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Introduction

Surgery is the most common cause of spinal cord ischemia; it is also caused by hemo-
dynamic changes, which disrupt the blood flow. Direct ligation of the spinal arteries,
especially the Adamkiewicz artery is involved as well. Other causes of spinal cord isch-
emia include arteriography procedures, thoracic surgery, epidural and rachianesthesia,
foraminal infiltration, arterial dissection, systemic hypotension, emboligenic heart dis-
ease, thoracic disc herniation, and compression. Understanding the vascular anatomy
of the spinal cord is essential to develop optimal strategies for preventing ischemic
injuries to the spinal cord. During ischemia, a rich network of intra and paraspinal col-
laterals allow enough blood flow to compensate the intensity of spinal cord ischemia.
In case of interruption of flow of a main artery, the collateral artery increases its flow to
maintain perfusion to the tissues. Avoiding spinal cord ischemia by using collateral cir-
culation is necessary to prevent the establishment of hypovolemia, hyperthermia and
elevations in venous pressures. The objective of this narrative review is to present the
current concepts of spinal collateral circulation and its role in the setting of ischemic
events, affecting the vascular supply of the spinal cord.

and others.! In recent years, few studies have been conducted
to understand the role of spinal collateral circulation in isch-

Understanding the vascular anatomy of the spinal cord
appears to be essential for developing optimal strategies
to prevent ischemic injury to the spinal cord. The ischemic
injury can be secondary to aorta-related surgeries, spinal
procedures, emboligenic heart disease, neoplasms, trauma,
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emic protection of the spinal cord. It was reported that the
spinal arteries may develop collateral circulation and this
seems to be a determining factor.?2 During the ischemic pro-
cess, a rich network of intra and paraspinal collaterals allow
enough blood flow to control or decrease the intensity of
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spinal cord ischemia.>* This may explain the fact that the fre-
quency of infarction of the spinal cord is rare compared with
the cerebral infarction, with an incidence of approximately
1% for the spinal cord ischemia and the brain representing
the remaining 99%.>¢ The purpose of this narrative review is
to present the current concepts of spinal collateral circula-
tion and its role in the setting of ischemic events, affecting
the vascular supply of the spinal cord.

Anatomy of Spinal Collateral Circulation

The anatomical circulation of the spinal cord was published
in 1882 by Albert W. Adamkiewicz, who postulated that
arteria radicularis magna is the largest feeder of the anterior
spinal artery.!”® The anterior spinal artery is an anastomosis
channel in the midline, anterior to the spinal cord. However,
this artery is a part of group of 2 to 17 arteries known as
segmental arteries. These segmental arteries feed the spinal
arterial system by attaching to the spinal arteries (anterior
spinal artery or one of the two posterior spinal arteries) along
its height.® These arteries are different from radicular arter-
ies that supply the nerve roots. The lumbar artery branches
from the abdominal aorta, from which segmental branches
will be projected which, in turn, will join the anterior spinal
artery to irrigate the lumbar spine and part of the sacral. The
Adamkiewicz artery is projected from the posterior intercos-
tal artery, which is a branch of the aorta, and irrigates some
of the thoracic segments to the first lumbar segment. With
regard to the upper thoracic and cervical spinal cord, the ver-
tebral arteries, deep cervical arteries and ascending cervical
arteries (all these branches are from the subclavian artery)
provide the segmental branches. It has been shown that the
number of segmental arteries that will perfuse a spinal seg-
ment is proportional to the cross-sectional area of the gray
matter of that segment.” By this logic, thoracic spine is more
susceptible to vascular injury than the cervical spine. It is
important to note that there are some arteries called epidural
arcades, which appear in all spinal cord segments. These are
branches of the segmental arteries that cover the dorsal sur-
face of the vertebral body, anastomosing with the rostral and
caudal neighboring segment.’

