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Abstract

Hypothermia is defined as a core body temperature of < 35°C, and as body temperature
is reduced the impact on physiological processes can be beneficial or detrimental. The
beneficial effect of hypothermia enables circulation of cooled experimental animals to be
interrupted for 1-2 h without creating harmful effects, while tolerance of circulation arrest in
normothermia is between 4 and 5 min. This striking difference has attracted so many
investigators, experimental as well as clinical, to this field, and this discovery was fundamental
for introducing therapeutic hypothermia in modern clinical medicine in the 1950’s. Together
with the introduction of cardiopulmonary bypass, therapeutic hypothermia has been the
cornerstone in the development of modern cardiac surgery. Therapeutic hypothermia also has
an undisputed role as a protective agent in organ transplantation and as a therapeutic adjuvant
for cerebral protection in neonatal encephalopathy. However, the introduction of therapeutic
hypothermia for organ protection during neurosurgical procedures or as a scavenger after brain
and spinal trauma has been less successful. In general, the best neuroprotection seems to be
obtained by avoiding hyperthermia in injured patients. Accidental hypothermia occurs when
endogenous temperature control mechanisms are incapable of maintaining core body
temperature within physiologic limits and core temperature becomes dependent on ambient
temperature. During hypothermia spontaneous circulation is considerably reduced and with
deep and/or prolonged cooling, circulatory failure may occur, which may limit safe survival of
the cooled patient. Challenges that limit safe rewarming of accidental hypothermia patients

include cardiac arrhythmias, uncontrolled bleeding, and “rewarming shock”.



Introduction

Humans are homeotherms, actively regulating our body temperature in response to the
environment in which we live. The history of mankind reflects the history of human struggle
for life against climatic change, where ambient temperature has always been a driving or life-
threatening element. Although global warming is a general threat to mankind in modern times,
history also tells us that since ancient times, human exposure to low ambient temperature has
caused the loss of an enormous number of human lives, especially during war time. Such man-
made human disasters, causing thousands upon thousands of lives among young soldiers, took
place when Hannibal and his army crossed the Alps more than 2,200 years ago, during
Napoleon’s retreat from Moscow in 1812, and during Hitler’s war against Russia, and his
army’s retreat from Stalingrad in 1944 - 45. These tragedies are well known examples of
accidental hypothermia, but it was not until Fahrenheit invented the mercury thermometer in
1714 and its introduction as a clinical tool in 1866, that body temperature could actually be
determined (213). Subsequently, hypothermia could be quantitatively categorized as a clinical
diagnosis. However, hypothermia was first recognized only in extreme situations such as after
immersion cooling to very low body temperatures, whereas less extreme conditions were not
generally recognized and reported until the 1960s (74). Hypothermia was categorized by its

diagnosis; thus, definitions were needed.

Hypothermia, definitions: The physiologic changes caused by cooling depend on the depth and

duration of hypothermia. Hypothermia in humans is defined as a deliberate (therapeutic) or
accidental lowering of core body temperature below 35°C, with further sub-classification as;
mild (35-32°C), moderate (32-22°C), deep (22-8°C), or profound (<8°C) (146). In 1994 a new
sub-classification followed as mild (35-32°C), moderate (32-28°C), severe (28-20°C), or

profound (<20°C) (39). In 2009 Polderman (143) suggested a more simplified scaling as mild



(35-34°C), moderate (34-30°C), and severe (<30°C), which is now used by the American Heart
Association. In the current text the scaling from 1994 is used. Hypothermia is also defined by
its duration as acute (few hours), prolonged (several hours), or chronic (days or weeks) (Figure

1).

Fig. 1. Hypothermia can be accidental, intentional and therapeutic.

The Qio temperature coefficient: The Qio temperature coefficient is a measure of the

temperature sensitivity of chemical reactions and biological processes (enzymatic and
biochemical) in which an increase or decrease in temperature by 10°C causes a given change
in the reaction rate or process. The Q1o of metabolic rates averages 2.2 in the mammalian brain
(124) and about 2.0 in the whole body in therapeutic hypothermia during anesthesia (123). The
protective role of hypothermia is created by a decrease in metabolic activity, and hence a
decrease in Oz consumption rate (VOz) and CO; production (VCO2). Accordingly, with
moderate hypothermia (10°C reduction in core temperature), VO2and VCO; are approximately
50% of normothermic values. In conditions of profound hypothermia (30°C reduction in core
temperature), the decrease in VO, and VCO; is even more pronounced. Thus, slowing VO

and VCO; by cooling can have a protective therapeutic effect.

Therapeutic Benefits of Hypothermia in Clinical Medicine — the “Good”

Despite the fear of accidental hypothermia, it had long been appreciated that by reducing
core temperature the organism is much less sensitive to the detrimental effects of the external
or internal environment than at normal body temperature. This fundamental property of
therapeutic hypothermia enables circulation of cooled experimental animals to be interrupted

for 1 - 2 h without creating harmful effects. This striking difference, between 4 and 5 min in



normothermia, and 2 h in profound hypothermia, has been the major factor that has attracted so
many investigators, experimental as well as clinical, to this field. The potential curative and
protective benefits of reduced body temperature were the background for launching therapeutic

hypothermia as a new therapeutic tool in modern clinical medicine.

Therapeutic hypothermia: In early 20™ century clinical medicine, therapeutic hypothermia was

first introduced in the pioneering work of by Temple Fay (1895 — 1963) who used hypothermia
to treat the spread of advanced cancer in humans. Patients were surface cooled to ~32°C and
maintained at this low core temperature for up to 18 h before being rewarmed. However, despite
an extensive effort to establish hypothermia as a new cancer treatment Fay’s work did not

receive appropriate acknowledgment (85).

Therapeutic hypothermia for myocardial protection during coronary artery surgery: By the
1950s, cardiac surgeons were looking for a method which enabled them to conduct surgical
procedures on a quiescent heart. Therapeutic hypothermia appeared to serve this purpose by
reducing whole body VOzand VCO,, and cooling beyond 27°C to induce therapeutic
hypothermic cardiac arrest (HCA), which caused an instant 80% reduction in myocardial VO2
(26). Thus, therapeutic hypothermia allowed the cardiac surgeon to complete the surgical
procedure on a quiescent but metabolically protected heart. The technique was first introduced
as immersion hypothermia in anesthetized patients. The technique permitted the surgeon 6-8
min of circulatory arrest in order to repair of simple defects based on a compromise between
the time needed for heart repair and the brain's requirement for VO2. Consequently, low-flow
pump oxygenators, forerunners to the modern heart-lung machine, or better the cardio-
pulmonary bypass (CPB), were introduced, and HCA was achieved by blood cooling to 10-
20°C (186), which increased the period of circulatory arrest to 30—60 min. Rapid chemical

cardiac arrest before global myocardial ischemia with over 200 mM potassium, (cardioplegic



solution), introduced by Melrose et al. (119) in 1955, enabled a better post-ischemic recovery
of cardiac function than simple aortic cross clamping. In these first years of modern cardiac
surgery, myocardial protection was considered to be achieved by hypothermia in addition to
one of numerous variants of cardioplegic solutions aimed at creating diastolic cardiac arrest.
The cardioplegic solutions underwent considerable development aimed at adding myocardial
protection during cardiac ischemia as well as during reperfusion and rewarming (31).
Myocardial protection has long been considered key for successful recovery and improved
outcomes for patients undergoing cardiopulmonary bypass requiring cardiac arrest. Over the
past few decades different cardioplegic solutions have been diversified by pharmacological
additives, blood cardioplegia, temperature modulation (warm; tepid), retrograde cardioplegia,
controlled reperfusion, integrated cardioplegia, and pre-and postconditioning (214). Although
first introduced by Melrose et al in 1955 (119) blood cardioplegia was later reintroduced (9,
66), and demonstrated experimentally and clinically to have potent protective effects against
myocardial damage during ischemia and reperfusion (8). The advantages of blood
cardioplegia were: 1) Greater oxygen-supply capacity (more aerobic metabolism), 2) rapid
cardiac arrest in an oxygenated environment, 3) intermittent reoxygenation with delivery of
cardioplegia solution, 4) whole blood which provides oncotic constituents that otherwise must
be added as plasma protein, mannitol, or dextran, 5) greater acid-base balance capacity, and 6)
numerous other positive effects as compared with crystalloid cardioplegia. However, the cold-
blood cardioplegic solution also had disadvantages: 1) Increased viscosity causing disturbed
coronary microcirculation, 2) leftward shift of oxygen dissociation curve causing decreased
oxygen delivery in the peripheral tissue, 3) more frequent reinfusion to maintain asystole
compared with the 4°C crystalloid cardioplegia, and 4) delayed postischemic recovery of
cardiac function due to the hypothermia-induced depression of cardiac metabolism.

Therefore, continuous normothermic blood cardioplegia was developed as a means of



preventing ischemia during the period of aortic clamping. In 1991, Lichtenstein et al. (107)
presented ‘‘warm heart surgery’’ by suggesting safety and effectiveness of continuous
normothermic blood cardioplegia. Since the introduction of normothermic blood cardioplegia
many studies (1, 215, 216) have shown its superior effects on myocardial protection compared
with those of conventional cold blood cardioplegia. However, during continuous
normothermic blood cardioplegia infusion the presence of critical coronary stenoses may limit
the delivery of O to ischemic regions of the heart. In addition, for practical reasons the
continuous infusion of cardioplegic solution needs to be interrupted during surgery. Such
interruptions or inadequate distribution of normothermic cardioplegia may induce anaerobic
metabolism and warm ischemic injury. However, Clafiore et al. (27) reported no difference in
the cardioprotective effect between the intermittent warm and intermittent cold infusion
groups in patients undergoing coronary bypass surgery. They therefore concluded that
intermittent antegrade delivery of normothermic blood cardioplegia is a safe, reliable, and
effective technique of myocardial protection (214). In addition, a new concept, tepid (29°C)
blood cardioplegia was introduced by Hayashida et al. in 1994, as a safe and effective method
of myocardial protection (83, 84). By reducing the heart temperature from 37°C to 29°C a
buffer to ischemic injury is created when delivery of blood cardioplegia is nonhomogeneous

or has to be interrupted.

However, later evaluations of the properties of the different cardioplegic solutions have
suggested that other than inducing electrochemical arrest, the addition of high potassium

cardioplegia solutions offers little or no inherent protection (52).

Therapeutic Hypothermia — an Incomplete Picture — the “Bad”



Myocardial protective effects. Hypothermia was long considered to create its protective effect
by reducing metabolic rate and subsequent VOz and VCO in the arrested heart, and the phrase
“the colder, the better” was a well-known axiom (137). However, later basic physiological
research has revealed that cardiac basal metabolism in the arrested heart is less reduced in
response to whole body cooling beyond 27°C than first anticipated. At a core body temperature
of ~27°C, spontaneous cardiac arrest occurs, even without adding a cardioplegic agent, and
further cooling will have limited cardio-protective effects. Consequently, cold CPB used for
conventional coronary bypass surgery is still used but at core body temperatures >30°C. New
coronary surgical procedures have evolved, which unlike the conventional technique utilizing
hypothermic cardioplegia and CPB, are accomplished on normothermic patients, known as oft-
pump bypass surgery or beating heart surgery. However, as conventional coronary surgery is
considered as being a standardized procedure, a survey from 2017 disclosed considerable
differences between surgical centers worldwide where core body temperatures of patients

during bypass varied from 37.0 to 33.4°C across centers.

For cardiac reconstructive surgery, as well as for proximal aortic surgery, profound
(<20°C) hypothermia and HCA is combined with antegrade or retrograde cerebral perfusion for
neuroprotection. These techniques have evolved based on extensive research work (7, 59, 69,
220). In current clinical practice, HCA is performed at temperatures between 18 and 19°C, but
the evidence to support any range of temperature is controversial (35, 162). In some institutions,
there is now state-of-the-art consensus in favor of less hypothermia (110, 116), although some
established medical institutions are warning against the use of less hypothermia (108, 110).
Therefore, at the present time, there appears to be a lack of evidence and consensus opinion
regarding the optimal temperature management strategy during CPB for proximal aortic - and

reconstructive cardiovascular surgery. Thus, temperature management strategies during CPB



rely primarily on personal or institutional preference, rather than a solid scientific evidence

(182).

