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Abstract:

Therapeutic hypothermia (TH) remains one of the few proven neuroprotective modalities available in
clinical practice today. Although targeting lower temperatures during TH seems to benefit ischemic
brain cells, systemic side effects associated with global hypothermia limit its clinical applicability.
Therefore, the ability to selectively reduce the temperature of the brain while minimally impacting
core temperature allows for maximizing neurological benefit over systemic complications. In that
scenario, selective brain cooling (SBC) has emerged as a promising modality of TH. In this report, we
reviewed the general concepts of TH, from systemic to selective brain hypothermia, and explored the
different cooling strategies and respective evidence, including preclinical and clinical data. SBC has
been investigated in different animal models with promising results, wherein organ-specific, rapid,
and deep target brain temperature managements stand out as major advantages over systemic
TH. Nevertheless, procedure-related complications and adverse events still remain a concern,
limiting clinical translation. Different invasive and noninvasive methods for SBC have been clinically
investigated with variable results, and although adverse effects were still reported in some studies,
therapies rendered overall safe profiles. Further study is needed to define the optimal technique,
timing of initiation, rate and length of cooling as well as target temperature and rewarming protocols

for different indications.
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Introduction

Cardiac arrest (CA) is a significant cause
of morbidity and mortality in the
developed world. Approximately 350,000
out-of-hospital CAs occur annually in
the US, and among the few who survive
to discharge, <10% have preserved
neurological function;"! among those who
do not make it to discharge, neurological
complications are the leading cause of
death.®” Non-CA-related causes of severe
brain injury are also associated with high
morbidity and poor prognosis, and fever
has been proven to be an independent risk
factor for worse prognosis in neurocritically
injured patients.?**
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Therapeutic hypothermia (TH) has been
proven to favorably impact post-CA
neurological outcomes and seems to
benefit neonates with hypoxic-ischemic
encephalopathy.”! Although some types
of neurological injuries yet lack evidence to
support systematic TH, such as traumatic
brain injury, controlled normothermia
has been globally recommended after
neurological injury in patients with
refractory fever.['011

Multiple factors contribute to neuroprotective
effects derived from TH; early initiation and
duration of therapy, cooling rate of the brain
and its distribution, type of neurological
injury, extension of ischemic insult, and
occurrence of systemic adverse events
derived from TH itself seem to directly
impact neurological outcomes.™" Distinct
cooling methods have been clinically
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employed for temperature modulation, each of them
with its own peculiarities.'*'7)

The ability to optimize selective (local) cooling while
rendering the patient normothermic seems compelling
asitreduces or eliminates the side effects associated with
systemic hypothermia. Several invasive and noninvasive
cooling strategies have been described as effective to
generate a temperature gradient between brain and
body (core) with encouraging results.'®! Nevertheless,
most of them lack further clinical validation.

Herein, we review the main concepts of brain selective
hypothermia, focusing on the different methods available
and current data to support its clinical application.

Therapeutic Hypothermia — General
Considerations

Consistent evidence has established the role of TH after
CA.21Mild core temperature reduction (32°-36°) seems
to confer a temperature range with neuroprotective
benefit and which overcomes the potential side effects
associated with whole-body cooling. Different TH
strategies are currently available to induce and control
core temperature. All methods collectively promote
net heat loss by overcoming body thermoregulatory
mechanisms. Regardless of the adopted strategy,
systemic TH entails a broad spectrum of side effects
and potential complications such as higher risk of
infection, arrhythmia, coagulopathy, and hemodynamic
compromise and by virtue of that should be applied
with caution.?"