Applied Concept of the Collateral Circulation

Later descriptions of spinal vasculature emphasized on mul-
tiple vessels supplying blood from arteries outside the spi-
nal canal.’® During the 1970s, multiple anastomoses from
the vascular territories outside the spinal canal, peripheral
vessels and even the paraspinal muscles were described.’®
There are axial vascular networks of perivertebral tissues
(paraspinal muscles and others) that anastomose through
small vessels to arteries and nourish the spinal cord, such
as segmental, subclavian, hypogastric, lumbar, and intercos-
tal arteries and their branches. The collateral connections
implies that, in case of interruption of flow of a main artery,
the accessory or collateral artery increases its flow to main-
tain perfusion to the tissues.'®!" Among the different vascular
organization at different levels of the spinal cord, the level

Indian Journal of Neurotrauma Vol. 18 No. 1/2021 © 2020. Neurotrauma Society of India.

with the least collateral connection is the thoracic one, since
itis only irrigated by a single segmental artery and is the nar-
rowest part of the spinal cord.’®'? The correlation between
the sectional area of the core and the degree of irrigation
has been mentioned.” In addition, the anterior spinal cord
is more vulnerable to ischemia, since the posterior medulla
receives a supply of two posterior arteries with a high-de-
gree of collateral connections.'?!* Different studies in animals
showed that the interruption of the flow of all segments to
the spinal cord did not produce hypoxic intrathecal acidosis
or spinal dysfunction, which remained until the subclavian or
middle sacral artery clamping was done.!!

There is a specific case in which the collateral pathway
lacks vascular resistance and the main source decreases its
flow, which is called steal; for example, in the event of an
aortic cross-clamp, drug-induced arteriovenous shunts, or in
the case of bleeding from the intercostal artery in an open
excluded aortic segment, conditions demonstrated by exper-
imentation.>!* A postmortem study in humans demonstrated
the permeability of collateral pathways to the spinal cord by
injection of dye.™ Another study using pig models showed
that, after ligation of the segmental arteries, the anterior
spinal artery increases its diameter by vasodilation and thus
the arterial tree paraspinal vasculature development. This
is consistent vascular adaptation in increased quantity and
density of arterioles and a change of arrangement, parallel to
the spinal cord (collateral maturation) to permit flow from
the subclavian arteries rostrally and the hypogastric arteries
caudally.>'1516 Furthermore, pig models recovered quickly
due to this collateral vascular supply network."> Among the
6000 segmental arteries’ ligation, there were no cases of
paraplegia, so it is inferable that the ischemic event did not
take place.’® It has been postulated that the collateral spinal
system is divided into three compartments: two paraspinal
(one of the musculatures itself and another extramuscular)
and one intraspinal compartment. The paraspinal compart-
ment turns out to be the largest involved in the long-term
collateral circulation. In this compartment, the changes of
collateral maturation described above take place once the
main supply is cut, which also encloses a reserve mechanism
at rest. Once the metabolic demand increases, the vascular
adaptation starts increasing the perfusion to the spinal cord.
The intraspinal compartment has a collateral mechanism
similar to the circle of Willis in the cerebral interpeduncular
fossa, so that it is a system, which is involved in short-term
collateral circulation and does not have a collateral matura-
tion like paraspinal compartment. Rather, alterations consist
in the increase of the caliber of the blood vessels.>'® Epidural
arcades in the intraspinal system have an important role in
the immediate irrigation function as the most important
reserve vessels.!®

Etiopathogenesis of Spinal Cord Ischemia

The causes of spinal cord ischemia are numerous. Among
them, iatrogenic injuries during the thoracic and thoracoab-
dominal open aortic aneurysms repair (TOAR) or endovas-
cular aortic repair (TEVAR) are the most common. Other
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etiologies for spinal cord ischemia described are arteriog-
raphy procedures, thoracic surgery, epidural and rachian-
esthesia, foraminal infiltration, arterial dissection, systemic
hypotension, emboligenic heart disease, thoracic disc her-
niation, and compressive causes including epidural metas-
tases, meningiomas, trauma and spondyloarthrosis.>¢1718
Approximately, 87% of cases of spinal cord ischemia are
related to the compromise of the territory of the anterior
spinal artery,>'” and in a few cases, the affected territory is
related to the posterior spinal artery. The explanation for this
fact is mostly due to the existence of the collateral nature of
the posterior circulation spinal system. Spinal cord ischemia
can be systemic, which is secondary to systemic hypoperfu-
sion (cardiac arrest or shock), or in a focal area, more com-
mon in the territory of the Adamkiewicz artery.’