Neuroprotective effects. The brain is the organ most sensitive to hypoxia and ischemia. The

interpretation of tissue protection through hypothermia has been inherited through anecdotal
stories about survivors, mostly children, successfully resuscitated without neurologic sequela,
especially after submersion during wintertime. The neuroprotective effects of therapeutic
hypothermia have been ascribed to the temperature-induced reduction in metabolic rate of
neural tissue with the subsequent reduction in O> requirements and to the preservation of tissue
pH and ATP, which promotes cellular homeostasis (5, 100, 118). Clinical and experimental
results show protective effects of hypothermia during and after ischemic situations (157) by
inhibiting the biosynthesis, release and uptake of several catecholamines and other excitotoxic
neurotransmitters (136, 178, 181), especially glutamate and dopamine, thus preventing calcium
overload and potential nerve tissue damage (37, 76). Other beneficial effects of hypothermia
include preservation of the blood-brain barrier (10, 95), restitution of post-ischemic cerebral
microcirculation (183), and possibly decreased intracranial pressure (104, 166). In addition to
reducing metabolic rate and O consumption, neuroprotective effects of therapeutic
hypothermia during as well as after ischemia/reperfusion are ascribed to reduced reactive
oxygen species (ROS) production, reduced production of inflammatory mediators, and
inhibition of apoptosis during regional and global reperfusion of the brain (159). Randomized
controlled trials in the early 2000s reported that the use of therapeutic hypothermia was
associated with improved mortality and neurological outcomes (12, 89). However, although
the neuroprotective mechanisms of hypothermia in different diseases vary and have yet to be
fully determined, the neuroprotective role of hypothermia has been well established in
experimental animals and in surviving patients after cardiac arrest (77, 179), hypoxic-ischemic

encephalopathy (217), traumatic brain injury (106), and other diseases (219).
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Despite extensive research, the optimal pH management strategy to guarantee the best
neurologic outcome after cardiovascular procedures utilizing hypothermic CPB remains
unknown. The two main clinically utilized strategies, alpha-stat and pH-stat, differ in their
approach to the acid - base alterations that occur with hypothermia. The solubility of CO2 and
O2 in water, and in blood and tissue, increases with cooling. If the concentration of gas is
constant, the partial pressure of that gas will decrease. For COy, the effect is a constant factor
of 4.5 percent per °C in blood and tissue, and independent on the level of pCO2 or HCO:s.
Consequently, as temperature falls, pH rises 0.0147 pH unit/°C, which is the Rosenthal factor
(156). With alpha - stat management, the resulting alkalosis is left untouched during cooling,
whereas with pH-stat management, carbon dioxide needs to be added to the gaseous inflow of
the cardio-pulmonary bypass circuit in order to adjust the pH to physiologic levels during
normothermia. Clinical trials have documented positive effects of the pH - stat management
strategy on cerebral outcome after deep hypothermic circulatory arrest in the pediatric
populations (55). The positive clinical effects in this population group has been attributed
increased vasodilation (56) and better preservation of cerebral vascular autoregulation after this
surgical procedure (129) when applying the pH-stat strategy. In the adult population,
differences in outcome when comparing these two different strategies have not yet been

documented, and in both clinical and experimental arenas no clear consensus exists (Figure 2).

Neurosurgery. Despite an overwhelming history demonstrating the potential benefit of
hypothermia to rescue and preserve the brain and spinal cord after injury or disease, clinical
trials over the past 50 years have failed to show a convincing benefit over controlled
normothermia. The ebb and flow of neurosurgical interest in hypothermia that has since
persisted reflects the continuing struggle to utilize neuroprotective benefits of cooling while
minimizing the systemic side effects (24). For advanced brain surgery, cooling on CPB to

profound (<20°C) therapeutic hypothermia, combined with maintained global circulatory arrest
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during the surgical procedure, has until recently been routinely used. However, newer
techniques favor the use of low pressure/low blood flow cerebral shunts during brain surgery

and less cooling.

Traumatic brain injury. Traumatic brain injury can be divided into primary and secondary

injury. The primary injury is the consequence of mechanical damage of brain tissue during the
initial trauma, like a skull fracture, cerebral contusion, epidural or subdural hematomas, or
traumatic subarachnoid hemorrhage (4). The subsequent secondary brain injury is the
consequence of oxidative stress, hypoxic/ischemic injury, inflammation and cerebral tissue
edema, factors that all may lead to further neurological injury (5). Management of traumatic
brain injury is composed of neuro-intensive treatment which is aimed at treating and
preventing secondary brain injury from taking place. Neuro-surgical procedures directed at
maintaining intracerebral pressure within physiologic boarders to secure improved cerebral
oxygenation, and cerebral blood flow are central elements (4, 5). An alternative to
neurosurgical intervention to reduce intra-cerebral pressure has been the induction of a
pentobarbital coma, which additionally reduces cerebral metabolism and oxygen
consumption. Subsequently, a reduction of cerebral blood flow may take place, in addition to
a decrease in neuro-excitotoxicity by reducing the release of glutamate and aspartate in brain
tissue (4, 12, 13). Over the years, animal experiments have documented promising results by
use of induced hypothermia to mitigate secondary brain injury by reducing cerebral metabolic
demands, inflammation, excitotoxicity, lipid peroxidation, and cell death (44, 51, 64).
However, in contrast to the beneficial effects of induced hypothermia in preclinical
experiments, three large multicenter randomized controlled human studies

have failed to show beneficial effects of hypothermia (33°C) to prevent secondary brain

injury (4, 33, 34). In children, the use of induced hypothermia has been shown to have
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worsening outcomes with an increase in mortality (75). In adults, data are conflicting and the
use of therapeutic hypothermia is not currently recommended for prophylactic or routine use

in traumatic brain injury (13).

Therapeutic hypothermia after out-of-hospital cardiac arrest. Over the past 20 years,

therapeutic hypothermia has been used almost routinely as a part of post cardiac arrest care in
resuscitated comatose patients (159). Two international studies published in 2002 (12, 89)
showed significantly increased survival to discharge after 24 h of treatment with induced
hypothermia (32—-34°C) versus normothermia, to prevent the development of encephalopathy
in comatose survivors after prehospital cardiac arrest. As a consequence, the 2010 American
Heart Association guidelines recommended hypothermia (32°C to 34°C) as part of post cardiac
arrest care in resuscitated patients (138). Later, the neuroprotective effects of therapeutic
hypothermia in survivors have been evaluated. In 2013, the targeted temperature management
(TTM) trial compared effects of 33°C vs. 36°C core temperature on outcome and found no
differences (132). Therefore, the 2015 American Heart Association/International Liaison
Committee on Resuscitation guidelines changed their recommendation of core temperature
intervention from 32°C to 36°C (25, 28, 53). In cardiac arrest patients with a non-shockable
rhythm the HYPERION trial (TTM for Cardiac Arrest with Nonshockable Rhythm) showed an
improvement in neurological outcomes in patients assigned to therapeutic hypothermia when

compared with normothermia (103). An updated meta-analysis from 2020 compared the

efficacy of therapeutic hypothermia in post cardiac arrest patients. The analysis included the
HYPERION trial and concluded that therapeutic hypothermia was associated with improved
neurological outcomes in all patients sustaining cardiac arrest and with decreased mortality in
patients with initial shockable rhythm (159). Despite promising results, the CARES group

(Cardiac Arrest Registry to Enhance Survival surveillance group) reported a declining trend in

the years 2013 to 2016 in the use of therapeutic hypothermia for this patient group (25). In a
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recent publication from 2021 (38) no difference in survival after cardiac arrest was reported in
a group treated with induced hypothermia (33°C) versus normothermia. However, knowledge
gaps are evident with respect to neuro-protective effects of therapeutic hypothermia after
cardiac arrest. To determine the efficacy and safety of this treatment, more questions need to

be addressed.

Hypoxic- _ischemic _encephalopathy. Previously, apart from systemic supportive -care,

neonatologists had little to offer neonates with hypoxic-ischemic encephalopathy. However, the
neuroprotective effects of therapeutic, moderate hypothermia used over the past decade to
counteract hypoxic-ischemic encephalopathy in term infants, have shown that cooling reduces
mortality without increasing major disability in survivors. Hypothermia reduces risk of death
and disability in infants with moderate to severe hypoxic-ischemic encephalopathy (32, 57, 92,
94). The treatment should be instituted in term and late preterm infants with moderate-to-severe
hypoxic ischemic encephalopathy by use of mild hypothermia (33.5°C - 35.0°C). Clinical data
correlate outcome to the early (180 - 360 min) initiation of this therapy (25). A systematic
Cochrane review from 2013 (92), evaluating 11 randomized controlled trials including 1,505
infants, concluded that therapeutic hypothermia is beneficial in term and late preterm newborns
with hypoxic-ischemic encephalopathy. Ongoing trials aim at determining the appropriate
techniques of cooling, including refinement of patient selection, duration of cooling, and
method of providing therapeutic hypothermia for this patient group. The pathophysiology of
hypoxic-ischemic encephalopathy is now better understood, and treatment with hypothermia

has now become the foundation of therapy (54).

Hypothermia in organ preservation. Since the introduction of transplantation medicine in the

1960s, therapeutic hypothermia (0°C — 10°C) has been standard procedure to protect donor

organs against the harmful effects of ischemia/hypoxia, after surgical removal from the donor.
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However, it was recognized early that simple cooling an organ per se is not sufficient to provide
good preservation. Early attempts to use blood-based solutions, even hemodiluted to reduce
viscosity, was considered futile. Hypothermia was found to be associated with an increase in
blood viscosity that contributes to red blood cells occluding the microvasculature (“sludging”)
as well as causing detrimental coagulopathies (11, 43, 93, 125, 180). It was concluded that red
cell sludging had serious consequences for the microcirculation in organs during hypothermia
as well as during reperfusion in the recipient. Animal experiments showed increased survival
during profound hypothermia under CPB combined with exsanguination and substitution with
acellular solutions, and successful rewarming with autotransfusion after prolonged hypothermia
(187). As a consequence, the development of specialized storage solutions was the primary
factor in the evolution of hypothermic organ preservation technology. Central elements were
careful control of the extracellular environment of the component cells achieved by vascular
flush or perfusion to counteract the detrimental effects of cooling. The prevailing explanation
of cold-induced cell swelling (intracellular edema) has been the temperature - dependent
decrease in the activity of the Na*, K*-ATPase pump (58) causing an increase in cytosolic Na*
concentration ([Na*]eyt) (16, 169) and subsequent water retention. Also, the elevated [Na]cyt
will retard Ca?* extrusion by reversing the Na*/Ca®* exchange system, which may contribute to
cytosolic Ca?* overload, especially in cardiac cells. Interestingly, new and alternative theories
have evolved to explain cold-induced cell swelling in donor organs, such as in the heart, (114)
during cold storage. Extensive research (152) has disclosed an increase in intracellular
chelatable iron ions, of unknown origin, (14, 17, 18, 114, 122, 130, 151) leading to the
formation of highly reactive oxygen species (14, 140, 141, 221), which takes place within the
first hours of cold incubation. This cold-induced injury is known to primarily target
mitochondria and induce mitochondrial permeability transition, (139, 151) finally leading to

apoptosis and cell swelling, which may predominate during rewarming (153, 161, 203). The
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addition of iron chelators effectively inhibits this pathway of cold-induced mitochondrial injury
and may pave the way for better preservation of organs during hypothermia in the future.
Together, these discoveries of hypothermia-induced organ damage were previously ascribed to

reperfusion injury (41, 142).

What made therapeutic hypothermia in cardiac surgery a success story? For comparison, over

the same time span the overwhelmingly large number of successful cardiac procedures
conducted using therapeutic hypothermia is far greater than for any other patient categories. A
reduction in the use of therapeutic hypothermia in cardiac surgery patients over the past 20
years has not been due to clear side effects of hypothermia, although these are well described.
Rather, the use of hypothermia in these cardiac surgery procedures has provided insight and
experience to develop newer surgical techniques that are simpler, less cost consuming, and
equally safe compared to the use of hypothermia. From a physiological perspective, the safe
use of hypothermia in cardiac surgery appears to be the consequence of at least two essential
effects achieved during HCA: The temperature-induced reduction in myocardial metabolism,
and the temporarily “switched off” in cardiac function. Together these physiological changes
lead to a substantially reduction in Oz consumption (~ 80 %) during cardiac surgical
interventions. The additional use of a cardioplegic agent, which temporarily terminates cardiac
function by creating a chemical diastolic cardiac arrest has definite protective properties over
the previous use of cooling only, to induce HCA, where cardiac arrest often was preceded by
0> consuming arrhythmias. Last, but not least, a cardioplegic agent will maintain cardiac arrest
throughout the hypothermia period and prevent occurrence of ventricular fibrillation as may
take place when using plain HCA. No other body organ will experience a similar level of
physiological shift in VO, in response to temperature reduction only. Body organ function is

reduced in response to a reduction in temperature, but unlike the heart, function in the other
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organs will be practically closed down first at very low core temperatures, temperatures below
which HCA has taken place whereby spontaneous circulation has ceased and these organs are
prone to ischemia and hypoxia. In contrast, during cardiac surgery with cardiac arrest, organ
blood flow and O; support is provided by the CPB. Except for induced hypothermia applied
before elective brain surgery, in the other cases discussed above, hypothermia is applied after
the organ insult has taken place, but we expect that the organism will benefit from the same
organ protective effects if applied first during the recovery and reperfusion process.

The heart in HCA during surgery bears similarities with what takes place during the
preservation of any organ prepared for organ transplantation. Organs like liver, pancreas,
kidneys, and lungs, are all perfused with preservation solutions and maintained at profound
hypothermia. All these organs are disconnected from the general circulation whereby specific
organ function is further reduced, and also deprived of any hormonal influence or inflammatory
cascade reactions during the relatively short (60 min) period of hypoxia/ischemia. By further
comparison to the preservation of transplant organs, where the use of acellular preservation
solution media is crucial: During cardiac surgery the acellular cold cardioplegic solution used
may have positive preserving effects on the microcirculation during the ensuing
reperfusion/warming of the heart. The same argument might be applied to support the use of

warm blood cardioplegia, as well.

What is currently known? The use of therapeutic hypothermia has been a cornerstone in the
development of modern cardiac surgery. By achieving HCA, the requirement of the
hypothermic heart for oxygen is immediately reduced by ~ 90%. Meanwhile, CPB will circulate
all other body organs with cold, oxygenated blood, which enables the surgeon to finalize cardiac

reconstruction work within a safe time frame.
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Therapeutic hypothermia has been extensively used in patients with traumatic brain
injuries for neuroprotection as part of the ICU treatment. Except for its possible effects to
reduce, or to prevent an increase in intracranial pressure in these patients, the protective effects
of therapeutic hypothermia on brain tissue survival remains elusive. As for the potential
neuroprotective effects offered by therapeutic hypothermia after cardiac arrest, the value of
maintaining body temperature within physiologic limits, and especially to prevent fever, has
been documented. This fact has given the prevailing conclusion that therapeutic hypothermia
has no curative effects in patients with traumatic brain injury.

