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ABSTRACT

Cardiac arrest leads often to death or permanent neurological damage, despite prompt
advanced life support and resuscitation. Ischaemia-reperfusion injury persists, although
circulation and cardiac function has been restored. The most vulnerable organs for
hypoxemia and reperfusion injury are the brain and heart. The only proven intervention
against ongoing ischaemia-reperfusion injury is targeted temperature management to
core temperature of 33—36 °C for 24 hours after cardiac arrest. Still, at least on average
third of the succesfully from ventricular fibrillation-generated cardiac arrest
resuscitated patients die, particularly to hypoxic-ischaemic brain injury.

The noble gas xenon is an anaesthetic gas, which has been demonstrated in
preclinical animal models to attenuate posthypoxic brain and myocardial injury. Xenon
has many properties of “an ideal anaesthetic”, but being so scarce and laborous to
extract makes it expensive.

In this clinical trial, the standard-of-care after out-of-hospital cardiac arrest,
targeted temperature management to 33 °C for 24 hours, was compared to hypothermia
supplemented with inhaled xenon for 24 hours. Both study groups consisted of 55
cardiac arrest victims and the postarrest care was identical in both groups and in
accordance with current international guidelines.

Cerebral hypoxic-ischaemic injury was assessed with brain diffusion tensor
magnetic resonance imaging after rewarming. Fractional anistrophy (FA) value
corresponds to the microintegrity of brain white matter tracts and is diminished after
injury. Cardiac troponin-T is a marker of cardiomyocyte injury, which was serially
assessed during 72 hours following resuscitation.

The main findings of this study were, that combining inhaled xenon and
therapeutic hypothermia in cardiac arrest patients was safe and feasible. The
combination of xenon and hypothermia significantly attenuated brain white matter
injury illustrated with higher FA-values. After adjustements for age, sex, study site,
primary coronary percutaneous intevention (PCI) and noradrenaline dose, Troponin-T
values were lower at 72 hours post OHCA in the xenon group corresponding to an
mitigating effect in myocardial injury. These results translate to significant neuro- and
cardioprotection against ongoing ischaemia-reperfusion injury by xenon inhalation
combined with hypothermia.

The overall mortality in this study was 30,9 %. The study was underpowered to
demonstrate differences in outcome or functional neurological recovery.

KEY WORDS: Xenon, cardiac arrest, ventricular fibrillation, cardiopulmonary
resuscitation, mild therapeutic hypothermia, targeted temperature management,
neuroprotection, cardioprotection
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TIVISTELMA

Sydanpyséhdys johtaa viiveettd aloitetusta elvytyksestd huolimatta usein potilaan
kuolemaan tai vakavaan neurologiseen vammautumiseen. Hapenpuutteen ja
reperfuusion aiheuttama kudosvaurio jatkuu, vaikka verenkierto ja syddmen toiminta
onnistutaan elvytystoimin palauttamaan. Erityisen alttiita hapenpuutteelle ja
reperfuusiovauriolle ovat aivot ja syddn. Ainoa tehokkaaksi todettu reperfuusiovaurion
hoito on potilaan jéddhdyttdminen 33-36 °C lampoétilaan vuorokaudeksi elvytyksen
jilkeen. Hoidosta huolimatta noin kolmannes onnistuneesti kammiovéarindsté
elvytetyisté potilaista kuolee, tavallisimmin hapenpuuteaivovaurion seurauksiin.

Jalokaasu ksenon on anestesiakaasu, jonka on tdméin lisdksi lukuisissi
prekliinisissd eldintutkimuksissa todettu vdhentivin hermo- ja sydinlihaskudoksen
vauriota hapenpuutteen jilkeen. Ksenon-anestesialla on monia ihanteellisen anestesian
piirteitd, mutta sen Kkiytettdvyyttd rajoittaa kaasun harvinaisuus ja tydlds
puhdistamisprosessi, minké takia ksenon on kallista.

Téassd tutkimuksessa verrattiin vakiintunutta sydinpyséhdyspotilaan jatkohoitoa
teho-osastolla — vuorokauden jadhdytyshoitoa — jadhdytyshoitoon ja samanaikaiseen
ksenon-kaasun hengittimiseen yhteensd 110:114 onnistuneesti kammiovéarinisti
elvytetyilld potilailla. Néiden kahden tutkimusryhmin potilaita (55 potilasta
kummassakin ryhméssé) hoidettiin muuten samankaltaisesti noudattaen viimeisimpid
kansainvilisié suosituksia sydédnpysdhdyksestd elvytettyjen jatkohoidossa.