Surgical Procedure

Surgery is the most common cause of spinal cord ischemia;
it is also caused by hemodynamic changes, which disrupt the
blood flow. Direct ligation of the spinal arteries, especially
the Adamkiewicz artery is involved as well."” In addition, the
administration of epidural anesthesia by an unknown mech-
anism induces volume increase of the administered liquid,
adding to the vasoconstrictor effect of the drug and direct
traumatic damage, which may lead to ischemia in the spinal
cord tissue.?

Atherosclerosis, Dissection and Stroke

The presence of atheromas and emboli in the spinal and
radicular arteries is very infrequent. Therefore, atheroscle-
rotic spinal cord infarctions only occur due to severe aor-
tic involvement or dissecting aneurysms.'! Cases of spinal
cord infarction secondary to arterial dissection have been
reported.?! Patients with cardioembolic diseases have a
greater risk of developing spinal ischemia. There are cases
which have been reported in patients with rheumatic mitral
valve disease, atrial myxoma, bacterial endocarditis and oth-
ers.” Fibrocartilaginous emboli have also been reported, and
the mechanisms include extrusion of part of the fibrocarti-
laginous nucleus pulposus material from inside the inter-
vertebral disc to final embolization in one of the spinal cord
sinusoids, resulting in spinal cord infarction.”

Arteriovenous Malformations

They consist of persistence of a connection between an artery
and a vein without the interposition of a capillary network,
which leads to venous congestion, edema and hypertension.
This eventually causes chronic venous ischemia with pro-
gressive myelopathy or, if the derivation is purely intradural,
it can cause hematomyelia and subarachnoid hemorrhage.®

Trauma

Pathophysiological mechanisms in spinal cord ischemia
described two notable stages, primary and secondary

damage stages.?*?® The primary stage is the result of direct
mechanical or physical damage to the spinal cord by a combi-
nation of compression, laceration, distraction, vascular insult,
or shearing. The resulting damage to the microvasculature
leads to the production of a progressive edema, ischemia,
and activation of proapoptotic signaling.'®?”?° The pro-
cess of secondary damage begins with progressive vascular
changes due to the initial trauma.* The endothelial damage
prompts the inflammatory cascade of spinal cord ischemia,
leading to extravasation of red cells, platelet aggregation and
fibrin deposition. These platelet aggregates occlude the vas-
culature leading to ischemia, and endothelial gaps promote
the extravasation of plasma and proteins, thereby causing
edema.?? After the injury, hypoperfusion developed in gray
matter of spinal cord extends to the surrounding white mat-
ter rostrally and caudally; this hypoperfusion slows or com-
pletely blocks the propagation of action potentials along the
axons.? [schemia due to a decrease in perfusion is followed
by a phase of hyperemia, which is known as luxury perfusion
caused by a reduction in perivascular pH and is linked to the
accumulation of metabolites such as lactate acid.>' Finally,
the release of superoxide free radicals, nitric oxide destroys
cell membranes, consequently leading to cell death, a process
known as excitotoxicity.!82526.2829

Imaging of Collateral Spinal Circulation

The identification of collateral circulation in patients with
risk factors of developing spinal cord ischemia is important
for the surgical planning and prevention of neurological
complications.?> Among the most commonly used imaging
modalities, the multi-detector row computed tomography
(MDCT) seems to be the most promising, since it allows
the three-dimensional reconstruction of images of the
organ studied. In a recent study, collateral circulation could
be identified by MDCT in 83% of patients with segmental
artery occlusion in the artery originating from the artery
of Adamkiewicz.*? It was also reported that the use of other
modalities, such as CT angiography (CTA) and magnetic res-
onance angiography (MRA), in order to check the collateral
circulation to the Adamkiewicz artery through the intercos-
tal artery, thoracodorsal artery, internal thoracic artery and
inferior phrenic artery in patients with extensive degener-
ative thoracoabdominal aortic aneurysm,* reported detec-
tion rates between 67 to 93%.733 However, the effectiveness
is limited to the collateral paths exceeding the millimeter in
diameter, and these also lack functional validation.® However
MRA is recommended for patients in whom the MDCT could
not identify the Adamkiewicz artery.*

