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Review Article

Local endovascular infusion and
hypothermia in stroke therapy:
A systematic review

Honglian Duan’, Mitchell Huber?, Jessie N. Ding?, Christian Huber?, Xiaokun Geng"?

Abstract:

Ischemic stroke is a leading cause of death and disability worldwide, but there are no effective, widely
applicable stroke therapies. Systemic hypothermia is an international mainstay of postcardiac arrest
care, and the neuroprotective benefits of systemic hypothermia following cerebral ischemia have
been proven in clinical trials, but logistical issues hinder clinical acceptance. As a novel solution to
these logistical issues, the application of local endovascular infusion of cold saline directly to the
infarct site using a microcatheter has been put forth. In small animal models, the procedure has
shown incredible neuroprotective promise on the biochemical, structural, and functional levels,
and preliminary trials in large animals and humans have been similarly encouraging. In addition,
the procedure would be relatively cost-effective and widely applicable. The administration of local
endovascular hypothermia in humans is relatively simple, as this is a normal part of endovascular
intervention for neuroendovascular surgeons. Therefore, it is expected that this new therapy could
easily be added to an angiography suite. However, the neuroprotective efficacy in humans has yet to
be determined, which is an end goal of researchers in the field. Given the potentially massive benefits,
ease of induction, and cost-effective nature, it is likely that local endovascular hypothermia will become
an integral part of endovascular treatment following ischemic stroke. This review outlines relevant
research, discusses neuroprotective mechanisms, and discusses possibilities for future directions.

Keywords:

Introduction

herapeutic hypothermia (TH) is one of

the best studied and most highly effective
forms of ischemia protection available today.
Induced hypothermia is an international
staple of care after cardiac arrest, and the
practice has started to gain attention as a
theoretical neuroprotective strategy after
ischemic stroke.l'l Multiple groups have
demonstrated the remarkable benefit of
mild-to-moderate hypothermia (30°C-34°C)
in limiting the damage of focal and global
ischemia in animal models and clinical
studies.*! Until recently, the primary focus
of these investigations had focused on
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whole-body cooling. Whole-body cooling by
surface and endovascular methods has been
widely applied in studies of acute ischemic
stroke therapy,®® but while safe and
effective, its implementation into clinical
practice has been limited by logistical issues
and severe side effects (see “Whole-Body
Cooling” below).

In response to the drawbacks of whole-body
cooling, local endovascular infusion (LEVI)
of cold saline directly into the infarct site
has garnered attention as a novel, effective
way to maximize the benefits of cerebral
hypothermia while avoiding the detrimental
side effects of whole-body cooling. With
LEVI, a microcatheter is threaded directly
to the infarct site, and then, cold saline
is perfused into the ischemic region for a

How to cite this article: Duan H, Huber M, Ding JN,
Huber C, Geng X. Local endovascular infusion and
hypothermia in stroke therapy: A systematic review.
Brain Circ 2019;5:68-73.

© 2019 Brain Circulation | Published by Wolters Kluwer Health — Medknow



Duan, et al.: Local hypothemia in stroke therapy

variable length of time (usually 5-30 min),”? which allows
for more rapid achievement of target temperatures and
permits selectivity in hypothermia application. Since the
cold saline is only perfused into the ischemic area, the
volume needed to attain target temperatures is negligible
compared to total blood volume, which translates
to minimal change in body temperature, thereby
eliminating the adverse effects of whole-body cooling.
Logistically, the implementation of LEVI into clinical
practice would be a smooth transition, as image-guided
microcatheter placement is a daily practice for most
neurointerventionalists.®!

Whole-Body Cooling

The use of whole-body TH to preserve ischemic tissues
has been investigated extensively but largely in the
context of cardiac arrest, where it is a standard of
care.”l Sentinel studies on the topic utilized “surface
cooling” methods — cooling using cold blankets or ice
packs applied to the skin — and later trials utilized
invasive cooling methods, such as systemic infusion of
cold fluids or the placement of central venous cooling
catheters. Likewise, the best-known investigations
into TH in stroke feature whole-body cooling.!>¢ 10l
Surface cooling methods are easy to use and permit
early treatment initiation, which makes them an
attractive option. Unfortunately, whole-body cooling
creates a number of serious complications. Chiefly, the
body responds to cooling with shivering and dermal
vasoconstriction, which combats effective progression
to target temperatures; whole-body cooling frequently
requires 3-7 h to reach optimal degrees of cooling, which
is well outside the 2-3-h window in which hypothermia
is maximally protective.l'*?l Shivering also raises
intracranial pressure and requires the use of several
pharmacological agents to inhibit these effects along
with skin warming to address physical discomfort.['*5]
Whole-body cooling also increases the risk of pneumonia,
which was the basis for the American Heart Association’s
recommendation to induce hypothermia after stroke
only in the context of clinical trials." The practice also
increases the risk of shear-induced platelet aggregation
and a variety of cardiovascular, renal, and metabolic
complications.>*>'7I However, since the entire body is
ischemic during cardiac arrest, whole-body cooling is
necessary to preserve vital functions, which makes these
problems intrinsic to the therapy, but a small price to pay.