Downregulation of cellular metabolism is the cornerstone
of TH.#! Jschemic injury triggers multiple deleterious
chemical cascades that perpetuate the ischemic insult
even after circulation is reestablished. The impact of TH
on improving CA survival rates is systemic, as reflected
by reduction of myocardial infarction scar and lower
incidence of liver failure,**! although neuroprotection
is the main goal of this therapy. Reperfusion injuries,
inflammation, disruption of the blood-brain barrier,
and apoptosis are downmodulated by TH, wherein
a 1°C drop results in a 5%-7% reduction in brain
metabolism.?¢%] In addition, TH is associated with
reduction of cerebral edema and intracranial pressure
which further contribute to optimize cerebral perfusion
pressure and thus minimize cerebral ischemic injury.*!
Although targeting lower temperatures during TH
seems to benefit ischemic brain cells, systemic side
effects associated with global hypothermia limit its
clinical applicability.* In that scenario, selective brain
cooling (SBC) has gained interest as a compelling and
feasible approach to maximize neurological benefit over
systemic complications.
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Cooling methods — Overview

Several clinical temperature modulation methods
are currently available for TH. Cold fluid infusion
is an extensively studied strategy for hypothermia
induction; however, although an efficient method
to rapidly induce hypothermia, it lacks accurate
temperature control and thus has not yet been
validated for temperature maintenance.B**! In
addition, it may be associated with lower survival
rates among patients with pulseless electrical activity
or asystole.’ Although pulmonary edema and higher
rates of vasopressor utilization have been previously
associated with cold infusion, overall data seem to
support its safety in different settings."* Surface cooling
methods are reasonably effective, but require constant
care (labor intensive), sedation, and are more prone to
induce vasoconstriction and shivering, which might
limit temperature reduction (via heat generation).!”3!
Catheters for intravascular cooling promote accurate
temperature control; however, as an invasive strategy,
its utilization is restricted to high complexity care units,
inherits the risks of catheter-related complications,
and is associated with higher health-care costs.l”!
Extracorporeal blood cooling seems to be effective but
not easily available as it demands specific expertise and
specialized centers.!

Intra- or transnasal cooling has emerged as a promising
TH strategy. Transnasal perfluorocarbon (PFC) spray
in combination with high-flow oxygen has shown
encouraging results in clinical studies including
brain-injured patients requiring temperature control
and as a suitable out-of-hospital method for early
TH.H041 Similarly, transnasal high flow of dry air seems
to safely induce and maintain either normothermia or
hypothermia in preclinical models and preliminary
clinical data.*>*! Intranasal balloons circulated with cold
saline safely provided brain temperature reduction and
are well tolerated in awake patients.***! Esophageal
cooling devices circulating water at adjustable
temperature have been shown to induce and accurately
control core temperature in CA survivors without
major adverse events. Nevertheless, when used alone,
along delay to start cooling (5 h) and to reach the target
temperature (9 h) may favor its use in combination with
other strategies.™ !

Selective Brain Cooling

SBC consists of globally or partially lowering the
brain temperature to below that of arterial blood (core
temperature).”? Creating a net temperature gradient
between body (core) and brain in an effort to avoid
systemic hypothermia while applying local cooling
allows for lowering overall risks during neuroprotective
efforts.

Brain Circulation - Volume 5, Issue 4, October-December 2019
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Although brain heat loss and temperature control
mechanisms are not quite clear in humans, modulation
of brain temperature seems to rely upon a complex
interaction between the superficial (face and upper
airways) and deep vascular beds, wherein cooling
both surface (heat loss through the skull and venous
sinuses) and upper airways (mucosa) contributes to heat
exchange.s! Nevertheless, cerebral blood flow and the
temperature of incoming arterial blood play a major role
in brain temperature regulation.!

SBC usually promotes faster, deeper, and more
organ-specific temperature reduction as compared to
systemic TH.! Cerebral hypothermia has been shown
to improve neurological outcomes in different settings,
wherein even small reductions in brain temperature
were associated with reduction of neurological injury
after global or focal ischemia in animal models.55!
Distinct methods have been reported as feasible options
for SBC although, despite promising preclinical data,
few methods for selective TH are currently available
for clinical use.”™ Local surface cooling through
caps, helmets, and neckbands has proven to improve
neurological outcomes; however, a temperature gradient
across different regions in the brain (superficial vs.
deep regions) may occur."! Heat exchange through
intranasal cooling is a result of both direct heat loss to
air and evaporation of water and can reach up to 10%
of total body heat loss in normal conditions. Airflow
rate, humidity, and temperature are determinant to net
transnasal cooling effect.”*** Invasive methods have
been also reported, and although effective, associated
risk of infection, intracranial bleeding, and other
limitations turn them into a less attractive option when
a noninvasive alternative is available. Table 1 shows
several clinical studies encompassing different methods
for SBC.