Somatosensory-evoked Potentials (SEPs) and
Motor

The belief among spine surgeons is that monitoring the spinal
cord function during the procedure reduces the likelihood of
injuring the spinal cord iatrogenically. However, there is no
recognition to support its use as a standardized procedure,
although there are centers which consider it as a part of
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routine. While it is true that some of the ischemic changes
are delayed to be detected during operation, those somato-
sensory evoked potentials (SEPs) that cannot be seen during
this time can be an important tool during the patient uncon-
sciousness postoperatively.!®'4** SEPs are defined as brain
electrical response to a somatosensory stimulus in order to
detect neural integrity of ascending neural pathways; this
technique, which was used for 40 years, provides prelimi-
nary warnings about the changes in spinal cord function.*3>
Due to the transient changes in the perfusion of spinal cord
during the surgery, it is possible that changes are registered
in the SEP. But after 15 minutes of the perfusion, function
recovers without resulting in paraplegia.'®* The disadvan-
tage of this technique is that when evaluating only ascending
tracts (sensory), ischemic injury of descending tracts (motor)
is not detectable, so motor-evoked potentials (MEPs) play a
key role in interpreting these studies.!®'>143> [ts advantages
with respect to SEP are superior specificity and sensitivity
for detecting the ischemia in risk surgeries, and its disadvan-
tages are high cost and convenience.’®'* Furthermore, with
the spinal cord ischemia being more common in the ante-
rior portion for the reasons mentioned above, MEPs are most
relevant to SEPs.!* The recommendation is to simultaneously
use both MEP and SEP to increase the diagnostic capacity of
these studies.*

Infrared Spectroscopy

Due to the invasive nature of the evoked potentials which
were described above, an alternative method for measuring
the noninvasive spinal perfusion is practiced, indirect infra-
red spectroscopy. It is a tool that reflects the nature of the
collateral circulation of the spinal cord, measuring the degree
of oxygenation of the paraspinal muscles and providing a
rough estimate of the oxygenation of the spinal cord. Any
change detected by this system can be an ischemic injury to
the spinal cord.'*¢ Research is performed to check the perfu-
sion relationship between the paraspinal muscles and spinal
cord to validate the indirect nature of this study.*

Collateral Spinal Circulation and Therapeutic
Strategies

To avoid spinal cord ischemia using the collateral circula-
tion, it is necessary to prevent the establishment of hypo-
volemia, hyperthermia, elevations in venous pressures,
and other threats that constitute risk factors.®*’” One of the
major concerns during the thoracoabdominal surgery is
spinal cord injury with the sacrifice of the segmental arter-
ies, which play a crucial role in the blood supply of spinal
cord.? Due to this, many alternatives have been proposed to
reduce the mortality and morbidity associated with spinal
cord injury, including the neurological complications such as
paraplegia and paraparesis.!' These methods include phar-
macological procedures, distal perfusion, hypothermia, reim-
plantation of segmental arteries, and cerebrospinal fluid (CSF)
drainage.®
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Maintenance of Mean Arterial Pressure

Whenever there is decreased blood flow by any etiologic
factor, collateral circulation plays a crucial role and one of
the means for strengthening mechanisms involves main-
taining the mean arterial pressure over the physiological
upper limit.>1214153639 Catapano et al* analyzed that there is
a positive association between high values of mean arterial
pressure and neurological improvement in patients with spi-
nal cord injury. Ullery et al*° came to the same conclusion in
patients who had undergone a correction of aortic aneurysm;
they also added that the mean arterial pressure < 70 mm Hg
is a risk factor for spinal cord ischemia. The goal is to keep
the mean arterial pressure at least 80 mm Hg for a surgical
procedure that produces spinal ischemia, such as an aor-
ta-related procedure, and maintain this goal by suspending
24 to 72 hours, adding any hypertensive agent if necessary.
In the event of neurological symptoms, target changes to be
aggressively incorporated to at least 100 mm Hg, and antihy-
pertensive treatment will be retaken up over a period of 1 to
3 months.*” In general, this measure is well adopted, although
clearly recognizing the fact that the etiological factor deter-
mines the effectiveness. This will have to be done to avoid the
damage perpetuated by ischemic processes because different
pathological processes can lead to a spinal cord infarction.”*?
The transfusion is indicated to stay hemoglobin values higher
at 10 to 12 mg/dL in the early postoperative period with the
appropriate coagulation profile.*’