Benefits of Local Endovascular Infusion
over Systemic Infusion

While whole-body cooling is necessary in the context
of cardiac arrest, only a small amount of cerebral
tissue needs to be preserved in the context of ischemic
stroke, which renders the adverse effects of whole-body
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cooling unnecessary and extrinsic to the problem at
hand. In addition, given the brain’s vulnerability to
ischemic damage, any delay in progression to target
temperatures is unacceptable. In response to the
detriments of whole-body cooling for ischemic stroke
therapy, LEVI of cold saline directly into the infarct site
using a microcatheter has been put forth. LEVI has been
tested in animal models of stroke both before and after
reperfusion. Compared to whole-body cooling, which
requires hypothermia to spread into the ischemic region
slowly, LEVI reduces infarct temperatures by perfusing
ice-cold saline directly to the ischemic region, a much
more effective method of hypothermia induction. In
a murine model of ischemic stroke, prereperfusion
LEVI was able to achieve cerebral hypothermia
in <10 min®% (23°C saline infused at 2 mL/min for
3-4 min), and postreperfusion LEVI took just over 20 min
to reduce brain temperature below 35°C (infusion of 10°C
saline at 0.25 mL/min).?? Prereperfusion flushing was
first proposed by Ding et al. in 2002, when using LEVI
before resolving a 2-h middle cerebral artery occlusion
in rats, which produced a 65% reduction in infarct
volumes and 61% reduction in leukocyte infiltration.!
Prereperfusion LEVI has since been shown to reduce
infarct volumes by 75%-90%1?'*! and significantly
conserve motor function both hours and weeks after
stroke.?'?! Postreperfusion LEVI has also been applied
to some studies using a catheter that was introduced
into the internal carotid artery after blood flow to the
ischemic territory had been reestablished. Both infarct
volume reduction and functional recovery were observed
in postreperfusion LEVI, and the effect seemed to be
most pronounced if the infusion was started immediately
after reperfusion, but these improvements were not as
pronounced as those found with prereperfusion LEVL.*

Although the majority of experimental data on LEVI in
stroke are based on rat models, the credibility, safety,
and efficacy® of LEVI have also been confirmed in large
animals, such as swine®! and Rhesus monkeys.?*%!
Importantly, the safety and feasibility of LEVI were
recently verified in humans as well.”?/ In 9 human patients
with partially or completely treated cerebrovascular
diseases undergoing diagnostic cerebral angiogram,
Choi et al. demonstrated that 7°C LEVI at ~33 mL /min for
10-13 min was able to reduce the temperature of jugular
venous blood (a proxy for brain temperature) by 0.84°C
with a negligible effect on core body temperature or vital
signs.” The group then utilized a mathematical model to
evaluate their effect on brain parenchymal temperature
itself, which estimated that their experiment dropped
the perfused region by 2°C within 10 min."**! These
investigations proved that LEVI in acute ischemic stroke
was feasible and safe and did not lead to any obvious
complication. In another recent study, the temperature
of ischemic cerebral tissue was decreased by at least
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2°C during infusion of the cold solution while only
mildly reducing systemic temperature (maximum 0.3°C)
in all 26 patients involved.”! However, while these
investigations established that LEVI allows effective
progression to target temperatures, the neuroprotective
efficacy of LEVI has not yet been established in humans.

The mechanisms of LEVI-induced neuroprotection
are largely the same as those of whole-body cooling.
However, LEVI retains a few unique features that
make it considerably more effective than global cooling.
Chiefly, LEVI maximizes the rate of cooling. It is well
accepted that “time is brain,” which emphasizes that
human nervous tissue is rapidly lost as the stroke
progresses, such that rapid therapy is highly desirable.
Although there is no consensus on the optimal treatment
window for TH, most investigations on the topic
identify treatment windows of minutes to 2-3 h after
reperfusion.""! Given that surface cooling methods
frequently take 3-7 h to reach target temperatures, the
brain may have already been unsalvageable by the time
effective temperatures are reached. In contrast, LEVI can
establish target temperatures in a matter of minutes/*’!
in experimental models; in a 300-g localized cerebral
infarct, LEVI attained target temperatures 30-times faster
than classic surface cooling and 10-20 times faster than
systemic infusion of cold saline into the inferior vena
cava.’ The time saved using LEVI translates to superior
degrees of neuroprotection and an improved quality of
life for ischemic stroke patients.