Since the introduction of transplantation medicine, cold storage (0°C — 10°C) has been
standard procedure to protect donor organs. Hypothermia enhanced by appropriately designed
preservation solutions is the basis for current standard practices and The University of
Wisconsin cold storage solution remains the gold standard for organ preservation and
prevention of cell swelling in harvested organs.

However, despite the inherited stories about the healing effects of induced hypothermia

on multiple disease processes, clinical trials conducted over the past 50 years have failed to
show any therapeutic effects of induced hypothermia over that of maintaining normothermia in
most critical conditions (24).
What is unknown and what knowledge gaps exist? Optimal temperature for myocardial
protection has not yet been decided. “The colder the better” has been disputed and warm cardiac
surgery is an alternative. The previous universal appreciation of the myocardial protective
effects of cardioplegic solutions have been questioned. Likewise, optimal temperature to
achieve best organ protective effects during hypothermic cardiac arrest for cardiovascular
reconstructive surgery remains unanswered.

Disclosure of previously unknown pathophysiologic mechanisms of cold-induced tissue

injury indicate that better organ preservation can follow a change in the composition of


https://en.wikipedia.org/wiki/Gold_standard_(disambiguation)
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established donor organ preservation media. Extensive experimental research has disclosed
significant cold-induced ROS production and mitochondrial damage in donor organs which will
promote apoptosis during the subsequent re-implantation and warming in donors. This new
knowledge opens up for refining the compositions of new storage solutions and techniques to

better preserve donor organs during cold storage.

Accidental hypothermia/rewarming — the “ugly”

Accidental hypothermia. Unlike during therapeutic hypothermia in patients anesthetized for

cardiac surgery, cooling in conscious human victims of accidental hypothermia creates a
condition governed by physical stress of unknown duration and intensity. These physiologic
responses are aimed at preventing a drop in core temperature in order to maintain body
temperature homeostasis, where all body organs may experience near maximum physiological
activity. In humans, cerebral function is gradually reduced during cooling of core body
temperature below 35°C and unconsciousness is reported to occur if cooling falls below 33°C.
After consciousness is lost, the psychological stress is aborted, and a marked reduction in O>
consumption follows. During a further reduction in core body temperature, the drop in O
consumption follows a linear pattern governed by the Qi effect. Body organs all have a similar
Q10, which for the whole body is 2.0, and for the brain is 2.2. Unlike the heart, other body organs
will experience a gradual reduction in organ function and subsequent O> consumption during
cooling as long as circulatory function is maintained. During cooling, the heart eventually will
enter HCA leading to ischemia/hypoxia in all organs. During the ensuing rewarming and
reperfusion process the level of restitution of organ function is dependent on time before rescue,
quality of prehospital interventions, and rewarming methods used, before being categorized as
successful or non-successful rewarming. One of the best known case reports of successful

rewarming is from 1999 (71) where an experienced young female off-piste skier fell down in a
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waterfall gully, ending up trapped and hanging upside down from her skies. Her head was out
of the water, but she was continuously sprinkled with ice cold water. After evacuation she was
lifeless and cardiopulmonary resuscitation was started and continued. Upon arrival at the
hospital, her core body temperature was 13.7°C, and after the 9-h period that included
evacuation, transport, and stabilization, her heart regained sinus rhythm during rewarming on
CPB. At the time of follow-up 5 months after the accident, her mental function was excellent

and she was gradually returning to work (71).

Therapeutic challenges related to accidental hypothermia and rewarming. In emergency

medicine textbooks, rewarming from accidental hypothermia is listed with three therapeutic
challenges: 1) arrhythmias, ii) bleeding, and iii) rewarming shock (126). Of these, the
occurrence of arrhythmias is a well-documented and the most feared symptom taking place in
accidental hypothermic patients since it is known to be the precursor of HCA during cooling as
well as during rewarming. Although being a well-recognized complication of accidental
hypothermia in general, little clinical data exists on the effects of using anti-arrhythmic drugs.
Case reports have suggested favorable anti-arrhythmic effects of the class 1l antiarrhythmic
agent bretylium tosylate in accidental hypothermia patients, and a preclinical study documented
its potential beneficial effects to prevent reentry arrhythmias (22). In collaboration with another
research group, we recently reported that during cooling, as well as rewarming, by entering
temperatures between 34 to 30°C the heart is subjected to a pro-arrhythmic period due to a
temperature-induced prolongation of repolarization (48). This hypothermia-induced
prolongation of repolarization, which is the background mechanism for making this
temperature interval arrhythmogenic, is prevented either by rewarming or by further cooling.
In a follow-up literature review, we confirmed the lack of clinical reports using pharmacologic

anti-arrhythmic substances in accidental hypothermia, but new experimental work documents
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the antiarrhythmic potential of bretylium, whereas drugs that prolong the QT-interval should

be avoided (50).

Bleeding is another feared complication induced by reduced body core temperature.
Bleeding is the consequence of a hypothermia-induced malfunction in the coagulation system
and in blood platelets. The reason for this malfunction of the coagulation system, is that their
enzyme driven cascade systems only can work within limited temperature constraints. As a
consequence, a reduction in core temperature of multi-traumatized patients is a serious threat
with close to 100 % mortality due to lack of bleeding control.

Rewarming shock is an ill-defined concept but related to a sudden and unexpected
reduction in spontaneous circulatory function during rewarming. In its fulminant form,
rewarming shock occurs during or shortly after rewarming, unrelated to the occurrence of
arrhythmias. Unlike arrhythmias and bleeding, a general appreciation of rewarming shock is
lacking, and our present understanding of the pathophysiologic mechanism(s) is limited.
Rewarming shock is well described in case reports and in some textbooks, but the term
rewarming shock is not regularly used in the literature. In most cases, patients rewarmed with
a perfusing rhythm, cardiac output and blood pressure will increase spontaneously as a
consequence of elevation of core temperature. However, the first clinical sign of an ensuing
circulatory shock is stagnation, or reduction in cardiac output during rewarming, or shortly
after, unrelated to any obvious or easily curable cause (111-113, 167, 170). The later onset
rewarming shock is recognized as a rapid fall in blood pressure, caused by a sudden lowering
of total peripheral resistance but unmatched by a compensatory rise in cardiac output (19). This
unfavorable hemodynamic situation is fatal if left untreated but may be cured temporarily by
interventions aimed at increasing peripheral resistance. In the textbook ‘“Accidental
Hypothermia “, by Maclean & Emsely-Smith (113) published in 1977, it is stated that the real

causes of "rewarming shock™ are not yet known. Even if the compromised cardiac output taking
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place during or after rewarming is detected, treatment modalities are few. Pharmacologic
interventions, mostly limited to the use of agents to support cardiovascular function, and i.v.
volume therapy, are often not successful to withstand the progression of a fulminant circulatory
collapse (113).

In an outcome analysis from 2001 of severe accidental hypothermia patients treated in
an ICU, circulatory shock, requiring treatment with vasoactive drugs was found to be an
independent risk factor for mortality greater than 60 % (205). This epidemiologic analysis is in
support of both the existence of, and the severity of rewarming shock, which may take place
when warming accidental hypothermia patients, as described in numerous clinical case reports.
As already stated, our present understanding of the pathophysiologic mechanism(s) of
rewarming shock is limited, but suggests it is related to the occurrence of an acute cardiac

failure, created during the exposure to hypothermia (112, 144, 146, 147).

Rewarming shock - new insights from animal models of hypothermia/rewarming. Despite the

protective role of hypothermia on tissue survival, profound and prolonged cooling eventually
leads to circulatory failure during hypothermia, and this is probably the main factor limiting the
safe survival of cooled organisms with maintained spontaneous circulation. Early researchers
(144, 145) found that survival time was closely related to the extent of reduction in core
temperature, and to the duration of hypothermia. It was observed that animals cooled to 15°C
would live at this temperature for 9-10 h, but safe rewarming would follow only if rewarming
was started during the initial 5 h. If rewarming was attempted after 5 h, animals would die as
soon as core temperature reached 25°C to 28°C. It was speculated that rewarming shock leading
to death was due to an increase in peripheral resistance brought about by a marked hemo-
concentration, a compromised capillary perfusion, a decrease in venous return, and acute

cardiac failure.
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To provide evidence for “the safe use of hypothermia in cardiac surgery” in the 1950’s,
extensive research into the physiology of hypothermia was conducted (18, 19, 208). The
interaction between the depth of hypothermia and duration were explored before the
introduction of CPB (60) . Specifically, there was a series of step-by-step laboratory and clinical
investigations pragmatically focused on the compromises between the time needed for heart
repair and the brain's requirement for oxygen (168). An important contribution was the
pioneering work by Bigelow et al. in 1950. Using a dog model of immersion cooling to 18°C -
20°C, followed by immediate immersion rewarming, these investigators reported a significant
reduction in cardiac output after rewarming (18, 19, 60, 149). This finding was consistent with
subsequent experiments showing that a reduced cardiac output after rewarming is the
consequence of the post-hypothermic cardiac dysfunction (rewarming shock), which occurs
during rewarming in the intact animal heart in a non-arrested state (23, 61, 148, 158, 173, 194,
198).

When the spontaneous work of the heart was assumed by the cardiac pump during CPB
surgery, post-hypothermic cardiac dysfunction (rewarming shock) appeared to be eliminated.
Thus, any pathophysiology of post-operative cardiac dysfunction was attributed to the
preceding period of ischemia-reperfusion during cardiac surgery and not to the exposure to
hypothermia (120). As a result, post-hypothermic cardiac dysfunction is considered to be a
clinical challenge only when rewarming victims of accidental hypothermia. A determination
of the pathophysiological mechanism(s) underlying hypothermia-induced cardiac dysfunction
will be critical to comprehensively treat hypothermia-induced myocardial failure in the
clinical setting. Therefore, our research group has since the early 1990’s, conducted
experimental studies to further explore cardiovascular function during experimental
hypothermia and rewarming. Initially, these studies were conducted by use of intact animal

models (193, 200, 201). From studies using a dog model (192, 194, 199), we found that



23

rewarming from moderate hypothermia induced depression of cardiovascular function in
parallel with a marked reduction in myocardial blood flow, despite the presence of an intact
coronary endothelial function (192). These results indicated a direct influence of
hypothermia/rewarming on myocardial contractile function. These studies were inspired by
the original work of Bigelow et al. (18, 19, 60, 149), and our results are consistent with their
findings of reduced myocardial function after rewarming. Similar results were observed using
an intact rat model (195, 198) in which we showed deterioration of myocardial mechanical
function and a shift in energy metabolism. Thus, it is likely that the heart is an important
target of hypothermia and rewarming in vivo, with cardiac dysfunction contributing to the
development of a circulatory collapse after rewarming. By use of contemporary invasive
hemodynamic monitoring techniques in the intact dog, rat, mouse and pig models (62, 63,
204), results have consistently revealed that the hypothermia and rewarming cause direct
effects on myocardial excitation-contraction coupling and actin-myosin interaction (63, 80,
199). These effects most likely explain the depression in left ventricular contractile function
after rewarming, which underlies the reduction of cardiac output and systemic arterial
pressure (190). These models have also been used to screen the potential beneficial effects of
different pharmacologic interventions to alleviate hypothermia-rewarming induced cardiac
dysfunction in vivo (45, 47, 49, 62, 98, 133, 196, 197).

To unravel the basic pathophysiological mechanism(s) of hypothermia-rewarming
related cardiac dysfunction, investigations have focused on excitation-contraction coupling and
muscle force generation in cardiomyocytes. Impaired regulation of [Ca?]cy: is a key factor in
the pathophysiology of heart failure during normothermia (206), which also appears to be the
case during hypothermia. Normally, basal [Ca?*]cy: is maintained at low levels and increases
only transiently in response to electrical stimulation. The amplitude and duration of evoked

[Ca*]eyt transients are proportionally transduced into contractile responses via troponin-based
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thin filament regulation, specifically [Ca?*]eyt binding to cardiac troponin C (cTnC) and removal
of the steric hinderance posed by troponin I (cTnl) (15). Hypothermia appears to disturb the
mechanisms underlying sarcoplasmic reticulum (SR) Ca?" release and reuptake, thereby
increasing the amplitude and prolonging the duration of the evoked [Ca®']eyt response to
electrical stimulation. With the increased amplitude and duration of the [Ca?*]¢y: transient, the
contractile response of cardiac myocytes is also increased during hypothermia. These seemingly
contradictory functional changes in cardiac myocytes are already observed when core body
temperature is reduced from 36°C to 30°C (101). The increased amplitude and prolonged
duration of the evoked [Ca?*]cy: transient is dysfunctional over time in that it can lead to a Ca?"*
overload (185, 206). Hypothermia-induced alterations in the transient [Ca?*]cy: response can
also be attributed to changes in other cellular components of ionic balance within cardiac
myocytes. For example, hypothermia affects the Na®, K*-ATPase pump (91, 174), the
Na*/Ca?*-exchanger (169), and the sarcoplasmic-endoplasmic reticulum ATPase (SERCA2)
pump (102). The biphasic course in cardiac function in response to increased [Ca®*]yt has been
documented in experiments using isolated hypothermic hearts (17, 68, 73, 109, 150, 165, 169,
171,174-177, 221, 222), as well as in intact animals (99, 211), and in isolated cardiac myocytes
(79, 163).