Keskushermoston hapenpuutevauriota arvioitiin potilaan normaaliin 1&mp6tilaan
lammittdmisen jéilkeen aivojen magneettitutkimuksen diffuusiotensorikuvauksen frakti-
oidun anisotrofia (FA) -arvon perusteella, jonka pieneneminen viittaa aivojen valkean aineen
vaurioon ja mikrointegraation hajoamiseen. Sydénpyséhdyksen jilkeistd sydanvauriota
arvioitiin sydanlihassoluvaurion merkkiaineen troponiini-T:n muutosten perusteella.

Tutkimuksen perusteella ksenonin ja jidhdytyshoidon yhdistelma oli turvallista ja
hengitys ja verenkierto olivat hoidon aikana vakaita myos juuri elvytetyilld sydéin-
pysdhdyspotilailla, joilla wvaltaosalla oli merkittdvd sepelvaltimotauti. Ksenon-
yhdistelméhoito vdhensi merkitsevisti aivojen valkean aineen vauriota magneettikuva-
uksen FA-arvoja verrattaessa. Myds sydanlihaksen vauriomerkkiaineen, troponiini-T:n
arvot vidhenivét elvytystd seuranneen 72 tunnin kuluessa merkitsevésti, sopien
pienempédn sydanlihasvaurioon yhdistelmé&hoitoa saaneessa tutkimusryhméssd. Nimé
tulokset viittaavat ksenonin merkittdvdian neuro- ja kardioprotektiiviseen vaikutukseen
kdynnisséd olevan hapenpuute-reperfuusiovaurion rajoittamisessa.

Tutkimuspotilaiden kuolleisuus oli 30,9 %. Hoitoryhmien koko oli liian pieni
merkitsevin eron havainnointiin henkiinjddmisessé tai toiminnallisessa neurologisessa
selviytymisessa.

AVAINSANAT: ksenon, sydanpysdhdys, kammiovérind, syddmen ja verenkierron
elvytys, jadhdytyshoito, neuroprotektio, kardioprotektio
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1 Introduction

Cardiac arrest remains the most frequent unresolved cause of premature death in
developed countries claiming annually over 3.7 million lives worldwide
(Kudenchuk 2015). Out-of-hospital cardiac arrest (OHCA) is afflicting annually
275,000-500,000 persons in Europe and 420,000-500,000 in the United States
(Sans 1997, Rea 2004, Atwood 2005, Daya 2015, Girotra 2015, Kudenchuk 2015,
Mozaffarian 2015, Grésner 2016), of whom emergency medical service (EMS)-
assessed advanced life support is applied in 60 % of cases (Churg 2004). In an
European one-month progressive registry in 27 countries any cardiopulmonary
resuscitation (CPR) by a bystander or by the EMS was started in 66 % of cases
(Grésner 2016). The outcome of all-rhythm OHCA victims even with attempted
resuscitation is currently still dismal; the survival 30 days post arrest is extremely
low, below 10 % (Nichol 2008, Ragosta 2018) or even as low as 3.2 % (Perkins
2018). In a significant proportion of patients, sudden cardiac death (SCD)
manifests with several different causes, often untreatable, without warning or a
triggering mechanism (Fishman 2010).

The outcome after sudden cardiac arrest is a reflection of the critical
interventions taken during resuscitation; delay to bystander or first responder EMS
CPR provision, prompt defibrillation, high-performance chest compressions,
assisted ventilation and early advanced cardiac life support (Cummins 1991,
Sanders 2008, Daya 2015, Kudenchuk 2015). At best, in industrialised countries,
60% of patients, in whom witnessed cardiac arrest presents as ventricular
fibrillation (VF) and receive bystander CPR, are “successfully” resuscitated and
admitted to intensive care unit (ICU) (Nolan 2007). However, only 50 % of these
(30 %) survive to hospital discharge (Kudenchuk 2015). Importantly, there is a
large variation in survival after OHCA between European countries and currently,
in Nordic countries, mortality after OHCA presenting with a shockable rhythm, i.e.
VF or pulseless ventricular tachycardia (VT), is on average round 30-35 % (Holzer
2005, Sunde 2007, Bro-Jeppesen 2009, Vaahersalo 2013, Stromsée 2015,
Kirkegaard 2017).

Furthermore, if the initial rthythm is nonshockable, i.e. asystole or pulseless
electrical activity (PEA), only 20-30% of these patients regain spontaneous
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circulation. Disappointingly, after eventually successful resuscitation, only 2 to
5% of asystole/PEA-resuscitated patients survive to hospital discharge (Cobb
2002, Kudenchuk 2015). Presenting rhythm of PEA is associated with less
likelihood of witnessed cardiac arrest, less bystander CPR and longer first
responder response times (Wolbinski 2016).

