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Abstract

cerebral ischemia.

invasive intracerebral interventions.

of various neurovascular pathologies.

Background: Collateral circulation is a vascular network which maintains the blood flow after the partial blockage
of primary vascular pathways. This acts as potential vascular supplementary system and plays important role in the

Main body: Collateral circulation has implications in the management especially related to cerebral endovascular
treatment and thrombolytic therapy. It is considered as subsidiary network of vascular channels, which is highly
variable. Insufficient arterial supply is due to the hemodynamic compromise because of thromboembolism. Apart
from the collaterals, there is additional existence of a group of vessels known as venous collaterals. Their function is
variable and they contribute to the augmentation of venous drainage in venous ischemias. Various pharmacological
interventions are used to modulate the collaterals, these can prove to be a complementary alternative to the

Conclusions: The aim of this review article is to highlight the importance of cerebral collateral circulation and to
discuss the various available pharmacological alternatives available and their current relevance in the management
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Background

Stroke is considered as the third cause of mortality in
the world and it is producing high morbidity, by limiting
the normal functioning of patients and affecting the
quality of life [1]. Stroke is caused by reduction of
cerebral arterial supply, which leads to deprivation of
cerebral oxygen and nutrients. Within a few minutes of
onset, stroke causes ischemic injury and it is considered
as a medical emergency [2]. Prompt diagnosis and ap-
propriate emergency treatment is crucial as early inter-
vention can minimize the brain damage and subsequent
potential complications [1]. However, a well-developed

* Correspondence: dramitagrawal@gmail.com

“Department of Neurosurgery, All India Institute of Medical Sciences, Saket
Nagar, Bhopal, Madhya Pradesh 462020, India

'%Center for Biomedical Research (CIB), Faculty of Medicine, University of
Cartagena, Cartagena, Colombia

Full list of author information is available at the end of the article

@ Springer Open

collateral circulation can have a protective effect on the
penumbra, until the recanalization is achieved, as it can
significantly minimize the area of cerebral tissues [3, 4].
The relationship between the grades of collateral circula-
tion and the predictability of infarct evolution was a
main study focus in recent years [5]. The hemodynamic
effects of intracranial collateral circulation may be im-
portant to maintain perfusion in the affected regions [6].
It is a network of vascular channels that stabilize the
cerebral blood flow when the main ducts fail [7]. It is a
special physiological pathway that protects the tissues
against acute ischemic injury during its initial phase
[2, 6]. This current review article aims to show the
benefits of collateral circulation in cerebrovascular
pathologies and the relevance of knowing the physiology
of this system to be modulated by pharmacological
strategies.
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Main text

Collateral circulation: Overview

Collateral vessels contribute to the arterial supply of one
or more areas deprived of their primary blood supply
[4]. For many years, the pathophysiology of the collateral
arteries in the central nervous system has been discussed
but failed to get a consensus or unified criteria and
explains the existence of various classifications. At least,
on the anatomical basis, two main types of cerebral col-
lateral circulation exists, the first one being collaterals
between the intracranial arteries and the extracranial
arteries. The second one is collaterals of the intracranial
arteries. These collateral vessels get often recruited or
activated at different intervals; therefore, two types of
collaterals are defined based on the activation period.
The collaterals that act immediately or in minutes (early
activation of collaterals) and the delayed action (delayed
recruitment). Early activation depends on the speed of
occlusion (for example, sudden carotid occlusion),
diameter of artery, blood flow velocity, and blood flow
pressure. In many cases, sudden occlusion opens up the
collateral flow from the periphery to the ischemic area.
However, in other cases, the presence of collaterals may
not be enough to prevent ischemia and infarction. The
polygon of Willis is considered as a source of collaterals
of early activation, but its anatomical configuration is
very variable from one individual to another [8]. As an
example, this becomes inadequate through the posterior
communicating artery and anterior communicating
artery in approximately 25% and 36% cases, respectively
[8]. This type of collateral becomes more inefficient
when intracranial atherosclerosis coexists.

Vascular occlusion and collateral circulation

The role of late recruitment collaterals is usually the
result of gradual arterial occlusion. The reduction of
perfusion due to local hypercapnic ischemia and acidosis
causes dilation of normal cerebral vessels, leading to
decrease in the focal arterial pressure, which results in
greater collateral flow to the ischemic area. Over time,
the collateral vessels tend to widen and expand to in-
crease the load capacity by increasing the blood volume.
These changes cause the collateral vessels to become
tortuous over the periods of months or years. The area
of necrosis depends largely on the degree of oxygenation
of the blood in poorly perfused tissues, which in turn
depends on the maintenance of prolonged collateral
pathway and adequate blood pressure. Clear examples of
delayed or progressive recruitment are the leptomenin-
geal, intraparenchymal collaterals, and the external carotid
artery through the branches of ophthalmic artery, the
inferolateral trunk, cavernous sinus, anastomosis between
branches of the middle and occipital meningeal arteries
[9]. The leptomeningeal collaterals are not constant, but
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very variable among individuals and depend on the factors
such as age and blood pressure. These are usually
activated in the late occlusive vascular processes. In our
experience, administering intra-arterial nimodipine, large
volumes of saline solution, and pharmacological increase
in the blood pressure can accelerate the process of recruit-
ment of leptomeningeal vasculature. These represent late
recruitment of collaterals, anastomosis through roots, and
muscular branches of the vertebral artery, where the in-
volvement of the anterior spinal artery has been described
in some cases [10, 11].