The resulting [Ca*]eyt overload during hypothermia might negatively impact the
contractile response over time through downstream effects (206). Elevated [Ca?*]cy: increases
energy consumption by activating ATP-dependent cross-bridge cycling, and ATP-dependent
Ca?" pumps in the SR and sarcolemma (14). The hypothermia-induced increase in ATP
consumption will eventually cause mitochondrial depolarization, an uncoupling of oxidative
phosphorylation, ROS formation, compromised energy production, mitochondrial swelling,
and cell death (6, 14, 30, 40, 42, 70, 72, 78, 88, 105, 154, 155, 184, 198, 199). Using electron

microscopy and morphometry, we were able to quantify and categorize myocardial
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mitochondrial damage after rewarming following a 4-h period at 15-13°C with spontaneous
circulation (200). Altered mitochondria with electron-dense inclusions constituted 20% of total
mitochondrial volume, and this finding corresponds with findings of altered mitochondrial
function with significant loss of high energy phosphates in our comparable experimental work
(198). In isolated cells showing hypothermia-rewarming induced disruption of myocardial
excitation-contraction coupling, we found that mitigating excessive ROS formation by
antioxidant treatment during hypothermia ameliorated myocardial dysfunction (164) (Figure

3).

During rewarming, the amplitude and duration of the evoked [Ca?*]cy: transient returns
to normothermic levels. Thus, it does not appear that the decrease in contractility of cardiac
myocytes (heart failure) in rewarming shock can be solely attributed to dysregulation of
[Ca?"]yt release and reuptake. Instead, the contractile sensitivity of cardiac myocytes to [Ca?* eyt
(Ca?* sensitivity) is reduced during rewarming shock (82). Another mechanism that underlies
a reduction in force generation independent of [Ca®*]c,: levels is the effect of an increased
phosphorylation of ¢Tnl, leading to reduced Ca?* sensitivity of the contractile response (172).
The phosphorylation of cTnl serine at residues 23 and 24 is mediated by protein kinase A (PKA)
alters the molecular conformation of cTnl and serves to accelerate relaxation and cross bridge
cycle Kkinetics (96). The ser-23 site may be constitutively phosphorylated, while
phosphorylation of ser-24 may have more functional importance (218). Importantly, the
interaction between myosin and actin to form cross bridges is more likely when ser-24 of cTnl
is not phosphorylated (115), and phosphorylation of cTnl reduces the Ca?* binding affinity of

TnC.

Using an intact rat model of accidental hypothermia-rewarming, we showed that the

Ca?" sensitizer levosimendan, which targets cTnC, mitigated the ~60% reduction in cardiac
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output after rewarming (45). By comparing wild type vs. transgenic mice, expressing slow
skeletal Tnl (ssTnl) that lacks the Ser23/24 phosphorylation sites, we showed that hypothermia-
rewarming induced cardiac dysfunction was mitigated when phosphorylation of cTnl at
Ser23/24 was prevented in transgenic mice (191). Furthermore, in rat papillary muscle, which
was continuously paced during 1.5-h period of hypothermia (15°C) to mimic the beating heart
in accidental hypothermia, the cardiac contractile response was reduced after rewarming despite
normal evoked [Ca?*]cy: responses reflecting a reduction in Ca?* sensitivity (81). Importantly,
in this model of rewarming shock, PKA-dependent phosphorylation of cTnl at ser23/24
increased. Similar findings were observed using an isolated rat cardiac myocyte preparation
subjected to a similar period of hypothermia (15°C) (163). In this preparation, evoked [Ca?*]eyt
and contractile (sarcomere length shortening) responses were simultaneously measured and
reduced Ca?" sensitivity was demonstrated by a rightward shift in the phase-loop plots of
[Ca?*].yt and contractile responses. In cardiac myocytes, reduced Ca?* sensitivity was associated
with cTnl phosphorylation at ser23/24 and activation of PKA. We also confirmed that during
hypothermia, the amplitude of the evoked [Ca?*]eyto transients increased and the duration was
prolonged, and there was an elevation of basal [Ca?*]c,, which may underlie hypothermia-
induced Ca?* overload. However, immediately after rewarming the evoked [Ca?*]cy: response
returned to pre-hypothermia levels. Importantly, if the isolated cardiac myocytes were left
unstimulated during hypothermia, the reduction in Ca?* sensitivity and cTnl phosphorylation
were mitigated (79). These results are relevant to cardiac surgery, where the heart is arrested
during hypothermia. One may argue that due to HCA, in addition to potential protective effects
of a chemical cardioplegic agent, during cardiac surgery the heart is protected from elevation
of basal [Ca®]ey, changes in Ca?* sensitivity and cTnl phosphorylation and thus, to post-

hypothermic cardiac dysfunction (Figure 4).
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Case stories of accidental hypothermia patients with cardiac arrest have reported
complete restitution of neurologic function after up to 6 h of pre-hospital resuscitation and in-
hospital rewarming (71, 87, 117, 209, 210). These reports of favorable outcomes appear to be
linked to the quality of pre-hospital emergency medical treatment provided including the early
initiation and continued use of cardiopulmonary resuscitation in accordance to the latest
international guidelines (127, 188). In an attempt to document effects of cardiopulmonary
resuscitation on cardiac output, blood pressure, Oz transport and O2 consumption, and regional
blood flow, our established porcine model of experimental hypothermia (204) was equipped
with an automated chest compression device to perform cardiopulmonary resuscitation for
hypothermic cardiac arrest. We found that, compared to spontaneous circulation at
normothermia, 3 h of continuous resuscitation at 27°C provided limited but sufficient O2
delivery to maintain aerobic metabolism in essential organs (135). Based on promising clinical
reports (21, 128, 160), the use of extracorporal membrane oxygenation for rewarming from
accidental hypothermia has been recommended. We, therefore, added rewarming using
extracorporal membrane oxygenation following 3-h continuous cardiopulmonary resuscitation
to our model. Results showed sustained lower levels of cardiac output and blood pressure,
maintained aerobic metabolism, restoration of blood flow to the heart and brain, and this
rewarming method created a “shockable” cardiac rhythm (134). Due to the appearance of
hypothermia-induced cardiac dysfunction in our animals after rewarming, extracorporeal
circulation for cardio/respiratory support must be continued for days, if needed, similar to the
accidental hypothermia patients rewarmed with this technique (128, 160), in order to re-

establish a perfusing rhythm.

Rewarming following hypothermic cardiac arrest and reperfusion after normothermic
ischemia/hypoxia share the same treatment strategy; to restore blood flow at the macro-vascular

level in an attempt to optimize blood flow at the micro-vascular level to minimize end organ
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dysfunction. However, all reperfused organs are exposed to complex pathophysiologic
processes causing uneven alterations in organ function, collectively termed the post-cardiac
arrest syndrome (131). This syndrome may also involve systemic inflammatory reactions and
cross-talk pathways between inflammation and the coagulation/fibrinolysis reactions.
Hypoxic/ischemic insult is believed to be the leading cause of postoperative neuronal death that
subsequently results in long-term neurologic disability. The ischemia/reperfusion concept
during normothermic conditions has been extensively covered elsewhere (212), but also
numerous experimental as well as clinical studies have documented that hypothermia,
accidental as well as therapeutic, and rewarming may create cellular stress - responses (3, 20,
29, 65, 67, 86, 90, 121, 189, 207), which are central in the pathophysiology of hypothermia-
rewarming and potentially available for future therapeutic interventions. Using a rat model, we
demonstrated that resuscitation following severe hypothermia is associated with myocardial
cellular stress response that involves activation of nuclear factor kappa B - signaling and
induction of autophagy. Furthermore, the majority of changes in gene expression were found
to be induced during the rewarming phase suggesting that key events in the pathogenesis of
rewarming shock occur during rewarming, making them amenable to therapeutic interventions

(46, 97, 99, 202, 211).

What is currently known? Due to better prehospital diagnosis and interventions, the survival
rate of accidental hypothermia patients with a perfusing rhythm has increased from only 20-48
% surviving 20 years ago to the present survival rate of 68-72 %. Mortality is related to the
occurrence of arrhythmias, bleeding, and acute cardiac failure (rewarming shock) during
rewarming. In contrast, mortality of accidental hypothermia patients in cardiac arrest are as
high as 70 % and have remained more or less unchanged over the same time period. However,
recent patient data report increased survival in the latter patient group after using contemporary

invasive rewarming techniques
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What is unknown and what knowledge gaps exist? There is a general lack of detailed insight
regarding the mechanism(s) of organ dysfunction created during hypothermia. Better insight in
these pathophysiologic mechanisms is needed for creating better rewarming techniques.
Likewise, this new insight is a prerequisite to manage early recognition of symptoms, and to
start early interventions against life threatening situations, with background in hypothermia-

induced acute organ failure during rewarming.

Epilogue. Philosophically, one may argue that from the fact that homoeothermic species are
equipped with so many protective mechanisms to regulate core body temperature within close
temperature limits, and spend so much energy on maintaining thermoregulation, possible
beneficial physiological effects from reducing core temperature beyond these limits appear
limited. In our survey, we find only three clinical situations where there may be a benefit from
the use of in therapeutic hypothermia: 1) hypothermic cardiac arrest during heart surgery, 2)
single donor organs maintained at lower temperature during donation and transportation before
being transplanted in the recipient, and 3) neuroprotective effects of therapeutic hypothermia to
counteract hypoxic-ischemic encephalopathy in premature and newborn babies. Therefore, one
may explore similarities between these organs with respect to how they are treated during
exposure to therapeutic hypothermia. In cardiac surgery heart function is terminated due to the
combined effects of low temperature and a chemical cardioplegic agent. The cold, arrested heart
is thus isolated from the pathophysiological processes related to continued activity, which may
otherwise harm the intact, hypothermic, working heart. Similarly, the single organ harvested for
transplantation (mostly kidneys, liver, pancreas, lungs, and heart) is kept at a very low
temperature (0°C — 10°C), in which the protective effects of hypothermia are mediated by
reduced Oz consumption in parallel with reduced organ function. In each of these examples, the

organs are disconnected from the general circulation, they are isolated from hormonal and
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whole-body immunologic interactions, and they are relieved from their normal energy requiring
physiological function.

To counteract hypoxic-ischemic encephalopathy newborns are treated with therapeutic
hypothermia at a lower core temperature and kept at this low temperature for a much longer
periods of time than otherwise attempted for neuroprotection in adults. But unlike in adults the
outcome is undisputedly much better in newborns. It is well known that newborns are equipped
with physiologically competent mechanisms that provide them with a much higher tolerance to
survive any birth-related (accidental) hypothermia situation compared to adults or even older
infants. Some of these inborn mechanisms are well described, e.g., cardiac myocytes in the
newborn express a slow skeletal isoform of Tnl (ss-Tnl), which is later replaced by the adult
cTnl isoform within only a few weeks after birth. It is well known that ss-Tnl maintains its
regulatory function down to very much lower temperatures as compared to cTnl. Inspired by
this background knowledge we recently documented increased tolerance to 3-h hypothermia
and rewarming, over wild type mice, by use of adult, transgenic ss-Tnl mice (191). As a
consequence of this increased cold tolerance, spontaneous cardiac activity in newborns is
maintained at much lower temperatures than in adolescents, an important physiological
mechanism to increase survival during accidental, birth-related, hypothermia. It is tempting to
suggest that other essential body organs than the heart, like the brain, are provided with inherent
biological mechanisms which promote organ specific cold tolerance at birth. A report described
spontaneous restart of breathing during rewarming following experimental cooling to
respiratory arrest in newborn animals. This inherent and well described (2) ability to restart
breathing during rewarming was present in newborn rats and hamsters (36), but disappeared
after the first three to four weeks of maturation, respectively, in these two species.

The overwhelming favorable effects of therapeutic hypothermia to withstand massive

organ damage during/after hypoxic/ischemic events in animal experiments have so far been
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difficult to recognize in randomized clinical trials elevating patient outcome data after applying
therapeutic hypothermia in clinical therapy. Obvious explanations to this lack of therapeutic
effects may be due to differences in species, hypothermia induced before start of hypoxia etc.
However, the institution of therapeutic hypothermia as a treatment option in the clinical ICU
situation is also quite different from starting a standardized hypothermia protocol on
anesthetized experimental animals. It appears from the randomized clinical trials listed that in
a clinical situation: 1) That the decision to start cooling may often be delayed, 2) effective
cooling may not be tolerated in semi-comatose patients which also may not tolerate heavy
sedation due to hemodynamic instability, 3) the occurrence of shivering, 4) lack of proper
patient temperature monitoring, and, 5) inadvertent events causing hyperthermia during patient
rewarming.

To optimize clinical effects of therapeutic hypothermia, as well as to optimize
techniques for rewarming of accidental hypothermia patients, it appears fruitful to consider
background knowledge and experience obtained from different temperature intervention
techniques applied for multiple clinical therapeutic purposes. A good example would be to
squint to techniques developed for organ preservation of donor organs where the use of
preservation solutions are central. Background for the invention and use of preservation
solutions was the early observation during animal experiments. These experiments
demonstrated the benefits of perfusion with an acellular solution to counteract microvascular
obstruction, which otherwise would appear when perfusing with whole blood, even during
massive hemodilution. It appears fruitful to follow, or at least to consider, a similar approach
when rewarming an accidental hypothermia patient using cardiopulmonary bypass, where

reestablishment of organ reperfusion and microvascular integrity appears essential.



32

REFERENCES

1. Randomised trial of normothermic versus hypothermic coronary bypass surgery. The Warm
Heart Investigators. Lancet 343: 559-563, 1994.

2. Adolph EF. Responses to hypothermia in several species of infant mammals. Am J Physiol
166: 75-91, 1951.

3. Aibiki M, Maekawa S, Nishiyama T, Seki K, Yokono S. Activated cytokine production in
patients with accidental hypothermia. Resuscitation 41: 263-268, 1999.

