-34.

Bockler D, Kotelis D, Kohlhof P, von Tengg-Kobligk H,
Mansmann U, Zink W, et al. Spinal cord ischemia after endo-
vascular repair of the descending thoracic aorta in a sheep
model. Eur J Vasc Endovasc Surg 2007;34:461—9.

Feezor RJ, Martin TD, Hess Jr PJ, Daniels MJ, Beaver TM,
Klodell CT, et al. Extent of aortic coverage and incidence of spinal
cord ischemia after thoracic endovascular aneurysm repair. Ann
Thorac Surg 2008 Dec;86(6):1809—14 [discussion 1814].

Chiesa R, Melissano G,Marrocco-Trischitta MM, Civilini E,
Setacci F. Spinal cord ischemia after elective stent-graft repair
of the thoracic aorta. J Vasc Surg 2005;42:11—7.

32

33

34

35

36

37

38

39

40

M

42

43

Azizzadeh A, Huynh TT, Miller 3rd CC, Estrera AL, Porat EE,
Sheinbaum R, et al. Postoperative risk factors for delayed
neurologic deficit after thoracic and thoracoabdominal aortic
aneurysm repair: a case-control study. J Vasc Surg 2003 Apr;
37(4):750—4.

Carroccio A, Marin ML, Ellozy S, Hollier LH. Pathophysiology of
paraplegia following endovascular thoracic aortic aneurysm
repair. J Card Surg 2003 Jul-Aug;18(4):359—66.

Cho JS, Rhee RY, Makaroun MS. Delayed paraplegia 10 months
after endovascular repair of thoracic aortic aneurysm. J Vasc
Surg 2008 Mar;47(3):625—8.

Ishimaru S, Kawaguchi S, Koizumi N, Obitsu Y, Ishikawa M.
Preliminary report on prediction of spinal cord ischemia in
endovascular stent graft repair of thoracic aortic aneurysm by
retrievable stent graft. J Thorac Cardiovasc Surg 1998 Apr;115(4):
811-8.

Bafort C, Astarci P, Goffette P, El Khoury G, Guerit JM, de
Tourtchaninoff M, et al. Predicting spinal cord ischemia before
endovascular thoracoabdominal aneurysm repair: monitoring
somatosensory evoked potentials. J Endovasc Ther 2002 Jun;
9(3):289—-94.

Gravereaux EC, Faries PL, Burks JA, Latessa V, Spielvogel D,
Hollier LH, et al. Risk of spinal cord ischemia after endograft
repair of thoracic aortic aneurysms. J Vasc Surg 2001 Dec;34(6):
997—1003.

Buth J, Harris PL, Hobo R, van Eps R, Cuypers P, Duijm L, et al.
Neurologic complications associated with endovascular repair
of thoracic aortic pathology: incidence and risk factors. A study
from the European Collaborators on stent/graft techniques for
aortic aneurysm repair (EUROSTAR) registry. J Vasc Surg 2007;
46:1103—10.

Black SA, Wolfe JH, Clark M, Hamady M, Cheshire NJ,
Jenkins MP. Complex thoracoabdominal aortic aneurysms:
endovascular exclusion with visceral revascularization. J Vasc
Surg 2006;43:1081—9.

Donas KP, Czerny M, Guber |, Teufelsbauer H, Nanobachvili J.
Hybrid open-endovascular repair for thoracoabdominal aortic
aneurysms: current status and level of evidence. Eur J Vasc
Endovasc Surg 2007 Nov;34(5):528—33.

Bockler D, Kotelis D, Geisblisch P, Hyhlik-Diirr A, Klemm K, von
Tengg-Kobligk H, et al. Hybrid procedures for thoracoabdominal
aortic aneurysms and chronic aortic dissections — a single
center experience in 28 patients. J Vasc Surg 2008 Apr;47(4):
724-32.

Siegenthaler MP, Weigang E, Brehm K, Euringer W, Baumann T,
Uhl M, et al. Endovascular treatment for thoracoabdominal
aneurysms: outcomes and results. Eur J Cardiothorac Surg 2008
Oct;34(4):810—9 [Epub 2008 Sep 4].

Jenkins MP, On Behalf of Regional Vascular Unit, St Mary’s
Hospital, London, United Kingdom; Department of Vascular and
Endovascular Surgery, University of Heidelberg, Germany;
Department of Vascular Surgery, Technical University of
Munich, Germany. Visceral hybrid of thoraco-abdominal aortic
aneurysms — a collaborative approach. Madrid: European
Society of Vascular Surgery; 2007.



	Prevention of Paraplegia during Thoracoabdominal Aortic Aneurysm Repair
	Introduction
	Anatomy of the Spinal Cord
	Adjuncts and Ancillary Techniques during Surgical Repair
	Revascularistion of spinal cord
	Reducing spinal cord ischaemic time
	Spinal cord hypothermia
	Cerebrospinal fluid drainage
	Cardiovascular stability
	Monitoring spinal cord function

	Management and Prevention of paraplegia during and after Thoracic Aortic Stenting and Hybrid Repair
	Thoracic aortic stenting
	Visceral hybrid repair

	Summary
	Conflict of Interest
	Funding
	References