Taken the accumulation of remarkable insight into the importance of treatment
of ischaemic heart disease, major advances in resuscitative techniques, increasing
availability of defibrillators, automated external defibrillators (AED), early
defibrillation programs, actions promoting out-of-hospital EMS and improvements
in understanding the mechanisms of cardiac arrest in recent decades (Lopshire
2006, Daya 2015, Hasselqvist-Ax 2015), translation of this knowledge into novel
strategies to affect overall outcome remain still currently unsatisfying poor
(Kudenchuk 2015). Despite recent improved short-term survival from OHCA to
hospital admission, the overall hospital survival rate with favourable
neurocognitive outcomes has essentially remained practically unchanged during
recent decades (Peberdy 2005, Bardy 2011, Mark 2014). Furthermore, fundamental
understanding of the precipitating factors leading to VF/VT is incomplete, although
VF is commonly associated with an acute coronary cause (Jaeger 2018).

Cardiac arrest with standstill of circulation causes global widespread
ischaemia, whereas the vital organs heart and brain are most susceptible to
ischaemic injury (Eastwood 2014). Ischaemia affects the brain particularly in
distinct regions of tissue (hippocampus, neocortex, cerebellum and cerebral white
matter), which are exquisitely sensitive to lack of oxygen, occasionally referred
with selective vulnerability hypothesis (Schmidt-Kastner 1991, Pantoni 1996, Madl
2004, Matute 2012). Often, the consequence is death or severe permanent
neurologic impairment (Angelos 2001, Neumar 2008). The cause of death in
patients who achieved sustained restoration of spontaneous circulation (ROSC) but
do not survive to hospital discharge is often withdrawal of intensive care based on
preponderance of poor expectations of neurological recovery. However, death can
occur also after recurrent cardiac arrest without ROSC, refractory haemodynamic
shock, respiratory failure or multi-organ failure (Witten 2019). Furthermore, there
is evidence, that the interventions applied after restoration of circulation may
significantly modify the chances of survival (Nolan 2010).

Subsequent post cardiac arrest care targets are consequences of global
ischaemia: posthypoxemic cerebral injury, ubiquitous myocardial dysfunction, the
systemic ischaemia-reperfusion response and the persisting precipitating pathology
(Neumar 2008, Girotra 2015). Coronary reperfusion with percutaneous coronary
intervention (PCI) in ST-segment elevation myocardial infarcts (STEMI) improves
survival in limited observational studies (Vyas 2015, Jaeger 2018). However, the
reperfusion response potentially emphasizes both cardiac and cerebral injury, often

14
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resulting in permanently incapacitating neurologic deficit and delayed death (Wolff
2009).

Since two major prospective randomized controlled studies published in 2002
illustrated the advantages of mild therapeutic hypothermia (MTH) in comatose
survivors of OHCA in both survival and functional neurological outcome, this
treatment became the current standard-of-care in post-resuscitation management
(Bernard 2002, Holzer 2002). Induced mild hypothermia or targeted temperature
management (Nielsen 2013) is to date the only in clinical trials proven therapy to
improve outcome and it is recommended by international guidelines as the routine
intervention for selected comatose adult survivors of witnessed OHCA (Neumar
2008, Field 2010). Although the survival rate has increased and mortality rates
have declined and an improving trend in outcomes after admission to intensive care
units (ICU) following cardiac arrest has been documented (Stromsoe 2015), the
overall survival prospects following OHCA are still very low (Daya 2015).
Complete cerebral recovery after all-rhythm OHCA is currently still a rare event
(Madl 2004).

The worldwide magnitude of sudden cardiac arrest, however, is such that every
intervention affecting improvement in survival translates into thousands of lives
saved (Sanders 2008). Therefore, the future holds great promise, if novel
therapeutic approaches can provide any improvement in individual survival and
neurological recovery.

15



2 Review of the literature

2.1 Cardiac arrest

Sudden cardiac death (SCD) is defined usually as an abrupt and unexpected death
without an obvious noncardiac cause with or without pre-existing cardiac disease
and without warning of a recognized triggering mechanism. Besides witnessed
SCD, unwitnessed SCD is defined as a death within 24 hours of last being
observed in a person with normal health (Zipes 2006, Fishman 2010). Cardiac
arrest is the leading cause of death in industrialized countries and many authorities
describe SCD originating from ventricular tachycardia (VT) degenerating to
ventricular fibrillation (VF) and subsequent dissolution to fatal asystole or
pulseless electrical activity (PEA) (Huikuri 2001, Lopshire 2006, Skjeflo 2018).
Historically, about 70% of OHCA victims were in VF at the arrival of EMS
personnel, but these data originated from selected patient populations observed by
EMS crew (Myerburg 1980). Previously, more patients were declared already dead
on EMS arrival without indication for attempted resuscitation (Cobb 2002).
However, a major decline in the incidence of out-of-hospital VF has been
observed past decades with a concomitant decline in coronary artery disease
mortality, mainly originating from a marked reduction of in-hospital mortality
(Kuisma 2001, Cobb 2002, Weisfeldt 2011, Karam 2019). Simultaneously,
symptoms of acute myocardial infarction have lately resulted in attenuated delay in
seeking care. Even though, prehospital sudden cardiac arrest, representing the very
first sign of coronary artery disease, is still currently a feared complication of ST-
elevation myocardial infarction (Karam 2019). The decline of VF incidence has
been more pronounced in patients with unwitnessed collapse and patients
collapsing at home, which apparently reflect lengthened delay, which allows VF to
dissolve into asystole within minutes, probably more rapidly in patients with
advanced and compromised myocardial disease (Bardy 2011, Weisfeldt 2011,
Hulleman 2015). However, conversion of VF to asystole can happen also relatively
slowly, as 20 minutes after collapse, 25 % of patients are still in VF (Holmberg
2000). Recent studies suggest the incidence of VF or pulseless VT as the initial
rhythm in OHCA or in-hospital cardiac arrests (IHCA) to be only 16-22 % of cases
(Grésner 2016, Andersen 2017, Jabre 2018). The current annual incidence of out-
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of-hospital potentially lethal VF-generated SCD in Finland has stabilized to 11,6
(95 % CI, 9,7-13,5) per 100,000 inhabitants (Vayrynen 2011). Some investigators
have connected the decline of VF to increase of usage of B—blockers (Youngquist
2008).