4, Andrews PJ, Sinclair HL, Rodriguez A, Harris BA, Battison CG, Rhodes JK, Murray GD,

Eurotherm Trial C. Hypothermia for Intracranial Hypertension after Traumatic Brain Injury. N Engl J
Med 373: 2403-2412, 2015.

5. Arrich J, Holzer M, Havel C, Mullner M, Herkner H. Hypothermia for neuroprotection in adults
after cardiopulmonary resuscitation. Cochrane Database Syst Rev 2: CD004128, 2016.
6. Aupperle H, Garbade J, Ullmann C, Krautz C, Barten MJ, Dhein S, Schoon HA, Gummert FJ.

Ultrastructural findings in porcine hearts after extracorporeal long-term preservation with a modified
Langendorff perfusion system. J Vet Med A Physiol Pathol Clin Med 54: 230-237, 2007.

7. Bachet J, Teodori G, Goudot B, Diaz F, el Kerdany A, Dubois C, Brodaty D, de Lentdecker P,
Guilmet D. Replacement of the transverse aortic arch during emergency operations for type A acute
aortic dissection. Report of 26 cases. J Thorac Cardiovasc Surg 96: 878-886, 1988.

8. Barner HB. Blood cardioplegia: a review and comparison with crystalloid cardioplegia. Ann
Thorac Surg 52: 1354-1367, 1991.
9. Barner HB, Kaiser GC, Codd JE, Tyras DH, Pennington DG, Laks H, Willman VL. Clinical

experience with cold blood as the vehicle for hypothermic potassium cardioplegia. Ann Thorac Surg
29: 224-227, 1980.

10. Baumann E, Preston E, Slinn J, Stanimirovic D. Post-ischemic hypothermia attenuates loss of
the vascular basement membrane proteins, agrin and SPARC, and the blood-brain barrier disruption
after global cerebral ischemia. Brain Res 1269: 185-197, 2009.

11. Baumgartner WA, Silverberg GD, Ream AK, Jamieson SW, Tarabek J, Reitz BA. Reappraisal of
cardiopulmonary bypass with deep hypothermia and circulatory arrest for complex neurosurgical
operations. Surgery 94: 242-249, 1983.

12. Bernard SA, Gray TW, Buist MD, Jones BM, Silvester W, Gutteridge G, Smith K. Treatment of
comatose survivors of out-of-hospital cardiac arrest with induced hypothermia. N Engl J Med 346:
557-563, 2002.

13. Bernstein JE, Ghanchi H, Kashyap S, Podkovik S, Miulli DE, Wacker MR, Sweiss R.
Pentobarbital Coma With Therapeutic Hypothermia for Treatment of Refractory Intracranial
Hypertension in Traumatic Brain Injury Patients: A Single Institution Experience. Cureus 12: e10591,
2020.

14. Bers DM. Ca sources and sinks; mitochondrial Ca transport. In: Excitation-Contraction
Coupling and Cardiac Contractile Force, edited by Bers DM. Dordrecht: Kluwer Academic Publishers,
2001, p. 56-62.

15. Bers DM. Calcium cycling and signaling in cardiac myocytes. Annu Rev Physiol 70: 23-49,
2008.

16. Bers DM. Ryanodine and the calcium content of cardiac SR assessed by caffeine and rapid
cooling contractures. Am J Physiol 253: C408-415, 1987.

17. Bers DM, Bridge JH and Spitzer KW. Intracellular Ca2+ transients during rapid cooling
contractures in guinea-pig ventricular myocytes. J Physiol 417: 537-553, 1989.

18. Bigelow WG, Lindsay WK and Greenwood WF. Hypothermia. Its possible role in cardiac
surgery: An investigation of factors governing survival in dogs at low body temperatures. Ann Surg
132(5): 849-864, 1950.

19. Bigelow WG, Mustard WT and Evans JG. Some physiologic consepts of hypothermia and their
applications to cardiac surgery. J thorac Surg 28: 463-480, 1954.



33

20. Bisschops LL, Hoedemaekers CW, Mollnes TE, van der Hoeven JG. Rewarming after
hypothermia after cardiac arrest shifts the inflammatory balance. Crit Care Med 40: 1136-1142, 2012.
21. Bjertnaes LJ, Hindberg K, Naesheim TO, Suborov EV, Reierth E, Kirov MY, Lebedinskii KM,
Tveita T. Rewarming From Hypothermic Cardiac Arrest Applying Extracorporeal Life Support: A
Systematic Review and Meta-Analysis. Front Med (Lausanne) 8: 641633, 2021.

22. Bjornstad H, Mortensen E, Sager G, Refsum H. Effect of bretylium tosylate on ventricular
fibrillation threshold during hypothermia in dogs. Am J Emerg Med 12: 407-412, 1994.

23. Blair E, Montgomery AV and Swan H. Posthypothermic circulatory failure I. Physiologic
observations on the circulation. Circulation 13: 909-915, 1956.

24, Bohl MA, Martirosyan NL, Killeen ZW, Belykh E, Zabramski JM, Spetzler RF, Preul MC. The
history of therapeutic hypothermia and its use in neurosurgery. J Neurosurg 1-15, 2018.

25. Bradley SM, Liu W, McNally B, Vellano K, Henry TD, Mooney MR, Burke MN, Brilakis ES,
Grunwald GK, Adhaduk M, Donnino M, Girotra S, Cardiac Arrest Registry to Enhance Survival
Surveillance G. Temporal Trends in the Use of Therapeutic Hypothermia for Out-of-Hospital Cardiac
Arrest. JAMA Netw Open 1: 184511, 2018.

26. Braunwald E. Control of myocardial oxygen consumption: physiologic and clinical
considerations. Am J Cardiol 27: 416-432, 1971.

27. Calafiore AM, Teodori G, Mezzetti A, Bosco G, Verna AM, Di Giammarco G, Lapenna D.
Intermittent antegrade warm blood cardioplegia. Ann Thorac Surg 59: 398-402, 1995.

28. Callaway CW, Donnino MW, Fink EL, Geocadin RG, Golan E, Kern KB, Leary M, Meurer W/,
Peberdy MA, Thompson TM, Zimmerman JL. Part 8: Post-Cardiac Arrest Care: 2015 American Heart
Association Guidelines Update for Cardiopulmonary Resuscitation and Emergency Cardiovascular
Care. Circulation 132: S465-482, 2015.

29. Callaway CW, Rittenberger JC, Logue ES, McMichael MJ. Hypothermia after cardiac arrest
does not alter serum inflammatory markers. Crit Care Med 36: 2607-2612, 2008.

30. Camara AK, Riess ML, Kevin LG, Novalija E, Stowe DF. Hypothermia augments reactive oxygen
species detected in the guinea pig isolated perfused heart. Am J Physiol Heart Circ Physiol 286:
H1289-H1299, 2004.

31. Chambers DJ and Hearse DJ. Cardioplegia and Surgical Ischaemia. In: Heart Physiology and
Pathophysiology, edited by Sperelakis N, Kurachi Y, Terzic A,Cohen MV. San Diego: Academic Press,
2001, p. 887-926.

32. Clarfield AM, Shamian J and Maclean J. Hospital length of stay of frail elderly patients. JAm
Geriatr Soc 36: 962, 1988.

33. Clifton GL, Miller ER, Choi SC, Levin HS, McCauley S, Smith KR, Jr., Muizelaar JP, Wagner FC,
Jr., Marion DW, Luerssen TG, Chesnut RM, Schwartz M. Lack of effect of induction of hypothermia
after acute brain injury. N Engl J Med 344: 556-563, 2001.

34, Clifton GL, Valadka A, Zygun D, Coffey CS, Drever P, Fourwinds S, Janis LS, Wilde E, Taylor P,
Harshman K, Conley A, Puccio A, Levin HS, McCauley SR, Bucholz RD, Smith KR, Schmidt JH, Scott JN,
Yonas H, Okonkwo DO. Very early hypothermia induction in patients with severe brain injury (the
National Acute Brain Injury Study: Hypothermia Il): a randomised trial. Lancet Neurol 10: 131-139,
2011.

35. Cook RC, Gao M, Macnab AJ, Fedoruk LM, Day N, Janusz MT. Aortic arch reconstruction:
safety of moderate hypothermia and antegrade cerebral perfusion during systemic circulatory arrest.
J Card Surg 21: 158-164, 2006.

36. Corcoran AE, Andrade DV, Marshall LH, Milsom WK. Developmental changes in cold
tolerance and ability to autoresuscitate from hypothermic respiratory arrest are not linked in rats
and hamsters. Respir Physiol Neurobiol 181: 249-258, 2012.

37. D'Cruz BJ, Fertig KC, Filiano AJ, Hicks SD, DeFranco DB, Callaway CW. Hypothermic
reperfusion after cardiac arrest augments brain-derived neurotrophic factor activation. J Cereb Blood
Flow Metab 22: 843-851, 2002.

38. Dankiewicz J, Cronberg T, Lilja G, Jakobsen JC, Levin H, Ullen S, Rylander C, Wise MP, Oddo M,
Cariou A, Belohlavek J, Hovdenes J, Saxena M, Kirkegaard H, Young PJ, Pelosi P, Storm C, Taccone FS,



34

Joannidis M, Callaway C, Eastwood GM, Morgan MPG, Nordberg P, Erlinge D, Nichol AD, Chew MS,
Hollenberg J, Thomas M, Bewley J, Sweet K, Grejs AM, Christensen S, Haenggi M, Levis A, Lundin A,
During J, Schmidbauer S, Keeble TR, Karamasis GV, Schrag C, Faessler E, Smid O, Otahal M, Maggiorini
M, Wendel Garcia PD, Jaubert P, Cole JM, Solar M, Borgquist O, Leithner C, Abed-Maillard S, Navarra
L, Annborn M, Unden J, Brunetti |, Awad A, McGuigan P, Bjorkholt Olsen R, Cassina T, Vignon P,
Langeland H, Lange T, Friberg H, Nielsen N, Investigators TTMT. Hypothermia versus Normothermia
after Out-of-Hospital Cardiac Arrest. N Engl J Med 384: 2283-2294, 2021.

39. Danzl DF and Pozos RS. Accidental hypothermia. N Engl J Med 331: 1756-1760, 1994.

40. Davidson SM and Duchen MR. Effects of NO on mitochondrial function in cardiomyocytes:
Pathophysiological relevance. Cardiovasc Res 71: 10-21, 2006.
41. de Groot H. Isolated cells in the study of the molecular mechanisms of reperfusion injury.

Toxicol Lett 63: 111-125, 1992.

42. Dedkova EN and Blatter LA. Mitochondrial Ca2+ and the heart. Cell Calcium 44: 77-91, 2008.
43, Dewall RA, Lillehei RC and Sellers RD. Hemodilution perfusions for open-heart surgery. Use of
five per cent dextrose in water for the priming volume. N Engl J Med 266: 1078-1084, 1962.

44, Dietrich WD, Busto R, Globus MY, Ginsberg MD. Brain damage and temperature: cellular and
molecular mechanisms. Adv Neurol 71: 177-194; discussion 194-177, 1996.

45, Dietrichs ES, Haheim B, Kondratiev T, Sieck GC, Tveita T. Cardiovascular effects of
levosimendan during rewarming from hypothermia in rat. Cryobiology 69: 402-410, 2014.

46. Dietrichs ES, Haheim B, Kondratiev T, Traasdahl E, Tveita T. Effects of hypothermia and
rewarming on cardiovascular autonomic control in vivo. J Appl Physiol (1985 ) 124: 850-859, 2018.
47. Dietrichs ES, Kondratiev T and Tveita T. Milrinone ameliorates cardiac mechanical dysfunction
after hypothermia in an intact rat model. Cryobiology 69: 361-366, 2014.

48. Dietrichs ES, McGlynn K, Allan A, Connolly A, Bishop M, Burton F, Kettlewell S, Myles R, Tveita
T, Smith GL. Moderate but not severe hypothermia causes pro-arrhythmic changes in cardiac
electrophysiology. Cardiovasc Res 116: 2081-2090, 2020.

49, Dietrichs ES, Schanche T, Kondratiev T, Gaustad SE, Sager G, Tveita T. Negative inotropic
effects of epinephrine in the presence of increased beta-adrenoceptor sensitivity during hypothermia
in a rat model. Cryobiology 70: 9-16, 2015.

50. Dietrichs ES, Tveita T and Smith G. Hypothermia and cardiac electrophysiology: a systematic
review of clinical and experimental data. Cardiovasc Res 115: 501-509, 2019.

51. Dirnagl U, ladecola C and Moskowitz MA. Pathobiology of ischaemic stroke: an integrated
view. Trends Neurosci 22: 391-397, 1999.

52. Dobson GP, Faggian G, Onorati F, Vinten-Johansen J. Hyperkalemic cardioplegia for adult and
pediatric surgery: end of an era? Front Physiol 4: 228, 2013.

53. Donnino MW, Andersen LW, Berg KM, Reynolds JC, Nolan JP, Morley PT, Lang E, Cocchi MN,
Xanthos T, Callaway CW, Soar J, Force IAT. Temperature Management After Cardiac Arrest: An
Advisory Statement by the Advanced Life Support Task Force of the International Liaison Committee
on Resuscitation and the American Heart Association Emergency Cardiovascular Care Committee and
the Council on Cardiopulmonary, Critical Care, Perioperative and Resuscitation. Circulation 132:
2448-2456, 2015.

54, Douglas-Escobar M and Weiss MD. Hypoxic-ischemic encephalopathy: a review for the
clinician. JAMA Pediatr 169: 397-403, 2015.