As temperature assessment is key for adequate TH,
SBC entails constraints since no risk-free invasive
monitoring approach is feasible. Tympanic temperature
readout and magnetic resonance techniques are
currently available as validated noninvasive methods
to assess brain temperature. Tympanic temperature
can be used as a surrogate for brain temperature when
properly measured, although arterial blood as supplied
by external carotid artery may better represent face
(superficial) rather than brain (deep) temperature.®! This
is especially true when rapidly inducing or reversing
hypothermia.l’ Magnetic resonance thermometry
constitutes a noninvasive alternative to measure brain
temperature, providing not only accurate reading of
absolute temperature but also temperature distribution
across different regions of the brain.!”? Nevertheless, its
utilization for continuous monitoring in clinical settings
is impractical.

Brain Circulation - Volume 5, Issue 4, October-December 2019

Intranasal cooling

The nasal apparatus is a well-vascularized structure
that efficiently interacts with an enormous amount of
air, which is received, circulated, and primed before
reaching the lungs warm, clean, and humidified. The
total surface of both nasal cavities reaches about 150 cm?
and the total volume is about 15 ml. About 10,000 L/day
of air passes through the nose at different flow rates and
temperatures, and approximately 40 ml of nasal mucus is
produced per day.l***! The venous system of the nose is
composed of a complex interaction between the orbit, the
sinuses, and the cavernous sinus, which converge along
with other structures to form the turbinates, the major
protagonists in upper airway heat exchange. Changes
in vascular compliance as a response to autonomic tone
directly impact on nasal mucosa ability to exchange heat
and to control temperature.’”! While vasoconstriction
associated with sympathetic predominance reduces local
blood flow and thus impairs heat loss, parasympathetic
stimulation causes vasodilation and increases mucus
production.

Harnessing the aforementioned anatomical and
physiological properties of the nose to promote
either systemic or selective temperature control has
led to the emergence of distinct cooling methods.
Intranasal balloons circulated with cold saline reduce
the brain temperature under conditions of both normal
circulation and after CA.*! Conduction cooling (local
cooling) accounts for surrounding brain structures to
cool faster than the rest during the initial phase, and
progressive hematogenous spread of cooled blood
leads to homogeneous distribution of the cooling effect
throughout the brain and the body. At normal circulation
settings, once core temperature is reduced, cooling rate
decreases and further brain temperature drop becomes
more dependent on core temperature reduction,
occurring then at similar rates. Atlow circulation states,
however, the global distribution of the cooling effect is
restricted, and the brain is thus preferentially cooled over
the body since conductive cooling runs independent of
the underlying circulation.” Transnasal evaporative
cooling (TEC) relies on energy dissipation (heat exchange)
generated while blowing high flow of dry air or oxygen
with PEC (liquid coolant) into the nose.*>”?! The process
of nasal mucosa water evaporation generates heat loss
and subsequent temperature reduction, to which both
conductive and connective cooling further contribute.
The cooling effect appears to be highly dependent on
the airflow rate and air dryness, as lower flow rates and
humidification of the inflowing air mitigate the cooling
effect.l”!