Hypothermia

Temperature plays a crucial role in the metabolism of oxygen.
It should be noted that oxygen participates in the reactions
of cell respiration and cell death, so that interruption of use
is key to prevent the neuronal damage after the blood supply
is suspended.®® Hypothermia is neuroprotective as it seeks
to reduce the rate of oxygen metabolism.*® Hypothermia
reduces intracellular enzyme activity by 6 to 7% per degree of
temperature reduction; also, it reduces glutamate release or
enhanced release of GABA, suppresses intracellular calcium
intake, and decreases free radical generation to result in mit-
igation of harmful response of reperfusion.?’° There is little
evidence to support this practice in endovascular procedures,
but abundant in open surgical repair of aortic aneurysms.*’
By the foregoing, the intraoperative use of cardiopulmonary
bypass (feasible through the femoral artery, or according to
the current trend, of the right axillary artery) in moderate
temperature (taken in the nasopharynx of 20-28°C) is a mea-
sure that requires vast technic and the monitoring of certain
physiological variables such as coagulation, acid-base bal-
ance and glycemia.*

Cerebrospinal Fluid Drainage

The drainage of cerebrospinal fluid (CSF) by means of the
posture of a lumbar cannula of the intrathecal space pro-
duces improvement of the neurological outcomes when it
is a procedure related to the aorta.'>*® Spinal perfusion is a
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function of mean arterial pressure minus the pressure of the
CSF. When the CSF pressure exceeds the spinal arterial pres-
sure, a critical closing pressure is achieved and the veins col-
lapse regardless of the inlet pressure,* thus the flow to bone
is reduced because the arteries are unable to pass the blood
veins. In this order of ideas, by reducing intrathecal pressure
to balance this equation, we aim to increase spinal perfusion
to reduce the risk of ischemia.>** It does not constitute an iso-
lated measure; rather, it requires the concomitance of other
preventive measure of ischemia, since studies indicate that
this way is effective.>*

Neuroprotective Drugs

The use of these drugs is aimed at reducing overall spinal cord
damage, achieving their goal by reducing metabolic needs,
restricting neuronal apoptosis, mitigating the inflammatory
process, and increasing the tolerance of spinal ischemia.*” It is
important to note that there is still little evidence of benefit
for clinical application in humans, although studies in exper-
imental results are incriminating. Glucocorticoids are com-
monly used due to their anti-inflammatory capacity; they
manage to reduce edema and chemotaxis of polymorpho-
nuclear site of injury.#! However, a Cochrane review found
insufficient evidence for the use of steroids as neuropro-
tective in ischemic strokes.*? Papaverine given perispinally
increases the blood flow through its vasodilatory capacity,
thereby decreasing the ischemic injury. The use of this med-
ication reduced the spinal cord injury mechanism described
above after repair of TOAR.?” In some animal studies, propo-
fol has been shown to be neuroprotective, perhaps because
of its antiapoptotic, antioxidant or anti-inflammatory
nature.*® The use of lidocaine as neuroprotective is contro-
versial, despite their ability to reduce neuronal metabolism,
improve cerebral blood flow and possess anti-inflammatory
effects.?*# Another drug with potential neuroprotective
effects is mannitol, which has an osmotic, antiapoptotic and
free radical scavenging effect.*° The benefits of this drug was
studied, but there is inconclusive data about it and its effects
in the patient group.*

Conclusions

The spinal cord circulation is poorly studied in comparison
to the blood supply of brain. The etiopathological factors of
spinal cord ischemia are numerous. latrogenic injuries during
TOAR and TEVAR are the most common. Understanding the
blood supply of the spinal cord and medical interventions,
which may prevent ischemia, is of paramount importance to
avoid iatrogenic spinal cord injuries. Clinical and experimen-
tal studies are necessary to improve the knowledge of this
challenging subject.
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