55. du Plessis AJ, Jonas RA, Wypij D, Hickey PR, Riviello J, Wessel DL, Roth SJ, Burrows FA, Walter
G, Farrell DM, Walsh AZ, Plumb CA, del Nido P, Burke RP, Castaneda AR, Mayer JE, Jr., Newburger JW.
Perioperative effects of alpha-stat versus pH-stat strategies for deep hypothermic cardiopulmonary
bypass in infants. J Thorac Cardiovasc Surg 114: 991-1000; discussion 1000-1001, 1997.

56. Duebener LF, Hagino |, Sakamoto T, Mime LB, Stamm C, Zurakowski D, Schafers HJ, Jonas RA.
Effects of pH management during deep hypothermic bypass on cerebral microcirculation: alpha-stat
versus pH-stat. Circulation 106: 1103-108, 2002.

57. Edwards AD, Brocklehurst P, Gunn AJ, Halliday H, Juszczak E, Levene M, Strohm B, Thoresen
M, Whitelaw A, Azzopardi D. Neurological outcomes at 18 months of age after moderate



35

hypothermia for perinatal hypoxic ischaemic encephalopathy: synthesis and meta-analysis of trial
data. BMJ 340: ¢363, 2010.

58. Eisner DA and Lederer WJ. Characterization of the electrogenic sodium pump in cardiac
Purkinje fibres. J Physiol 303: 441-474, 1980.

59. Ergin MA, O'Connor J, Guinto R, Griepp RB. Experience with profound hypothermia and
circulatory arrest in the treatment of aneurysms of the aortic arch. Aortic arch replacement for acute
arch dissections. J Thorac Cardiovasc Surg 84: 649-655, 1982.

60. Fairley HB, Waddell WG and Bigelow WG. Hypothermia for cardiovascular surgery: Acidosis in
the rewarming period. British Journal of Anaesthesia 29: 310-318, 1957.

61. Fedor EJ, Fisher B and Lee SH. Rewarming following hypothermia of two to twelve hours. Ann
Surg 147(4): 515-530, 1958.

62. Filseth OM, How OJ, Kondratiev T, Gamst TM, Sager G, Tveita T. Changes in cardiovascular
effects of dopamine in response to graded hypothermia in vivo. Crit Care Med 40: 178-186, 2012.

63. Filseth OM, How OJ, Kondratiev T, Gamst TM, Tveita T. Post-hypothermic cardiac left
ventricular systolic dysfunction after rewarming in an intact pig model. Crit Care 14: R211, 2010.

64. Finkelstein RA and Alam HB. Induced hypothermia for trauma: current research and practice.
J Intensive Care Med 25: 205-226, 2010.
65. Foley JH and Conway EM. Cross Talk Pathways Between Coagulation and Inflammation. Circ

Res 118:1392-1408, 2016.

66. Follette DM, Mulder DG, Maloney JV, Buckberg GD. Advantages of blood cardioplegia over
continuous coronary perfusion or intermittent ischemia. Experimental and clinical study. J Thorac
Cardiovasc Surg 76: 604-619, 1978.

67. Fries M, Stoppe C, Brucken D, Rossaint R, Kuhlen R. Influence of mild therapeutic
hypothermia on the inflammatory response after successful resuscitation from cardiac arrest. J Crit
Care 24: 453-457, 2009.

68. Gambassi G, Cerbai E, Pahor M, Capogrossi MC, Carbonin P, Mugelli A. Temperature
modulates calcium homeostasis and ventricular arrhythmias in myocardial preparations. Cardiovasc
Res 28:391-399, 1994.

69. Gega A, Rizzo JA, Johnson MH, Tranquilli M, Farkas EA, Elefteriades JA. Straight deep
hypothermic arrest: experience in 394 patients supports its effectiveness as a sole means of brain
preservation. Ann Thorac Surg 84: 759-766; discussion 766-757, 2007.

70. Ghafourifar P and Richter C. Mitochondrial nitric oxide synthase regulates mitochondrial
matrix pH. Biol Chem 380: 1025-1028, 1999.

71. Gilbert M, Busund R, Skagseth A, Nilsen PA, Solbo JP. Resuscitation from accidental
hypothermia of 13.7 degrees C with circulatory arrest. Lancet 355: 375-376, 2000.

72. Grimm S and Brdiczka D. The permeability transition pore in cell death. Apoptosis 12: 841-
855, 2007.

73. Groban L, Zapata-Sudo G, Lin M, Nelson TE. Effects of moderate and deep hypothermia on
Ca2+ signaling in rat ventricular myocytes. Cell Physiol Biochem 12: 101-110, 2002.

74. Guly H. History of accidental hypothermia. Resuscitation 82: 122-125, 2011.

75. Hachimi-Idrissi S and Huyghens L. Therapeutic hypothermia after traumatic brain injury in
children: to cool or not to cool? Resuscitation 79: 185-186, 2008.

76. Hachimi-Idrissi S, Van Hemelrijck A, Michotte A, Smolders |, Sarre S, Ebinger G, Huyghens L,
Michotte Y. Postischemic mild hypothermia reduces neurotransmitter release and astroglial cell
proliferation during reperfusion after asphyxial cardiac arrest in rats. Brain Res 1019: 217-225, 2004.
77. Hakim SM, Ammar MA and Reyad MS. Effect of therapeutic hypothermia on survival and
neurological outcome in adults suffering cardiac arrest: a systematic review and meta-analysis.
Minerva Anestesiol 84: 720-730, 2018.

78. Halestrap AP. What is the mitochondrial permeability transition pore? J Mol Cell Cardiol 46:
821-831, 2009.



36

79. Han YS, Schaible N, Tveita T, Sieck G. Discontinued stimulation of cardiomyocytes provides
protection against hypothermia-rewarming-induced disruption of excitation-contraction coupling.
Exp Physiol 103: 819-826, 2018.

80. Han YS, Tveita T, Kondratiev TV, Prakash YS, Sieck GC. Changes in cardiovascular beta-
adrenoceptor responses during hypothermia. Cryobiology 57: 246-250, 2008.

81. Han YS, Tveita T, Prakash YS, Sieck GC. Mechanisms underlying hypothermia-induced cardiac
contractile dysfunction. Am J Physiol Heart Circ Physiol 298: H890-H897, 2010.

82. Harrison SM and Bers DM. Correction of proton and Ca association constants of EGTA for
temperature and ionic strength. Am J Physiol 256: C1250-C1256, 1989.

83. Hayashida N, Ikonomidis JS, Weisel RD, Shirai T, Ivanov J, Carson SM, Mohabeer MK, Tumiati
LC, Mickle DA. The optimal cardioplegic temperature. Ann Thorac Surg 58: 961-971, 1994.

84. Hayashida N, Weisel RD, Shirai T, Ikonomidis JS, Ivanov J, Carson SM, Mohabeer MK, Tumiati
LC, Mickle DA. Tepid antegrade and retrograde cardioplegia. Ann Thorac Surg 59: 723-729, 1995.
85. Henderson AR. Temple Fay, M.D., Unconformable Crusader and Harbinger of Human
Refrigeration, 1895-1963. J Neurosurg 20: 627-634, 1963.

86. Hildebrand F, van Griensven M, Giannoudis P, Luerig A, Harwood P, Harms O, Fehr M, Krettek
C, Pape HC. Effects of hypothermia and re-warming on the inflammatory response in a murine
multiple hit model of trauma. Cytokine 31: 382-393, 2005.

87. Hilmo J, Naesheim T and Gilbert M. "Nobody is dead until warm and dead": prolonged
resuscitation is warranted in arrested hypothermic victims also in remote areas--a retrospective
study from northern Norway. Resuscitation 85: 1204-1211, 2014.

88. Huser J, Rechenmacher CE and Blatter LA. Imaging the permeability pore transition in single
mitochondria. Biophys J 74: 2129-2137, 1998.

89. Hypothermia after Cardiac Arrest Study G. Mild therapeutic hypothermia to improve the
neurologic outcome after cardiac arrest. N Engl J Med 346: 549-556, 2002.

90. Inoue K, Suzuki S, Kubo H, Ishida |, Ueda S, Kondo T. Effects of rewarming on nuclear factor-
kappaB and interleukin 8 expression in cold-preserved alveolar epithelial cells. Transplantation 76:
409-415, 2003.

91. Isenberg G and Trautwein W. Outward current and electrogenic sodium pump in Purkinje
fibers. Recent Adv Stud Cardiac Struct Metab 5: 43-49, 1975.

92. Jacobs SE, Berg M, Hunt R, Tarnow-Mordi WO, Inder TE, Davis PG. Cooling for newborns with
hypoxic ischaemic encephalopathy. Cochrane Database Syst Rev CD003311, 2013.

93. Johansson BW and Huttunen M. Influence of Dextran of Low and High Molecular Weight on
the Electrocardiogram of Hypothermic Dogs. Am J Cardiol 12: 792-794, 1963.
94, Johnston MV, Fatemi A, Wilson MA, Northington F. Treatment advances in neonatal

neuroprotection and neurointensive care. Lancet Neurol 10: 372-382, 2011.

95. Karibe H, Zarow GJ, Graham SH, Weinstein PR. Mild intraischemic hypothermia reduces
postischemic hyperperfusion, delayed postischemic hypoperfusion, blood-brain barrier disruption,
brain edema, and neuronal damage volume after temporary focal cerebral ischemia in rats. J Cereb
Blood Flow Metab 14: 620-627, 1994.

96. Kentish JC, McCloskey DT, Layland J, Palmer S, Leiden JM, Martin AF, Solaro RJ.
Phosphorylation of troponin | by protein kinase A accelerates relaxation and crossbridge cycle
kinetics in mouse ventricular muscle. Circ Res 88: 1059-1065, 2001.

97. Kondratiev TV, Flemming K, Myhre ES, Sovershaev MA, Tveita T. Is oxygen supply a limiting
factor for survival during rewarming from profound hypothermia? Am J Physiol Heart Circ Physiol
291: H441-H450, 2006.

98. Kondratiev TV and Tveita T. Effects of sympathetic stimulation during cooling on hypothermic
as well as posthypothermic hemodynamic function. Can J Physiol Pharmacol 84: 985-991, 2006.
99. Kondratiev TV, Wold RM, Aasum E, Tveita T. Myocardial mechanical dysfunction and calcium

overload following rewarming from experimental hypothermia in vivo. Cryobiology 56: 15-21, 2008.
100.  Kuffler DP. Combinatorial techniques for enhancing neuroprotection: hypothermia and
alkalinization. Ann N Y Acad Sci 1199: 164-174, 2010.



37

101. Kusuoka H, lkomaY, Futaki S, Suga H, Kitabatake A, Kamada T, Inoue M. Positive inotropism
in hypothermia partially depends on an increase in maximal Ca(2+)-activated force. Am J Physiol 261:
H1005-H1010, 1991.

102. Labow RS, Hendry PJ, Meek E, Keon J. Temperature affects human cardiac sarcoplasmic
reticulum energy-mediated calcium transport. J Mol Cell Cardiol 25: 1161-1170, 1993.

103. Lascarrou JB, Merdji H, Le Gouge A, Colin G, Grillet G, Girardie P, Coupez E, Dequin PF, Cariou
A, Boulain T, Brule N, Frat JP, Asfar P, Pichon N, Landais M, Plantefeve G, Quenot JP, Chakarian JC,
Sirodot M, Legriel S, Letheulle J, Thevenin D, Desachy A, Delahaye A, Botoc V, Vimeux S, Martino F,
Giraudeau B, Reignier J, Group C-T. Targeted Temperature Management for Cardiac Arrest with
Nonshockable Rhythm. N Engl J Med 381: 2327-2337, 2019.

104. Lee HC, Chuang HC, Cho DY, Cheng KF, Lin PH, Chen CC. Applying cerebral hypothermia and
brain oxygen monitoring in treating severe traumatic brain injury. World Neurosurg 74: 654-660,
2010.

105. Lemasters JJ, Theruvath TP, Zhong Z, Nieminen AL. Mitochondrial calcium and the
permeability transition in cell death. Biochim biophys Acta 1787: 1395-1401, 2009.

106. Leng L. Hypothermia Therapy after Traumatic Brain Injury: A Systematic Review and Meta-
Analysis. Turk Neurosurg 2017.

107. Lichtenstein SV, Ashe KA, el Dalati H, Cusimano RJ, Panos A, Slutsky AS. Warm heart surgery. J
Thorac Cardiovasc Surg 101: 269-274, 1991.

108. Linardi D, Faggian G and Rungatscher A. Temperature Management During Circulatory Arrest
in Cardiac Surgery. Ther Hypothermia Temp Manag 6: 9-16, 2016.

109. Liu B, Wang LC and Belke DD. Effect of low temperature on the cytosolic free Ca2+ in rat
ventricular myocytes. Cell Calcium 12: 11-18, 1991.

110. Luehr M, Bachet J, Mohr FW, Etz CD. Modern temperature management in aortic arch
surgery: the dilemma of moderate hypothermia. Eur J Cardiothorac Surg 45: 27-39, 2014.

111.  Le@nning PE, Skulberg A and Abyholm F. Accidental hypothermia.Review. Acta anaesthesiol
Scand 30: 601-613, 1986.

112. Maclean D. Emergency management of accidental hypothermia: a review. J R Soc Med 79:
528-531, 1986.

113.  Maclean D and Emslie-Smith D. Accidental hypothermia. Melbourne: Blackwell Scientific
Publications, 1977.

114.  Magni F, Panduri G and Paolocci N. Hypothermia triggers iron-dependent lipoperoxidative
damage in the isolated rat heart. Free Radic Biol Med 16: 465-476, 1994.

115. Malhotra A, Nakouzi A, Bowman J, Buttrick P. Expression and regulation of mutant forms of
cardiac Tnl in a reconstituted actomyosin system: role of kinase dependent phosphorylation. Mol Cell
Biochem 170: 99-107, 1997.