The PRINCE trial, a randomized multicenter study,
investigated the effects of TEC using a mixture of PFC
and high-flow oxygen in patients with witnessed CA and
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Table 1: Clinical studies on different methods of selective brain cooling

Author Years Patients Population Method Results Adverse events
(n)
Surface cooling
Corbettand 1998 10 Health volunteers Double-layer head—  Failed to reduce brain None
Laptook!®®! neck cooling pads temperature, with no gradient
between superficial and deep brain
Wang 2004 14 (6 Neurocritical (severe Cooling helmet Rapid SBC (average reduction Asymptomatic
et all%® controls) stroke or head injury) of —1.6°C) with delayed systemic  bradycardia (1)
temperature reduction
Gluckman 2005 234 (118 Neonates (HIE) Cooling caps Reduction in the rate of disabling  No significant
et all®" controls) neurodevelopmental sequelae difference between

in patients with less severe EEG ~ cases and controls
abnormalities

Poli et al5® 2013 11 Severe stroke patients  Head—neck cooling Lower reduction of brain Severe HTN (3), ICP
device temperature when compared with  increase by >10 mmHg
other methods. Transient elevation (3), and drop in CPP to
of ICP and blood pressure <50 mmHg (1)
Intranasal cooling
Castrén 2010 200 (104 OQut-of-hospital CA Intranasal cooling Although no significant difference  Periorbital emphysema
et a1 controls) survivors (PFC) was observed in overall survival (1), epistaxis (3),

rate (cooling vs. control), patients  perioral bleed (1),
with early CPR presented higher  and nasal mucosa

rates of survival to discharge discoloration (13)
Abou-Chebl 2011 15 Intracerebral Intranasal (PFC) Fast reduction of brain and HTN (1)
et al*9 hemorrhage, trauma, and core temperature, with the
stroke patients (fever) former occurring first. No major
complication
Poli et al® 2014 20 (10 cold Intubated stroke Cold infusion and Cold infusion induced faster Cold infusion:
infusion/10 patients intranasal cooling brain temperature reduction than  HTN (7), shivering (1)
intranasal) intranasal cooling. Deleterious Intranasal:

effects on blood pressure and ICP

were noted in both groups HTN (6), shivering (1)

Chava 2019 32 (16  Intubated patients Intranasal cooling Reduction of core temperature in  None
et al.l®% controls) undergoing (dry air) healthy individuals
electrophysiological
procedures
Ziai etal® 2019 7 Febrile neurocritical Intranasal cooling Reduction of core temperature. None
patients (dry air) Five patients rendered
normothermic after 2 h of therapy
Seyedsaadat 2019 5 Adults undergoing aortic Esophageal and Fast reduction of brain Postprocedure
et al o' valve replacement with intranasal cooling temperature. A temperature (unrelated to cooling
cardiopulmonary bypass (circulated cold gradient between brain and body  strategy)
support (few patients) infusion) was observed
Intravascular cooling
Choi et al®? 2010 18 Patients undergoing Intra-arterial infusion  Rapid reduction of brain None
follow-up cerebral of cold saline (internal temperature. No systemic or
angiography after carotid artery) adverse effects reported
treatment of vascular
malformations
Chen et al®® 2016 26 Acute ischemic stroke  Intra-arterial infusion  Reduced the temperature in Vascular spasm (4),
(<8 h) who underwent  of cold saline (culprit the ischemic cerebral tissue coagulopathy (2),
successful endovascular artery) (minimum 2°C reduction) with mild pneumonia (10),
recanalization (large reduction in systemic temperature DVT (1), melena (2),
vessel occlusion) (maximum 0.3°C). No related and neurological
complications reported deterioration (4)
Peng et al® 2016 11 Acute ischemic Intra-arterial infusion  Therapy was associated None
(middle cerebral of cold saline with smaller infarct volumes
artery occlusion; (pre-reperfusion) and greater improvement of
<6 h) undergoing neurological deficits