Currently, of all resuscitations, a non-shockable rhythm is present
approximately in 40-70 % of patients (asystole) whereas pulseless electrical
activity (PEA) incidence is 19-46 % (Myerburg 2013, Andersen 2017, Jabre 2018).
In the Finnish 6-month observational study of 1042 OHCA patients from 2010
(FINNRESUSCI), a shockable rhythm (VF or pulseless VT) was present in 31.4 %
of cases (Hiltunen 2012). However, despite that the incidence of VF/VT is
decreasing, the incidence of cardiac arrest with any initial rhythm is not decreasing
(Herlitz 2001, Mozaffarian 2015). The true occurrence of initial VF at the time of
SCD is not known, as downtime, response time and baseline characteristics
between populations all affect first observed rhythm (Engdahl 2002). The evolution
of pre-hospital care is likely to translate to increased hospital admissions of
arrested and severely unstable patients (Olasveengen 2015).

PEA, which was earlier referred as electromechanical dissociation, is a
complex presentation with multiple hypoxic/anoxic possible causes progressed to a
stage where cardiac compensation is no longer possible (Parish 2003). Asystole is
often considered a sign of a dying or a dead heart rather than an arrhythmia in adult
patients. Despite presumed non-cardiac aetiology, there is still a chance of
recovery, although usually bleak (Engdahl 2002). SCD with asystole or PEA
results often from non-arrhythmic non-cardiac causes, such as drug overdose,
asphyxia, exsanguination, primary respiratory failure, myocardial rupture or aortic
aneurysm rupture, all of which portend a poor prognosis (McGinniss 2015,
Katritsis 2016).

VF or pulseless VT in OHCA is generated by a complex interaction of a
receptive anatomical or electrophysiological substrate, such as acute coronary
occlusion, previous myocardial infarction scar or left ventricular hypertrophy.
After a transient initiating event of functional myocardial contraction alteration
caused by ischaemia, hypoxia, electrolyte imbalance, acidosis, drug toxicity or
haemodynamic failure interacts with the substrate, arrhythmia with a circulatory
collapse may ensue (Zipes 1998, Huikuri 2001).

Coronary artery disease is the most common cause of VF-generated SCD in
developed countries, afflicting for 75 — 80 % of cases (Deo 2012). In autopsy after
SCD, occlusive coronary artery disease and coronary atheromas are consistently
identified as the most important responsible underlying cause (Chugh 2004).
Previous myocardial infarction is apparent in 40-80 % cases (Soo 2001).
Additionally, concurrent hypertension-generated left ventricular hypertrophy,
which is independent of the severity of coronary disiease, is present in 75 % cases
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(Perper 1975). STEMI originating from left main or left anterior descending
coronary artery occlusion dominate in the patients presenting with sudden cardiac
arrest (Demirel 2015).

Apart from evident ischaemia or acute coronary occlusion, myocardial scarring
from a previous infarct, infiltrative or inflammatory myocardial disease may yield
an explanation to ventricular tachyarrhythmias (Soo 2001). However, 6 to 14 %
SCD cases generated by ventricular tachyarrhytmias occur in persons without
structural heart disease (Zipes 1998, Haissaguerre 2008). Rhythmic vulnerability
involves often genetic channelopathies (e.g. long/short QT syndrome, Brugada
syndrome) and other conditions that predispose to SCD, such as catecholaminergic
polymorphic VT, arrhytmogenic right ventricular cardiomyopathy, hypertrophic
cardiomyopathy, early repolarization syndrome etc., which account for only a
small proportion of OHCA (Huikuri 2001, Mozaffarian 2015, Katritsis 2016). The
commonest causes for non-ischaemic SCD are cardiomyopathy related to
alcoholism or obesity and fibrotic cardiomyopathy (Hookana 2011). In an analysis
of 206 idiopathic VF case subjects, electrocardiographic early repolarization was 6
times more frequent than in 412 matched control subjects without heart disease
(Haissaguerre 2008).