116. Manetta F, Mullan CW and Catalano MA. Neuroprotective Strategies in Repair and
Replacement of the Aortic Arch. Int J Angiol 27: 98-109, 2018.

117. Mark E, Jacobsen O, Kjerstad A, Naesheim T, Busund R, Bahar R, Jensen JK, Skorpen PK,
Bjertnaes LJ. Hypothermic cardiac arrest far away from the center providing rewarming with
extracorporeal circulation. Int J Emerg Med 5: 7, 2012.

118.  McCullough JN, Zhang N, Reich DL, Juvonen TS, Klein JJ, Spielvogel D, Ergin MA, Griepp RB.
Cerebral metabolic suppression during hypothermic circulatory arrest in humans. Ann Thorac Surg
67: 1895-1899; discussion 1919-1821, 1999.

119. Melrose DG, Dreyer B, Bentall HH, Baker JB. Elective cardiac arrest. Lancet 269: 21-22, 1955.
120. Metzler H. Management of Cardiovascular Dysfunction after Cardiac Surgery. In: Critical Care
Cardiology in the Perioperative Period Topics in Anaesthesia and Critical Care, edited by Atlee JL and
Vincent JL. Milano: Springer, 2001.

121. Meybohm P, Gruenewald M, Zacharowski KD, Albrecht M, Lucius R, Fosel N, Hensler J, Zitta K,
Bein B. Mild hypothermia alone or in combination with anesthetic post-conditioning reduces
expression of inflammatory cytokines in the cerebral cortex of pigs after cardiopulmonary
resuscitation. Crit Care 14: R21, 2010.



38

122.  Michalak T and Nowoslawski A. Hepatitis B virus in nucleoli of liver cells. N Engl ] Med 297
787-788, 1977.

123.  Michenfelder JD. Cerebral preservation for intraoperative focal ischemia. Clin Neurosurg 32:
105-113, 1985.

124. Michenfelder JD and Milde JH. The effect of profound levels of hypothermia (below 14
degrees C) on canine cerebral metabolism. J Cereb Blood Flow Metab 12: 877-880, 1992.

125. Michenfelder JD and Theye RA. The effects of anesthesia and hypothermia on canine cerebral
ATP and lactate during anoxia produced by decapitation. Anesthesiology 33: 430-439, 1970.

126.  Miller RD. Miller's Anesthesia. London: Elsevier, Churchill Livingstone, 2005.

127. Monsieurs KG, Nolan JP, Bossaert LL, Greif R, Maconochie IK, Nikolaou NI, Perkins GD, Soar J,
Truhlar A, Wyllie J, Zideman DA. European Resuscitation Council Guidelines for Resuscitation 2015:
Section 1. Executive summary. Resuscitation 95: 1-80, 2015.

128. Morita S, Inokuchi S, Yamagiwa T, lizuka S, Yamamoto R, Aoki H, Okada M. Efficacy of
portable and percutaneous cardiopulmonary bypass rewarming versus that of conventional internal
rewarming for patients with accidental deep hypothermia. Crit Care Med 39: 1064-1068, 2011.

129. Nattie EE. The alphastat hypothesis in respiratory control and acid-base balance. J App/
Physiol (1985) 69: 1201-1207, 1990.

130. Negita M, Hayashi S, Yokoyama I, Emi N, Nagasaka T, Takagi H. Human superoxide dismutase
cDNA transfection and its in vitro effect on cold preservation. Biochem Biophys Res Commun 218:
653-657, 1996.

131. Neumar RW, Nolan JP, Adrie C, Aibiki M, Berg RA, Bottiger BW, Callaway C, Clark RS,
Geocadin RG, Jauch EC, Kern KB, Laurent I, Longstreth WT, Jr., Merchant RM, Morley P, Morrison LJ,
Nadkarni V, Peberdy MA, Rivers EP, Rodriguez-Nunez A, Sellke FW, Spaulding C, Sunde K, Vanden
Hoek T. Post-cardiac arrest syndrome: epidemiology, pathophysiology, treatment, and
prognostication. A consensus statement from the International Liaison Committee on Resuscitation
(American Heart Association, Australian and New Zealand Council on Resuscitation, European
Resuscitation Council, Heart and Stroke Foundation of Canada, InterAmerican Heart Foundation,
Resuscitation Council of Asia, and the Resuscitation Council of Southern Africa); the American Heart
Association Emergency Cardiovascular Care Committee; the Council on Cardiovascular Surgery and
Anesthesia; the Council on Cardiopulmonary, Perioperative, and Critical Care; the Council on Clinical
Cardiology; and the Stroke Council. Circulation 118: 2452-2483, 2008.

132.  Nielsen N, Wetterslev J, Cronberg T, Erlinge D, Gasche Y, Hassager C, Horn J, Hovdenes J,
Kjaergaard J, Kuiper M, Pellis T, Stammet P, Wanscher M, Wise MP, Aneman A, Al-Subaie N,
Boesgaard S, Bro-Jeppesen J, Brunetti |, Bugge JF, Hingston CD, Juffermans NP, Koopmans M, Kober L,
Langorgen J, Lilja G, Moller JE, Rundgren M, Rylander C, Smid O, Werer C, Winkel P, Friberg H,
Investigators TTMT. Targeted temperature management at 33 degrees C versus 36 degrees C after
cardiac arrest. N Engl J Med 369: 2197-2206, 2013.

133.  Nilsen JH, Schanche T, Kondratiev TV, Hevroy O, Sieck GC, Tveita T. Maintaining intravenous
volume mitigates hypothermia-induced myocardial dysfunction and accumulation of intracellular
Ca(2). Exp Physiol 106: 1196-1207, 2021.

134.  Nilsen JH, Schanche T, Valkov S, Mohyuddin R, Haaheim B, Kondratiev TV, Naesheim T, Sieck
GC, Tveita T. Effects of rewarming with extracorporeal membrane oxygenation to restore oxygen
transport and organ blood flow after hypothermic cardiac arrest in a porcine model. Sci Rep 11:
18918, 2021.

135.  Nilsen JH, Valkov S, Mohyuddin R, Schanche T, Kondratiev TV, Naesheim T, Sieck GC, Tveita T.
Study of the Effects of 3 h of Continuous Cardiopulmonary Resuscitation at 27°C on Global Oxygen
Transport and Organ Blood Flow. Frontiers in Physiology 11: 213, 2020.

136. Okuda C, Saito A, Miyazaki M, Kuriyama K. Alteration of the turnover of dopamine and 5-
hydroxytryptamine in rat brain associated with hypothermia. Pharmacol Biochem Behav 24: 79-83,
1986.

137.  Palmer C, Vannucci RC, Christensen MA, Brucklacher RM. Regional cerebral blood flow and
glucose utilization during hypothermia in newborn dogs. Anesthesiology 71: 730-737, 1989.



39

138.  Peberdy MA, Callaway CW, Neumar RW, Geocadin RG, Zimmerman JL, Donnino M, Gabrielli
A, Silvers SM, Zaritsky AL, Merchant R, Vanden Hoek TL, Kronick SL, American Heart A. Part 9: post-
cardiac arrest care: 2010 American Heart Association Guidelines for Cardiopulmonary Resuscitation
and Emergency Cardiovascular Care. Circulation 122: S768-786, 2010.

139.  Peters SM, Rauen U, Tijsen MJ, Bindels RJ, van Os CH, de Groot H, Wetzels JF. Cold
preservation of isolated rabbit proximal tubules induces radical-mediated cell injury. Transplantation
65: 625-632, 1998.

140. Petrat F, de Groot H and Rauen U. Determination of the chelatable iron pool of single intact
cells by laser scanning microscopy. Arch Biochem Biophys 376: 74-81, 2000.

141. Petrat F, de Groot H, Sustmann R, Rauen U. The chelatable iron pool in living cells: a
methodically defined quantity. Biol Chem 383: 489-502, 2002.

142.  Piper HM, Garcia-Dorado D and Ovize M. A fresh look at reperfusion injury. Cardiovasc Res
38:291-300, 1998.

143. Polderman KH and Herold I. Therapeutic hypothermia and controlled normothermia in the
intensive care unit: practical considerations, side effects, and cooling methods. Crit Care Med 37:
1101-1120, 2009.

144. Popovic V. Physiological characteristics of rats and ground squirrels during prolonged
lethargic hypothermia. Am J Physiol 199(3): 467-471, 1960.

145.  Popovic V. Survival time of hypothermic white rats (15 C) and ground squirrels (10 C). Am J
Physiol 199: 463-466, 1960.

146.  Popovic V and Popovic P. Hypothermia in biology and in medicine. New York: Grune &
Stratton, Inc., 1974.

147.  Popovic V and Popovic P. Survival of hypothermic dogs after 2-h circulatory arrest. Am J
Physiol 248: R308-R311, 1985.

148.  Popovic VP and Kent KM. Cardiovascular responses in prolonged hypothermia. Am J Physiol
209(6): 1069-1074, 1965.

149.  Prec OR, Rosenman K, Rodbard S, Katz LN. The cardiovascular effects of acutely induced
hypothermia. J Clin Invest 28: 293-297, 1949.

150.  Puglisi JL, Bassani RA, Bassani JW, Amin JN, Bers DM. Temperature and relative contributions
of Ca transport systems in cardiac myocyte relaxation. Am J Physiol 270: H1772-H1778, 1996.

151. Rauen U and de Groot H. Cold-induced release of reactive oxygen species as a decisive
mediator of hypothermia injury to cultured liver cells. Free Radic Biol Med 24: 1316-1323, 1998.
152. Rauen U and de Groot H. Mammalian cell injury induced by hypothermia- the emerging role
for reactive oxygen species. Biol Chem 383: 477-488, 2002.

153. Rauen U, Polzar B, Stephan H, Mannherz HG, de Groot H. Cold-induced apoptosis in cultured
hepatocytes and liver endothelial cells: mediation by reactive oxygen species. FASEB J 13: 155-168,
1999.

154.  Reimer K and Jennings R. Myocardial ischemia, hypoxia and infarction. In: The Heart and
Cardiovascular System, edited by Fozzard H. New York: Raven Press, 1992, p. 1875-1973.

155. Riess ML, Camara AK, Kevin LG, An J, Stowe DF. Reduced reactive 02 species formation and
preserved mitochondrial NADH and [Ca2+] levels during short-term 17 degrees C ischemia in intact
hearts. Cardiovasc Res 61: 580-590, 2004.

156. Rosenthal TB. The effect of temperature on the pH of blood and plasma in vitro. J Biol Chem
173: 25-30, 1948.

157. Rosomoff HL and Holaday DA. Cerebral blood flow and cerebral oxygen consumption during
hypothermia. Am J Physiol 179: 85-88, 1954.

158. Ross DN. Hypothermia. 2. Physiological observations during hypothermia. Guys Hosp Rep
103: 116-138, 1954.

159. Rout A, Singh S, Sarkar S, Munawar |, Garg A, D'Adamo CR, Tantry US, Dharmadhikari A,
Gurbel PA. Meta-Analysis of the Usefulness of Therapeutic Hypothermia After Cardiac Arrest. Am J
Cardiol 133: 48-53, 2020.



40

160. Ruttmann E, Weissenbacher A, Ulmer H, Muller L, Hofer D, Kilo J, Rabl W, Schwarz B, Laufer
G, Antretter H, Mair P. Prolonged extracorporeal membrane oxygenation-assisted support provides
improved survival in hypothermic patients with cardiocirculatory arrest. J Thorac Cardiovasc Surg
134:594-600, 2007.

161. Salahudeen AK, Huang H, Patel P, Jenkins JK. Mechanism and prevention of cold storage-
induced human renal tubular cell injury. Transplantation 70: 1424-1431, 2000.

162. Sanioglu S, Sokullu O, Arslan IY, Sargin M, Yilmaz M, Ozay B, Tokoz H, Bilgen F. Comparison of
unilateral antegrade cerebral perfusion at 16 degrees C and 22 degrees C systemic temperature.
Heart Surg Forum 12: E65-69, 2009.

163. Schaible N, Han YS, Hoang T, Arteaga G, Tveita T, Sieck G. Hypothermia/rewarming disrupts
excitation-contraction coupling in cardiomyocytes. Am J Physiol Heart Circ Physiol 310: H1533-H1540,
2016.

164. Schaible N, Han YS, Tveita T, Sieck GC. Role of superoxide ion formation in
hypothermia/rewarming induced contractile dysfunction in cardiomyocytes. Cryobiology 81: 57-64,
2018.

165. Schiffmann H, Gleiss J, von HA, Schroder T, Kahles H, Hellige G. Effects of epinephrine on the
myocardial performance and haemodynamics of the isolated rat heart during moderate
hypothermia--importance of calcium homeostasis. Resuscitation 50: 309-317, 2001.

166.  Schreckinger M and Marion DW. Contemporary management of traumatic intracranial
hypertension: is there a role for therapeutic hypothermia? Neurocrit Care 11: 427-436, 2009.

167.  Schubert A. Side effects of mild hypothermia. J Neurosurg Anesthesiol 7: 139-147, 1995.
168. Sealy WC. Hypothermia: its possible role in cardiac surgery. Ann Thorac Surg 47: 788-791,
1989.

169. Shattock MJ and Bers DM. Inotropic response to hypothermia and the temperature-
dependence of ryanodine action in isolated rabbit and rat ventricular muscle: implications for
excitation-contraction coupling. Circ Res 61: 761-771, 1987.

170. Sheehy TW and Navari RM. Hypothermia. Ala J Med Sci 21: 374-381, 1984.

171.  Shutt RH and Howlett SE. Hypothermia increases the gain of excitation-contraction coupling
in guinea pig ventricular myocytes. Am J Physiol Cell Physiol 295: C692-C700, 2008.