Types of collateral circulation

The collateral circulation can be classified into primary
(arterial segments of the circle of Willis) and secondary col-
lateral pathways (the ophthalmic artery and leptomeningeal
vessels) [7, 12—15]. Collaterals between the intracranial and
extracranial arteries includes (1) branches of the external
carotid artery and the cavernous segment of the internal ca-
rotid artery and ophthalmic artery, (2) dural anastomosis
between distal branches of the middle and occipital menin-
geal artery with cerebral arteries, (3) anastomosis between
extracranial segments of vertebral artery and anterior spinal
artery, and (4) muscular, subcutaneous, and visceral arteries
to the branches of the vertebral artery. Collaterals between
the intracranial arteries includes (1) basal collaterals—com-
munication through the vessels forming the circle of Willis
(circulus arteriosus), (2) superficial collaterals—represents
the pial communication through the leptomeningeal artery,
and (3) intraparenchymal collaterals—small precapillary
anastomosis between the branches of perforating arteries
[15]. Substantial variability is an inherent characteristic of
cerebral collateral circulation and a knowledge of these
variations is important which are while considering inter-
pretation of diagnostic imaging and planning therapeutic
interventions [4, 15-22].

Collateral circulation and ischemic cerebral vascular events

Collateral circulation of the brain constitutes one of the
most influential factors in controlling the potentially
devastating effects of cerebral ischemia [4]. Liebeskind
et al. [7] observed that the collateral circulation is a
powerful determinant of the risk of stroke in intracranial
atherosclerosis, demonstrating a protective role with
severe stenosis, decreasing the metabolic need after
infarction. Verma et al. [6] evaluated the pattern of dis-
tribution of early ischemic changes as a practical method
to estimate the leptomeningeal collateralization in acute
cerebrovascular accidents, finding that the patients with
poor collaterals showed more infarcts in the initial MRIL
DWI-weighted MRI sequences can be a useful marker in
routine clinical evaluation [6]. Seyman et al. [14] observed
that collateral circulation is an important determinant of
volume of cortical infarction, affecting the clinical outcome
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in cases of established occlusion of the main anterior circu-
lation artery.

Imaging evaluation

Evolving imaging modalities CT with perfusion protocol,
MRI with perfusion protocol, xenon-enhanced CT,
single-photon emission CT, positron emission tomog-
raphy are useful adjunct to existing imaging modalities
[4, 5]. However, digital subtraction angiography (DSA) is
considered as the gold standard for the anatomical
evaluation of collateral circulation [5]. It can dynamically
visualize the blood flow through the pial collaterals or
other secondary collaterals. Progress in perfusion-based
imaging has allowed functional evaluations of cerebral
blood flow quality, which is also known as effective
parenchymal perfusion.

Implications in clinical practice

It is interesting to note that collateral circulation plays
an important role not only in the recovery phase of
acute stroke but also in the hemorrhagic transformation
of the infarct [4, 23-26]. Presence of collateral circula-
tion is found to be protective against ischemic stroke in
patients with carotid artery stenosis [4, 27, 28]. A large
number of interesting strategies with the proven ability
to modulate the flow of collateral circulation in cerebral
ischemic events are proposed and its current status in
under different clinical trials. External counter pulsation
(ECP) is a method, which improves the perfusion in a
non-invasive manner. It augments diastolic blood flow
which is triggered by ECG and thus increases perfusion
to the heart, kidney, and brain [13, 29]. An interesting
strategy is the change of position of the head that after a
vascular occlusion can modify the gravitational influence
of pressure gradients in the cerebral circulation and in
this way the leptomeningeal recruitment is increased [30].

Induced hypertension and volume expansion

The increase in systemic blood pressure seems to be one
of the most practical measures to modulate collateral
circulation. In small clinical studies phenylephrine,
which induces systemic vasoconstriction as acting as an
alpha 1 adrenergic receptor agonist, it does not improve
the prognosis in the patients treated. This clarifies that
the collateral circulation was not evaluated, leaving
doubt about the real utility. The expansion of intravas-
cular volume is an attractive measure; the increase in
volume can be usually done by plasma expansion and
hemodilution. Although it did not result in improvement
of neurological outcome or mortality using dextran 40
and hydroxyethyl starch, we have to clarify that, when
these trials were carried out, the therapeutic window
period, which was not well defined, once patients were
included over hours to days after the ischemic vascular
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event. On the other hand, the use of 25% intravenous al-
bumin was not found to be superior to the conventional
treatment in patients with cerebral infarction. The use of
albumin for its hypervolemic effect, antioxidant, anti-
inflammatory, and antithrombotic properties supposed
promising results. The study ALIAS 1-2, use an albumin
dose of 2g/kg, however, had to be suspended due to
high mortality, increased congestive heart failure, and
pulmonary edema. By this reason, use in stroke is not
recommended [31, 32].