endovascular
recanalization

CPP: Cerebral perfusion pressure, CPR: Cardiopulmonary resuscitation, DVT: Deep vein thrombosis, EEG: Electroencephalogram, HIE: Hypoxic-ischemic
encephalopathy, HTN: Hypertension, ICP: Intracranial pressure, PFC: Perfluorocarbon, SBC: Selective brain cooling, CA: Cardiac arrest
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early cardiopulmonary resuscitation (CPR) response.
This was the first randomized study to demonstrate
that intra-arrest TEC is feasible, safe, and associated
with improved neurological outcomes; in patients who
received CPR within 10 min after CA, intranasal cooling
was associated with a significant increase in survival
to discharge rates and neurologically intact survival to
discharge, when compared to standard of care (56.5% vs.
29.4%, P =0.04; 43.5% vs. 17.6%, P = 0.03, respectively).!l
Covaciu et al. reported a uniform brain temperature
reduction in conscious volunteers under intranasal
cooling using balloon catheters circulated with cold
saline with cold water for a 60-min period. Different
cooling rates between brain and rectal temperatures
indicated preferential brain cooling, and therapy was
well tolerated.™! Chava et al., in a study including
23 intubated subjects, showed that transnasal high
flow (30 L/min) of dry air, after 1 h of therapy, significantly
reduced core (esophageal) temperature as compared
to controls (36.1 + 0.3-35.5 + 0.1; P < 0.05 [transnasal
cooling] vs. 36.3 + 0.3-36.2 + 0.2; P = NS [controls]), with
no adverse events.*’!

Surface cooling

Different surface cooling strategies for selective brain
temperature reduction have been explored, including
cooling caps, helmets, and head-neck devices. In a
study with newborn pigs which underwent a global
ischemic insult, a cooling cap was able to significantly
reduce deep brain temperature while preserving
mild systemic hypothermia during a 24-h period,
with a median gradient between brain and rectal
temperature of 3.4°C (interquartile range: 2.9-3.7°C).1"
A randomized multicenter trial including 234 neonates
with hypoxic-ischemic encephalopathy also using
a cooling cap to preferentially cool the brain under
mild hypothermia reduced the rate of disabling
neurodevelopmental sequelae in those patients with
less severe electroencephalogram abnormalities.’” In
a study with 25 patients with severe traumatic brain
injury (Glasgow Coma Scale <8), the utilization of a
cooling helmet failed to demonstrate significant difference
between brain-bladder temperature gradients during
24-h selective cooling (helmet) as compared to usual
care, and no mortality benefit was noted./”!

In a larger trial including 90 patients with severe
traumatic brain injury, half of the patients underwent
to SBC using a combination of a head cooling cap (4°C
water) and neckband cooling in addition to standard of
care (interventional group); the other half underwent
standard of care alone (control group).? In the
intervention group, selective cooling was successfully
attained while preserving core temperature within
the normothermic range, and average intracranial
pressure was significantly lower when compared to the

Brain Circulation - Volume 5, Issue 4, October-December 2019

control group. Patients receiving selective cooling also
showed higher good neurological outcome rates versus
controls (68.9 vs. 46.7%, P < 0.05) at 6-month of follow-up,
with no severe complications reported.

Invasive cooling

Harnessing heat exchange properties of brain vasculature
using intra- or extravascular invasive methods has been
investigated as an efficient alternative to promote SBC.
Although cardiovascular complications associated with
secondary systemic hypothermia induced by invasive
brain cooling have been early reported,”*”! improvement
on modeling and the ability to safely sustain a brain-core
temperature gradient within the system normothermic
temperature range accounted for positive neurological
outcomes while minimizing cardiovascular complications.
Extracorporeal cooling of the blood using a closed-loop
system, through which blood drawn from the femoral
artery (outflow) was externally cooled and pumped backed
into either carotid arteries or their branches (inflow),
successfully demonstrated neuroprotective effects of
brain cooling in normothermic animal models.””! In
one of these studies, unilateral perfusion of cooled blood
through the right internal carotid was able to selectively
cool the brain bilaterally.