Second, LEVI washes out harmful metabolic products
created during ischemia. Ischemic conditions induce
production of vasodilatory metabolites such as lactate,
prostaglandins, and carbon dioxide, which trigger
excessive vasodilation once perfusion is restored.B!
Literature suggests that this postischemic hyperperfusion
is associated with edema formation, larger infarcts, and
early death.’>®! In addition to the neuroprotective
effects of hypothermia in general, LEVI washes out
these vasodilatory metabolites, which minimizes the
extent of hyperperfusion-related injury.**! As evidence
of this mechanism, warm (37°C) saline LEVI has been
shown to significantly reduce infarct volumes and
improve functional recoveries compared to systemic
infusion of warm saline.””! In addition, prereperfusion
flushing with cold and room temperature saline reduced
expression of inflammatory markers in the peri-infarct
vasculature compared to systemic infusion at either
temperature.”*! Luan et al. showed that LEVI was able
to reduce intercellular adhesion molecule-1 (ICAM-1)
expression, and leukocyte infiltration to a significantly
greater degree than local warm saline infusion or
systemic cold saline infusion was able to, despite the fact
that systemic cold infusion achieved comparable degrees
of cerebral cooling.*! Other studies have reported similar
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conclusions.’” These data imply that the neuroprotective
advantages of LEVI over systemic infusion rely partially
on its metabolite washout ability.

Moreover, LEVI allows for co-administration of
neuroprotective drugs directly into the ischemic region
along with hypothermic fluids, which maximizes local
drug concentrations while minimizing systemic drug
concentrations, thereby circumventing dose-dependent
systemic side effects.®® Song et al. found that LEVI
of a magnesium sulfate solution at 15°C caused a
65% reduction in infarct volumes compared to sham
groups, and the lowest brain water content and the
greatest functional recovery of all groups that were
tested.®! Similar results were found following LEVI
of a 20% human albumin solution cooled to 0°CH
and LEVI of erythropoietin.[“” In addition, LEVI can
aid in drug permeation into the brain parenchyma.
A microcatheter can be used to transiently occlude
any residual blood flow to the ischemic region while
simultaneously infusing neuroprotective drugs. In a
study by Woitzik and Schilling, a microcatheter was
used to transiently occlude cerebral vessels before local
infusion of MK-801 (an N-methyl-D-aspartate receptor
antagonist, neuroprotective agent). This method resulted
in 30% smaller infarct volumes at 24 h after infusion
when compared to systemic infusion of MK-801.5!
While LEVI with neuroprotective drugs has never been
tested in conjunction with microcatheter-based vessel
occlusion, it is possible that the combination could
yield synergistic benefits in stroke therapy. Moreover,
the Woitzik study emphasizes the potential for LEVI to
be creatively utilized to accomplish goals that would
otherwise be unattainable.

Despite recent milestones in LEVI testing, several
systematic obstacles have hindered widespread
acceptance. The majority of LEVI studies have used rat
models, but rats have been widely criticized for their
poor translatability to clinical practice.*”! Furthermore,
hypothermia-based investigations vary in animal
model, animal age, duration of ischemia, duration
of hypothermia, depth of hypothermia, method of
hypothermia induction, and rate of cooling, all of which
have consistently been shown to play critical roles in the
efficacy of TH treatments. Given that stroke accounts for
9% of deaths worldwide and ~25% of stroke survivors
are permanently disabled,*! such a promising therapy
is in serious need of further exploration.

Hypothermia-Induced Neuroprotective
Mechanisms

Hypothermia by any mechanism affects multiple steps
in several parallel pathways of hypoxia-induced brain
injury. Hypothermia primarily exerts its neuroprotective
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effects by slowing essential metabolic processes while
preserving life, which subsequently attenuates pathways
involved in excitotoxicity, free radical production,
inflammation, edema, and apoptosis.[**]

When oxygen supply ceases during ischemia, neurons
are unable to generate high-energy metabolites, which
prohibits effective maintenance of ion gradients,
thereby leading to increased intracellular calcium levels,
increased glutamate release and excitotoxicity, cytotoxic
and vasogenic edema, inflammation, and apoptosis.*!
Hypothermia combats this cascade at several points.
Hypothermia preserves ATP levels, which maintains
ion gradients, limits calcium influx, and decreases
extracellular glutamate levels, all of which prevent
intracellular calcium accumulation—excitotoxicity.*!