The ultimate goal of VF- or VT- generated cardiac arrest resuscitation is to
rapidly restore organized electrical and contractile function and to prevent hypoxic-
ischaemic brain injury (Angelos 2001, Nolan 2018).

Contemporary cardiopulmonary resuscitation (CPR) was first described in
1960, when 14 patients were salvaged from cardiac arrest by the application of
closed chest cardiac massage (Kouwenhoven 1960). The absent perfusion during
arrest, if no CPR is provided, is termed no-flow perfusion. This is a major issue, as
only 20 % to 50 % of the OHCA victims receive bystander-initiated CPR —
depending on the place were the collapse occurred (Loppshire 2006, Weisfeldt
2011, Mozaffarian 2015).

As advanced life support (ALS) by EMS providers is at the best only
commenced several minutes after OHCA, initiation of basic life support (BLS) by
first responder lay bystanders is the cornerstone to ensure a timely perfusion of the
brain and optimize outcomes beyond return of spontaneous circulation (ROSC)
(Field 2010). Bystander — initiated CPR increases 30-day survival more than twice
as high in comparison with no CPR before EMS arrival (Hasselqvist-Ax 2015).
Bystander CPR and defibrillation is additionally associated with lower risk of
cerebral injury and death from any cause during 1-year follow-up (Kragholm
2017).

Defibrillation is the primary and only effective ALS intervention in pulseless
ventricular tachyarrhytmias, but it is extremely time-sensitive as successful
treatment of VF becomes increasingly more difficult when the VF exceeds 4
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minutes (Valenzuela 1993, Angelos 2001, Nolan 2005). The success rate for
defibrillation declines by approximately 10% per minute of VF (Eisenberg 1990).
Good quality CPR consists of meticulous attention to the details of chest
compression rate, depth, full chest recoil and minimised CPR interruptions
(Kudenchuk 2015). High-performance CPR is obviously of paramount importance,
although the cardiac function, cardiac output and systemic oxygen delivery
achieved during adequate CPR only vaguely resembles that of a spontanecous
cardiac output and is therefore termed low-flow perfusion (Neumar 2008, Schindler
2015). CPR -maintained circulation and perfusion is associated with a
compensatory increment in general oxygen extraction, with the aftermath of
oxygen debt (the difference between adumbrated oxygen consumption and actual
consumption multiplied by time duration) and significantly decreased central
venous oxygen saturation (Rivers 1992). Finally, the quality of bystander-initiated
CPR strongly depends on experience and expertise (Rea 2010a, Koster 2015),
demonstrated with a significant increase in OHCA survivors in comparison of
trained responders vs. layperson bystanders (Park 2017).

Additionally, despite extended use of automated external defibrillators, public
education campaigns to increase awareness and encouragement to bystander-
initiated CPR, CPR is provided in less than half of victims of witnessed OHCA
(Blom 2014, Mozaffarian 2015). Therefore interventions such as chest-
compression-only CPR (Bobrow 2010, Svensson 2010, Rea 2010b, Nichol 2015),
emergency dispatchers providing instructions to laypersons for performing CPR
(Nelson 2019) and large-scale targeted public CPR training have been launched
(Bobrow 2010, Olasveengen 2017).

Successful cardiac arrest resuscitation has been traditionally considered as
merely achieving restoration of spontaneous circulation (ROSC). The ultimate goal
of resuscitation is, however, a return to a prior quality of life and functional state of
health (Field 2010). The interval to ROSC, proportion of the duration no-flow and
low-flow phase and CPR quality all affect outcome after reperfusion (Angelos
2001). Fundementally, former comorbidity strongly decreases 30-day survival after
eventually successful resuscitation (Hirlekar 2018).

2.1.1 Ischaemia-reperfusion injury

Unfortunately, ROSC does not indicate an end of cellular injury or cellular death
(Piittgen 2007, Hoesch 2008, Varon 2012) and it merely heralds the start of
reperfusion injury (Eastwood 2014). After restoration of perfusion, the patient is
only technically alive (Nolan 2008). Organ injury following restored blood flow to
the ischaemic tissues after cardiac arrest has three distinct mechanisms.