Intracarotid infusion of cold saline (0°C) in early CA
animal models showed good neurological outcomes,*4!!
and retrograde infusion of cold saline (4°C) through
the external jugular vein allowed for fast reduction of
brain temperature in rat models.®? When comparing
intracarotid cold saline infusion, cooling cap, and a
combination of both, cooling cap alone was not capable
of achieving cold temperatures in deep brain, in
accordance with prior reports.®! Extraluminal cooling
of the common carotid artery using a cooled cuff
surrounding the vessel has been successfully described,
showing a reduction of cerebral infarct size after transient
middle cerebral artery occlusion in rats.®! Intra-arterial
infusion of cold saline directly into the culprit artery in
patients with ischemic strokes undergoing endovascular
recanalization was able to selectively reduce brain
temperature and was associated with smaller infarct size
and better neurological outcomes.[©>¢4

Overall, the utilization of vascular strategies to selectively
modulate brain temperature seems to be effective in distinct
animal clinical models, with a significant reduction of
complications when systemic normothermia is preserved.
However, the risk associated with the manipulation of
such vessels discourages and limits translational efforts
toward clinical applicability. Furthermore, cooling
distribution also relies on vascular patency and by virtue
of that might be impaired in situations where cerebral
perfusion is compromised focally, as in ischemic strokes,
or globally, as in traumatic brain injury.!sl
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Compartmental cooling

Intracranial compartmental cooling to induce selective
brain hypothermia consists of an invasive approach to
directly modulate cerebral temperature using conductive
or connective cooling strategies. Similar to intravascular
methods, the infusion of cold saline solution into
epidural, subdural, subarachnoid, and intraventricular
spaces has demonstrated to reduce brain temperature in
preclinical and clinical studies with interesting results.
In porcine models, epidural drip of cold saline rapidly
reduced cerebral parenchymal temperature, whereas
brain distribution of the temperature was not assessed.®!
Local circulation of cold saline within a pad, placed
directly over the dura, was able to cool the brain in a
primate traumatic brain injury model; however, brain
temperature was not uniformly distributed.®*! Such
a temperature gradient between deep and superficial
parenchyma (greater temperature closer to the cooling
source) was also observed in a cat model with middle
cerebral artery occlusion, wherein subdural infusion of
cold saline also demonstrated SBC with reduction of
cortical edema.”®! In a clinical trial including 25 patients
with intractable epilepsy, deep anesthesia in combination
with both systemic and local hypothermia through cold
irrigation of the subarachnoid space significantly reduced
brain temperature; however, deep brain temperature
increased 2°C /10 mm from the surface (cortex); eleven
patients presented a reduction in the frequency and
intensity of the seizures.®!

Different methods for intraventricular cooling using
cold infusion have been reported. Controlled infusion
of cold saline (7-10 ml/min) under ICP monitoring (1-5
cm?®0) in dogs demonstrated a significant reduction
in brain temperature to as low as 13°C, with an
uneven distribution of temperature drop between
infra- and supratentorial compartments. Even though
a reduction in core temperature occurred, a significant
cortical-systemic temperature gradient was again
evident.® Tokuoka et al. reported three psychiatric
cases in which cold intraventricular infusion (8°C) was
employed without complications. The lateral ventricle
was used as an influent site in all cases, while the effluent
site varied (cisterna magna in two cases and contralateral
lateral ventricle in the remainder case).’

Overall, compartmental cooling strategies have
demonstrated SBC since early preclinical trials. Epidural,
subdural, and subarachnoid cooling strategies collectively
seem to preferentially cool the cortex, although subdural
cooling may affect a greater area. All methods are
vulnerable to anatomical restriction (epidural adhesions,
subarachnoid vasculature, intraventricular obstructions,
etc.), which may increase risks of the procedure and
impair heat exchange efficiency and distribution.
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Summary

TH has been shown to benefit patients with focal or
global acute cerebral injury. Selective brain hypothermia
appears to enhance neuroprotective effects as it promotes
faster and organ-selective cooling with minimal impact
on core temperature and thereby mitigates systemic side
effects. Preclinical and clinical data have demonstrated
its safety and efficacy to improve neurological outcomes
in different settings through varied methods. Although
invasive methods seem to promote rapid and stable
whole-brain temperature reduction, they afford a higher
risk of procedure-related complications, and by virtue
of that, less invasive methods constitute a safer and fair
alternative for selective TH. Nevertheless, further clinical
assessment is warranted to define the optimal method
and indications, timing of initiation, rate and length of
cooling as well as target temperature and rewarming
protocols.
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