Although reperfusion is a logical goal in stroke therapy,
itis associated with negative consequences of its own. In
the absence of oxygen, Ca* influx prompts the release
of pro-inflammatory mediators from microglia, which
initiates ischemia/reperfusion injury. These mediators
(leukotrienes, interleukin-2f, interleukin-6, nitric oxide,
and tumor necrosis factor-a)*’! increase leukocyte
extravasation into brain parenchyma***!and expression
of matrix metalloproteinase-2 (MMP-2) and MMP-9,
which contribute to vasogenic edema by damaging
the blood-brain barrier.”” Once leukocytes enter the
brain tissue, they produce reactive oxygen species
and pro-inflammatory factors of their own, thereby
creating a vicious cycle of brain injury, inflammation,
and blood-brain barrier breakdown. TH is able to
confer anti-inflammatory neuroprotection by reducing
the secretion of pro-inflammatory cytokines and
inflammatory mediators (reactive oxygen and nitrogen
species, E-selectin, and high mobility group box-1
protein).’!! Hypothermia can also prevent leukocyte
extravasation by reducing endothelial expression of
ICAM-1.B5%%1 At the molecular level, hypothermia
has been shown to suppress the pro-inflammatory
transcription factor nuclear factor-kappa B and increase
the expression of Hsp70, which aids in neuroprotection.
In addition to reducing poststroke inflammation,
hypothermia has been shown to reduce vasogenic
edema after an ischemic stroke; an effect at least partially
mediated by downregulation of MMP expression.>?!
Hypothermia also reduces cytotoxic edema, largely
through its ability to downregulate aquaporin-4
expression. >

The apoptotic pathway is activated when injured
neurons activate regulatory proteins, which trigger
the apoptotic process after ischemia.® Hypothermia
has been shown to affect several aspects of apoptotic
cell death in both the intrinsic (intracellular-mediated)
and extrinsic (receptor-mediated) cell death pathways
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and ultimately prevents apoptosis after experimental
stroke.’ In the intrinsic pathway, cooling can alter
the expression of Bcl-2 family members and reduce
cytochrome c release.” Hypothermia can downregulate
pro-apoptotic Bcl-2 family members (BID, BAX,
BAD, etc.) and upregulate the anti-apoptotic Bcl-2
members (Bcl-2, Bcl-x, etc.) by a variety of mechanisms.
The extrinsic apoptotic pathway is initiated by ligand
binding to cell death receptors; the best studied being the
FAS-ligand (FASL) and its receptor, FAS. Hypothermia
affects this pathway at multiple levels. Cooling has been
shown to suppress the expression of caspase-8, caspase-3,
FAS, and FASL.P¥

Overall, there is compelling clinical evidence that
prolonged mild-to-moderate cerebral hypothermia
is neuroprotective when initiated within a few hours
after hypoxia-ischemia and continued through the
resolution of ischemia in term infants and adults.®!
The mechanisms underlying hypothermia-mediated
neuroprotection are currently under investigation,
and a common theme in literature on the topic is
consensus on effects and uncertainty of mechanisms.
While debate remains as to the precise mechanisms
of hypothermia-mediated neuroprotection and their
relative importance, virtually every investigation on the
topic has found the same thing: when animals receive
hypothermia after stroke, their brains are better protected
on the biochemical, structural, and functional levels.

Future Studies and Clinical Perspective

The above studies have outlined the feasibility of using
highly selective hypothermia induced by cerebral LEVI
in acute stroke therapy. While the procedure is incredibly
promising in theory, there are several hurdles toward
clinical acceptance. Chiefly, study designs must become
more homogenous. Variation in duration of ischemia,
time of hypothermia onset, duration of hypothermia,
animal model, animal age, and many other factors make
side-by-side comparisons of results difficult and poorly
translatable. In addition, most investigations have been
conducted in rat models, so larger, more robust large
animal studies are needed before clinical trials can be
attempted. The ultimate hurdle is an investigation into
the efficacy of LEVI in humans during acute ischemic
stroke, which has yet to be determined.

There is also the potential for massive combination
therapy in using LEVI along with recanalization strategies
and neuroprotective “cocktails.” Investigations using
infusion of albumin, magnesium, and erythropoietin
have all yielded impressive results, but this is just the
tip of the iceberg. With the targeted application that
LEVI provides, researchers are allowed an unparalleled
freedom in the administration of neuroprotective agents
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without the concern for systemic dose-dependent
side effects. Therefore, in addition to brain cooling
infusions, various combinations of neuroprotective
agents could be regionally administered, and the
ultimate neuroprotective concept of a “cocktail” could
be devised.

Overall, LEVI provides a quick, effective method of
neuroprotection, which the stroke community is in
desperate need of. The procedure is also cost-effective
and logistically simple, making the barriers to clinical
acceptance very low. The strategy shows incredible
promise, and if the stroke community continues to move
toward clinical implementation, it could mean a massive
impact in the lives of stroke patients across the world.
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