19



Olli Arola

Firstly, at the early stage during circulation standstill and absent tissue
perfusion, delivery of oxygen and removal of metabolic substrates is abruptly
halted, despite still ongoing consumption of oxygen, ATP and glucose (McGinniss
2015). The brain is especially vulnerable to ischaemia, even though it constitutes
less than 2 % of total body weight. However, brain devours 15-20 % of the cardiac
output and consumes 20 % of resting total body oxygen (Mink 1981, Eastwood
2014). This results to that oxygen stores in the brain are depleted within 20
seconds, and ATP- generating oxidative fosforylation and sufficient glucose level
maintenance are terminated within 5 minutes of complete anoxia (Siesjo 1976,
Hoesch 2008, Neumar 2011, Weng 2012). This perfusion failure concludes in
pervasive whole-body no-reflow, which was originally attributed as the “inability
to reperfuse a previously ischaemic region” (Krug 1966). During no-reflow
reduced oxygen supply is offset by lower metabolic needs, resulting in
unconsciousness within 10 seconds and transient global hyperaemia with delayed,
prolonged and multifocal hypoperfusion (Mongardon 2011). Initially after cardiac
arrest, victims may conserve abnormal brainstem mediated gasping type of
breathing, often depicted “agonal breathing”, which is associated with,
surprisingly, improved survival and outcome (Debaty 2017). However,
contrastingly, preservation of “agonal breathing” may lead to significant delay in
bystander initiation of cardiopulmonary resuscitation in witnessed arrests
(Brinkrolf 2018).

Secondly, in the intermediate phase — after ROSC, reperfusion of the ischaemic
tissue initiates multiple independent chemical fatal pathways, including an
ischaemic destructive cytotoxic cascade and oxidative stress from the
consequences of reperfusion and re-oxygenation injury (Shao 2007). This triggers
several reactions, namely intracellular voltage-dependent calcium influx and
diminished calcium regulation, which is associated with insufficent provision of
ATP and oxygen (Mongardon 2011). Further consequences are lipid peroxidation
of cell membranes, intracellular acidosis and programmed cell death (apoptosis)
(Weng 2012). Mitochondrial permeability transition pore (mPTP) opens, reactive
oxygen species (ROS) are generated from damaged mitochondria and
bioavailability of nitric oxide (NO) is altered.

This leads to endothelial dysfunction, “endotheliitis”, associated with impaired
glucose and oxygen metabolism (Callaway 2012, McGinniss 2015). Reperfusion
can paradoxically cause cell death and subsequent irreversible organ injury, termed
ischaemia reperfusion injury (IRI) (Xia 2016). IRI evolves toward systemic
inflammation and triggers release of circulating proinflammatory mediators
including cytokines (e.g. TNFao, IL-1ra, IL-6, IL-8, IL-10), leukocyte adhesion
molecules, endotoxins, complement activation and coagulopathy with platelet
dysfunction (Mongardon 2011). In effect, these reactions cause accumulation of
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inflammatory cells in the injured tissue, endothelial dysfunction, fibrinolysis
impairment and general thrombosis (Madathill 2016). This inflammatory cascade
and features of exacerbation of the inflammatory balance are similar to sepsis and
the post-arrest patient after severe global hypoxemia often presents with a “sepsis-
like syndrome”, which is associated with poor prognosis and death (Adrie 2002).
However, the alteration of the inflammatory response after cardiac arrest is not the
key component and necessary for the favourable effects of post arrest interventions,
such as hypothermia. This corresponds, that circulating cytokines have no specific
role in post arrest neurological injury, which was demonstrated in a rodent model
of asphyxial cardiac arrest (Callaway 2008).

In the brain, IRI involves abrupt release of excitatory amino acids and
glutamate, activation of N-methyl-D-aspartate (NMDA) receptors, and subsequent
mPTP opening results in depolarization of the membrane potential and brain matrix
swelling causing rupture of the outer cell membrane and release of proteins (e.g.
cytochrome C) to cytosol (Erecinska 1996, Hoesch 2008).

Thirdly, in the late phase, a pro-imflammatory state causes secondary cell
injury (McGinniss 2015). The integrity of blood-brain barrier is destroyed, which
further contributes to exacerbation of cerebral edema (Weng 2012). The
simultaneous glutamatergic storm by excessive stimulation by neurotransmitters in
glutamate receptors (NMDA, AMPA) causes excitotoxicity, which leads to influx
of sodium and chloride into brain cells, causing intracellular hyperosmolarity. The
high osmolarity is followed by an influx of water into the cell, resulting in
intracellular oedema and neuronal death (Gonzalez-Ibarra 2011).

Acute respiratory and kidney dysfunction are common, appearing in 40 to 50 %
of patients resuscitated from cardiac arrest. The digestive track IRI is often
underestimated — it is associated with severe global hypoxemia facilitating bacteria
translocation and major source of endotoxemia, which results in a state resembling
lethal septic shock (Mongardon 2011).