Partial occlusion of aorta

Partial occlusion of the abdominal aorta has been shown to
improve cerebral through complex mechanisms [33], how-
ever, this is an invasive, technically demanding, and costly
method so it is of limited use in clinical practice [34].

Nitric oxide

The induction of selective arteriolar vasodilatation in the
ischemic penumbra area may be another measure to be
used. The use of nitric oxide, a potent endogenous
vasodilator was evaluated in basic research studies with
models of cerebral infarcts. In these experimental
models, nitric oxide induces selective arteriolar vasodilatation
in the penumbral zone, apparently through arteries. Collat-
erals improved the functional prognosis and decreased the
damaged brain tissue [4, 12]. Future clinical trials in humans
are required to corroborate the findings observed at the
experimental level.

Bypass surgery

Extracranial and intracranial arterial bypass surgery (exter-
nal carotid artery and internal carotid artery) involves the
connection of superficial temporal artery with the
branches of the middle cerebral artery (MCA) to avoid
atherosclerotic stenosis or occlusions of the internal ca-
rotid artery or MCA. This procedure has been shown to
be safe and effective; however, it should be considered for
the use of general anesthesia in critically ill patients [35].

Sildenafil and PDE5 inhibitors

Phosphodiesterase inhibitors can improve the recovery
time in brain injury. The initial therapeutic targets are
inflammation and neuronal death, and the late objectives
are synaptic dysfunction and circuit remodeling [36].
Sildenafil, an inhibitor of PDE5, has a neurorestorative
effect in rats with CVA, due to its effects of neurogenesis,
synaptogenesis, and angiogenesis. Its neurorestorative
action is demonstrable even if the therapy starts 1 week
after the stroke [37].

Recombinant human erythropoietin
The clinical utility of erythropoietin in neuroprotection
is very controversial at present. However, the application
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of molecules such as rHu-EPOD in the neurosciences as
a solid theoretical basis gave promising results in pre-
clinical studies of cerebrovascular and neurodegenerative
diseases. The application of rHu-EPODb intranasally in
amounts equivalent to the pharmacological dose demon-
strated its passage to the central nervous system. The
effect of this on cell death, brain function, and on the
safety of the acute phase of cerebral infarction, has
shown its neuroprotective effect [38]. On the other hand,
a high dose is tolerated in acute ischemic stroke [33].

Stimulation of the sphenopalatine ganglion

The stimulation of parasympathetic fibers, which innerv-
ate the intracranial vessels and leads into the vasodila-
tion, is the foundation of the sphenopalatine ganglion
stimulation technique. At the experimental level, this
technique reduces the infarct area and has demonstrated
safety in patients with cerebral infarction [39].

Acetazolamide usage

The use of carbonic anhydrase inhibitors such as acet-
azolamide can selectively produce selective arteriolar
vasodilation. Clinically, acetazolamide is used for the
cerebrovascular hemispheric reactivity test. There is little
information in the literature about acetazolamide and in-
creased collateral circulation [40].

Usage of statin medications

The usage of statins may reduce the mortality in patients
with cardiovascular disease. For decades, evidence has
emerged about the neuroprotective roles of statins, they
have been associated with a decrease in Alzheimer’s
disease, probably due to their mechanisms of reduced
production of B-amyloid protein (AP), also apparently
reducing the incidence of Parkinson’s disease, and at
experimental level some beneficial effects have been
identified in the treatment of multiple sclerosis. On the
other hand, the signaling function of the oxygen radical
of nitric oxide can be modulated by statins. Nitric oxide
locally improves blood flow by inducing a potent vaso-
dilator response. It has been suggested that, by activating
vasodilation mechanisms, neuronal death is reduced, as
it has also been established that hypoperfusion is a char-
acteristic observed in neurodegenerative diseases such as
Alzheimer’s disease. Studies have shown the usefulness
of statins in the increase of collateral circulation in pa-
tients with cerebral infarction [39].

Conclusions

The role of collateral circulation is considered as import-
ant factor in the event of onset, evolution, management,
and prognosis of ischemic cerebrovascular disease. In spite
of the highly variable anatomy of collateral circulation
among the individuals, the activation of the collateral
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circulation permit protection or at least tries to mitigate
or minimize the volume of the affected cerebral tissue and
associated neurological deficit. In the future, further
research is highly warranted to clearly define the role of
various interventions in cerebral stroke, subarachnoid
hemorrhage, and other cerebral neurovascular pathology.
Finalizing well-defined strategies, increased awareness
among the neuro-intensivists, neurosurgeons, neurolo-
gists, and allied professionals may go a long away in redu-
cing the mortality and morbidity. This will improve the
overall neurological outcome and early re-integration into
the society of the affected individuals.
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