172.  Solaro RJ, Henze M and Kobayashi T. Integration of troponin | phosphorylation with cardiac
regulatory networks. Circ Res 112: 355-366, 2013.

173.  Steen PA, Milde JH and Michenfelder JD. The detrimental effects of prolonged hypothermia
and rewarming in the dog. Anesthesiology 52: 224-230, 1980.

174.  Steigen TK, Aasum E, Myrmel T, Larsen TS. Effects of fatty acids on myocardial calcium
control during hypothermic perfusion. J Thorac Cardiovasc Surg 107: 233-241, 1994.

175.  Stowe DF, Fujita S, An J, Paulsen RA, Varadarajan SG, Smart SC. Modulation of myocardial
function and [Ca2+] sensitivity by moderate hypothermia in guinea pig isolated hearts. Am J Physiol
277:H2321-H2332, 1999.

176.  Stowe DF, Habazettl H, Graf BM, Kampine JP, Bosnjak ZJ. One-day hypothermic preservation
of isolated hearts with halothane improves cardiac function better than low calcium. Anesthesiology
83:1065-1077, 1995.

177.  Stowe DF, Varadarajan SG, An J, Smart SC. Reduced cytosolic Ca(2+) loading and improved
cardiac function after cardioplegic cold storage of guinea pig isolated hearts. Circulation 102: 1172-
1177, 2000.

178. Sun'S, Tang W, Song F, Chung SP, Weng Y, Yu T, Weil MH. Pharmacologically induced
hypothermia with cannabinoid receptor agonist WIN55, 212-2 after cardiopulmonary resuscitation.
Crit Care Med 38: 2282-2286, 2010.

179. SunYlJ, Zhang ZY, Fan B, Li GY. Neuroprotection by Therapeutic Hypothermia. Front Neurosci
13: 586, 2019.

180.  Suzuki M and Penn I. A reappraisal of the microcirculation during general hypothermia.
Surgery 58: 1049-1060, 1965.



41

181. Szelenyi M, Laszlo Z, Szabo Z, Kromplak Z, Tischler E, Lakatos M, Szekely L. Hypothermia
down-regulates the LPS-induced norepinephrine (NE) release in ischaemic human heart cells. Brain
Res Bull 87: 67-73, 2012.

182. Saad H and Aladawy M. Temperature management in cardiac surgery. Glob Cardiol Sci Pract
2013: 44-62, 2013.

183. Takasu A, Yagi K and Okada Y. Effect of mild hypothermia on ischemia-induced release of
endothelin-1 in dog brain. Resuscitation 31: 59-64, 1996.

184. Tani M and Neely JR. Na+ accumulation increases Ca2+ overload and impairs function in
anoxic rat heart. J Mol Cell Cardiol 22:57-72, 1990.

185. Tani M and Neely JR. Role of intracellular Na+ in Ca2+ overload and depressed recovery of
ventricular function of reperfused ischemic rat hearts. Possible involvement of H+-Na+ and Na+-Ca2+
exchange. Circ Res 65: 1045-1056, 1989.

186. Taufic M and Lewis FJ. A device for the experimental creation of ventricular septal defects;
preliminary report. J Thorac Surg 25: 413-416, 1953.

187. Taylor MJ, Bailes JE, Elrifai AM, Shih SR, Teeple E, Leavitt ML, Baust JG, Maroon JC. A new
solution for life without blood. Asanguineous low-flow perfusion of a whole-body perfusate during 3
hours of cardiac arrest and profound hypothermia. Circulation 91: 431-444, 1995.

188.  Truhlar A, Deakin CD, Soar J, Khalifa GE, Alfonzo A, Bierens JJ, Brattebo G, Brugger H, Dunning
J, Hunyadi-Anticevic S, Koster RW, Lockey DJ, Lott C, Paal P, Perkins GD, Sandroni C, Thies KC,
Zideman DA, Nolan JP. European Resuscitation Council Guidelines for Resuscitation 2015: Section 4.
Cardiac arrest in special circumstances. Resuscitation 95: 148-201, 2015.

189. Tu LN, Timms AE, Kibiryeva N, Bittel D, Pastuszko A, Nigam V, Pastuszko P. Transcriptome
profiling reveals activation of inflammation and apoptosis in the neonatal striatum after deep
hypothermic circulatory arrest. J Thorac Cardiovasc Surg 158: 882-890 884, 2019.

190. Tveita T. Rewarming from hypothermia. Newer aspects on the pathophysiology of rewarming
shock. Int J Circumpolar Health 59: 260-266, 2000.

191. Tveita T, Arteaga GM, Han YS, Sieck GC. Cardiac troponin-I phosphorylation underlies
myocardial contractile dysfunction induced by hypothermia rewarming. Am J Physiol Heart Circ
Physiol 317: H726-H731, 2019.

192. Tveita T, Hevroy O, Refsum H, Ytrehus K. Coronary endothelium-derived vasodilation during
cooling and rewarming of the in situ heart. Can J Physiol Pharmacol 77: 56-63, 1999.

193. Tveita T, Mortensen E, Hevroy O, Ytrehus K, Refsum H. Hemodynamic and metabolic effects
of hypothermia and rewarming. Arctic Med Res 50 Suppl 6: 48-52, 1991.

194. Tveita T, Mortensen E, Hevrgy O, Refsum H, Ytrehus K. Experimental hypothermia: Effects of
core cooling and rewarming on hemodynamics, coronary blood flow and myocardial metabolism in
dogs. Anesth Analg 79: 212-218, 1994.

195. Tveita T, Myklebust R and Ytrehus K. Changes in myocardial ultrastructure induced by cooling
as well as rewarming. Res Exp Med (Berl) 197: 243-254, 1998.

196. Tveita T and Sieck GC. Effects of milrinone on left ventricular cardiac function during cooling
in an intact animal model. Cryobiology 65: 27-32, 2012.

197. Tveita T and Sieck GC. The physiologic responses to epinephrine during cooling and after
rewarming in vivo. Crit Care 15: R225, 2011.

198. Tveita T, Skandfer M, Refsum H, Ytrehus K. Experimental hypothermia and rewarming:
changes in mechanical function and metabolism of rat hearts. J Appl Physiol 80: 291-297, 1996.

199. Tveita T, Ytrehus K, Myhre ES, Hevroy O. Left ventricular dysfunction following rewarming
from experimental hypothermia. J Appl Physiol 85: 2135-2139, 1998.

200. Tveita T, Ytrehus K, Myklebust R, Refsum H. Changes in myocardial ultrastructure and
mechanical performance after rewarming from prolonged hypothermia in rats. J Mol Cell Cardiol 23:
(supplement V), 1991.

201. Tveita T, Ytrehus K, Skandfer M, @ian P, Larsen TS. Organ blood flow and transcapillary fluid
balance after rewarming from prolonged hypothermia in rat. FASEB J 7: Abstract no 2552, 1993.



42

202.  Tveita AA, Dietrichs ES and Tveita T. Myocardial gene expression profiling of rewarming shock
in a rodent model of accidental hypothermia. Cryobiology 64: 201-210, 2012.

203. Vairetti M, Griffini P, Pietrocola G, Richelmi P, Freitas |. Cold-induced apoptosis in isolated rat
hepatocytes: protective role of glutathione. Free Radic Biol Med 31: 954-961, 2001.

204. Valkov S, Mohyuddin R, Nilsen JH, Schanche T, Kondratiev TV, Sieck GC, Tveita T. Organ blood
flow and 02 transport during hypothermia (27 degrees C) and rewarming in a pig model. Exp Physiol
104: 50-60, 2019.

205. Vassal T, Benoit-Gonin B, Carrat F, Guidet B, Maury E, Offenstadt G. Severe accidental
hypothermia treated in an ICU: prognosis and outcome. Chest 120: 1998-2003, 2001.

206. Vassalle M and Lin Cl. Calcium overload and cardiac function. J Biomed Sci 11: 542-565, 2004.
207. Vaagenes P, Gundersen Y and Opstad PK. Rapid rewarming after mild hypothermia
accentuates the inflammatory response after acute volume controlled haemorrhage in
spontaneously breathing rats. Resuscitation 58: 103-112, 2003.

208. Waddell WG, Fairley HB and Bigelow WG. Improved management of clinical hypothermia
based upon related biochemical studies. Ann Surg 146: 542-559, 1957.

209. Walpoth BH, Locher T, Leupi F, Schupbach P, Muhlemann W, Althaus U. Accidental deep
hypothermia with cardiopulmonary arrest: extracorporeal blood rewarming in 11 patients. Eur J
Cardiothorac Surg 4: 390-393, 1990.

210. Wanscher M, Agersnap L, Ravn J, Yndgaard S, Nielsen JF, Danielsen ER, Hassager C, Romner B,
Thomsen C, Barnung S, Lorentzen AG, Hogenhaven H, Davis M, Moller JE. Outcome of accidental
hypothermia with or without circulatory arrest: experience from the Danish Praesto Fjord boating
accident. Resuscitation 83: 1078-1084, 2012.

211. Wold RM, Kondratiev T and Tveita T. Myocardial calcium overload during graded
hypothermia and after rewarming in an in vivo rat model. Acta Physiol (Oxf) 207: 460-469, 2013.

212. Wu MY, Yiang GT, Liao WT, Tsai AP, Cheng YL, Cheng PW, Li CY, Li CJ. Current Mechanistic
Concepts in Ischemia and Reperfusion Injury. Cell Physiol Biochem 46: 1650-1667, 2018.

213. Waunderlich CA. On the temperature in diseases: a manual of medical thermometry. London:
The New Sydenham Society, 1871.

214. Yamamoto H and Yamamoto F. Myocardial protection in cardiac surgery: a historical review
from the beginning to the current topics. Gen Thorac Cardiovasc Surg 61: 485-496, 2013.

215.  Yau TM, lkonomidis JS, Weisel RD, Mickle DA, Ivanov J, Mohabeer MK, Tumiati L, Carson S,
Liu P. Ventricular function after normothermic versus hypothermic cardioplegia. J Thorac Cardiovasc
Surg 105: 833-843; discussion 843-834, 1993.

216. Yau TM, Weisel RD, Mickle DA, Ivanov J, Mohabeer MK, Tumiati L, Carson S, Lichtenstein SV.
Optimal delivery of blood cardioplegia. Circulation 84: 111380-388, 1991.

217. Yum SK, Seo YM, Kwun'Y, Moon CJ, Youn YA, Sung IK. Therapeutic hypothermia in infants
with hypoxic-ischemic encephalopathy and reversible persistent pulmonary hypertension: short-term
hospital outcomes. J Matern Fetal Neonatal Med 31: 3108-3114, 2018.

218. ZhangR, Zhao J and Potter JD. Phosphorylation of both serine residues in cardiac troponin | is
required to decrease the Ca2+ affinity of cardiac troponin C. J Biol Chem 270: 30773-30780, 1995.
219. ZhuY,Yin H, Zhang R, Ye X, Wei J. Therapeutic hypothermia versus normothermia in adult
patients with traumatic brain injury: a meta-analysis. Springerplus 5: 801, 2016.

220. Ziganshin BA, Rajbanshi BG, Tranquilli M, Fang H, Rizzo JA, Elefteriades JA. Straight deep
hypothermic circulatory arrest for cerebral protection during aortic arch surgery: Safe and effective. J
Thorac Cardiovasc Surg 148: 888-898; discussion 898-900, 2014.

221. Aasum E and Larsen TS. Pyruvate reverses fatty-acid-induced depression of ventricular
function and calcium overload after hypothermia in guinea pig hearts. Cardiovasc Res 33: 370-377,
1997.

222.  Aasum E, Steigen TK and Larsen TS. Stimulation of carbohydrate metabolism reduces
hypothermia-induced calcium load in fatty acid-perfused rat hearts. J Mol Cell Cardiol 29: 527-534,
1997.



Accidental hypothermia Therapeutic hypothermia Organ preservation

Core Tp < 35°C Cardiovascular surgery Brain surgery Neuroprotection Organ transplatntation
HCA Spont HCA+CPB* Deep HCA* Adults Neonatal
Circ post CA* encephalopathy
HT+CPB+ HCA*
cardiolegia
Invasive Surface CPB cooling and rewarming Surface cooling and rewarming Cooling
rewarming rewarming singel organs

* Indicate the technique is no longer used/more seldome used or replaced by other therapeutic techniques not affecting core temperature.

FIGURE 1. Hypothermia can be accidental, intentional, and therapeutic
HCA, hypothermic cardiac arrest; CPB, cardiopulmonary bypass.
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FIGURE 2. Neuroprotective effects of induced hypothermia
ROS, reactive oxygen species; ICP, intracerebral pressure.
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FIGURE 3. The classic theories to explain hypothermia-induced cell edema and calcium overload
SR, sarcoplasmic reticulum; RyR, ryanodine receptor; PLB, phospholamban; NCX, Na" /Ca2" exchanger.
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FIGURE 4. Cardiac cell excitation-contraction-coupling
A and B: cardiac cell excitation-contraction-coupling in response to sarcolemma membrane depolarization,
calcium-induced sarcoplasmic reticulum (SR) calcium release, Ca*-induced changes in actin-myosin-tropomyosin interaction,

and cytoplasmic Ca*-induced change in conformation between cardiac troponin C (cTnC) and cardiac troponin | (cTnl).

C: hypothermia-induced protein kinase A (PKA) mediated increase in cTnl phosphorylation at Ser23/24 to

decrease Ca” sensitivity of cTnC and increase cross bridge cycling. RyR, ryanodine receptor; PLB, phospholamban.