21.2 Post cardiac arrest syndrome

Resumption of spontaneous circulation (ROSC) after prolonged global ischemia is
an unnatural pathophysiological state involving multiple organs, generated by
eventually successful CPR, which in the past was termed “postresuscitation
disease” (Neumar 2008). Whole-body ischaemia causes global tissue and organ
injury, which is exacerbated by the paradoxical injury after reperfusion. This
precipitates a complex set of pathophysiological processes depicted lately as post-
cardiac arrest syndrome, which has four principal components: post-cardiac arrest
brain injury, post-cardiac arrest cardiac dysfunction, systemic ischaemia/
reperfusion response and persisting precipitating pathology that caused or
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contributed to the cardiac arrest itself (Neumar 2008, Nolan 2010). Treating the
precipitating pathology is often superimposed in the expense of the former
components (Neumar 2008). In effect, it should be acknowledged, that the patient’s
outcome is defined by the cerebral injury rather than the myocardial damage
(Ragosta 2018). Nevertheless, significant myocardial dysfunction is common after
cardiac arrest but usually starts to recover by 2-3 days (Kern 1996). The severity of
these disorders after ROSC varies and is strongly dependent of how rapidly
resumption of perfusion was achieved (Neumar 2008).

Post-cardiac arrest brain injury is the utmost cause for mortality following
successful resuscitation. Among those fortunate few resuscitated patients surviving
to ICU admission but subsequently deceasing in-hospital, brain injury is the
primary driver of death in two thirds of surviving patients after OHCA. The brain
is vulnerable and intolerant to even short periods of ischaemia and reperfusion
response (Madl 2004). The cerebral injury mechanisms involve excitotoxicity,
disrupted calcium homeostasis, free oxygen radical formation and activated
apoptotic pathways. Cerebral oxygen delivery is compromised also by
hypotension, hypoxemia, impaired cerebrovascular autoregulation and brain
oedema, which peak 24 to 72 hours after arrest (Neumar 2008). Additional factors
impacting brain injury after cardiac arrest are hyperglycaemia, seizures and
pyrexia, which are common during the first 48 hours post arrest. Myoclonus and
seizures can occur up to 40 % in comatose survivors of cardiac arrest and portend
poor neurological outcome (Dragancea 2015). Seizures are likely to be caused by,
as well exacerbate, post-cardiac arrest cerebral injury (Nielsen 2011a). Clinical
manifestations of post-cardiac arrest brain injury involve unresolved
unconsciousness, seizures and myoclonic status epilepticus. Residual
unresponsiveness reflects injury in the arousal systems in the rostral brainstem and
basal ganglia associated with cognition (Stevens 2014). The general consideration
is, however, that survivors of cardiac arrest regaining consciousness have a good
long-term neurological outcome. Intimidately, there are still substantial
neurocognitive disturbances in almost half of the population surviving (Cronberg
2009, Wachelder 2009).

21.3 Factors affecting resuscitation outcome

Several factors influence the outcome of OHCA victims from the very beginning of
resuscitation. These include whether or not the arrest was witnessed and the
promptness of resuscitation efforts, including defibrillation, were initiated (Engdahl
2002, Schulman 2006). Those patients who receive CPR from a bystander or EMS
provider, and those who are found in shockable rhythms (VF/VT) and who regain
ROSC in the field before hospital admission are much more likely to survive than
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those who do not (Weng 2012). Other factors affecting survival are younger age,
location of arrest outside home, and low adrenaline dose delivered during
resuscitation (Weisfeldt 2011, Bougoin 2014). Interruptions of manual chest
compressions for rescue breathing during CPR had been thought to affect blood
flow and survival. However, in the comparison of groups with continuous or for
rescue breathing interrupted chest compressions there were no differences in
outcome (Nichol 2015).

The duration of resuscitation before regaining ROSC relates directly to extent
of brain injury and to a more pronounced reperfusion injury, more severe
manifestations of /ow-flow phase and metabolic consequences (Piittgen 2007).
Extended time to ROSC (> 25 min) is a predictive factor for poor outcome. Long
interval to ROSC has been discouraged, however, to be utilized as a sole predictor
of outcome, because other factors and circumstances surrounding CPR like the
quality of CPR might be equally important (Nielsen 2009, Peberdy 2010).

Those OHCA victims, who have had an abrupt period of cardiac arrest
responding immediately to CPR may regain immediate normal cerebral function
and do not require tracheal intubation and assisted ventilation (Nolan 2015).
Spontaneous hypothermia on ICU admission has been identified as a predictor of
unfavourable outcome and increased in-hospital mortality (den Hartog 2010). This
associates with impaired thermoregulation, which is suggested to be an important
physiologic determinant of post-resuscitation morbidity and OHCA prognosis
(Benz-Woerner 2012). Curiously, on the contrary, those OHCA survivors, who are
cooled sooner to target hypothermia temperature, have more favourable neurologic
outcome (Wolff 2009).

Adrenaline has been recommended as an integral component of ALS already
for a half of century (Pearson 1963, Safar 1964), although there is contradictory
evidence of its beneficence. Adrenaline improves myocardial blood flow through
constriction of arterioles, which increase aortic diastolic pressure augmenting
coronary blood flow. This may promote achieving of ROSC, but potentially offset
by myocardial oxygen balance, global vasoconstriction, oxidative stress and tissue
hypoperfusion (Krishnamoorthy 2013, Perkins 2014). In a recent randomized,
double blind trial of 8014 all-rhythm OHCA patients in the United Kingdom,
adrenaline during resuscitation was compared with placebo (saline) injections. The
survival rate at 30 days post OHCA was significantly higher in the adrenaline
group (3.2 %) vs. placebo (2.4 %) (Unadjusted odds ratio for survival, 1.39; 95 %
confidence interval 1.06 to 1.82; p = 0.02), but among the survivors almost twice
the number in the adrenaline group had severe neurologic impairment in
comparison to the placebo group. This reflects the poor prognosis in cardiac arrest
patients who do not response to initial CPR and defibrillation (Perkins 2018).
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During prolonged CPR, more cycles of adrenaline are required, which
translates to acquired hyperglycaemia on hospital admission, which used to be
considered an independent sign of poor outcome (Bellomo 2015). Antiarrhytmic
drugs are utilized to treat VF and pulseless VT, in situations, where these rhythms
persist after attempted shock deliveries (Soar 2018) However, none of the
suggested and studied ALS drugs (adrenaline, lidocaine, vasopressin or
amiodarone) has evidence that their use during resuscitation leads to improved
short-termed survival, survival to discharge or improved neurological outcome
(Olasveengen 2009, Olasveengen 2012, Nolan 2013, Ali 2018, Soar 2018).
Moreover, in a placebo-controlled trial, neither amiodarone nor lidocaine resulted
in a significantly higher rate of survival than the rate with placebo among patients
with OHCA (Kudenchuk 2016). In the latest European Resuscitation Council
guidelines for resuscitation, there is absent confidence to support any prophylactic
antiarrhytmic agents immediately after resuscitation. A weak recommendation is
given to use of amiodarone or lidocaine after five unsuccessful defibrillation
attempts (Soar 2019).

2.2 Post cardiac arrest organoprotection

2.21 Mild therapeutic hypothermia (MTH)

Because cardiac arrest is not a predictable emergency, organoprotective actions
must act, when initiated after CPR or ROSC (Rittenberger 2013). Contemporarily,
the only approved cardio- and neuroprotective strategy after cardiac arrest is mild
therapeutic hypothermia (MTH). MTH involves intentional controlled lowering of
a patient’s core temperature in an attempt to reduce ischaemia-mediated and
reperfusion-mediated organ injury (Moore 2011, Girotra 2015). Lately, in 2011,
five international critical care societies advocated the term MTH to be replaced
with targeted temperature management (TTM) (Nunnally 2011). The beneficial
effects of TTM include several mechanisms.

Firstly, hypothermia reduces the metabolic rate for oxygen by 6-10 % for
every 1°C temperature reduction (Small 1999). During hypothermia oxygen
demand decreases, and as oxygen supply is interrupted or limited, cooling brings it
closer to actual oxygen delivery capacity while simultaneously decreased net ATP
consumption maintains acceptable high-energy ATP stores (Erecinska 2003). This
was formerly considered the sole mechanism of hypothermia-based neurological
protection (Polderman 2008).

Secondly, there are various other mechanisms explaining the protective effects
of hypothermia: hypothermia diminishes oxygen and glucose consumption and
counteracts the problems associated with reperfusion and re-oxygenation
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(Polderman 2009). This contains protection of lipid membrane fluidity and
inhibition of lipid peroxidation, which restores membrane integrity and prevents
swelling of the post-anoxic tissue (Holzer 2005a). Nitric oxide and protein kinase
C generation as well as calcium homeostasis is restored. On the other hand,
proinflammatory signaling, cell destructing enzymatic processes and apoptotic
pathways are inhibited. Hypothermia prevents additionally the progressive
development of vascular permeability disorders and reduces postischaemic brain
oedema. Moreover, therapeutic hypothermia provides cardio- and neuroprotection
by increasing tissue tolerance to ischaemia and hinders the reperfusion injury -
generated development of inflammatory cascade and reactive oxygen species
(ROS) production (Moore 2011). However, TTM plays a dual role, as it is likely to
promote infection and it impairs both usual infectious criteria and host defences
(Mongardon 2011).

In regard of myocardial reperfusion injury, every 1°C decrease in body
temperature results in a 10 % reduction in myocardial infarct size, demonstrated in
experimental studies in rabbits (Chien 1994).

Practically, induced hypothermia is considered a relatively simple and
inexpensive intervention to deploy, which does not require substantial increase of
resources (Holzer 2005b). In a meta-analysis of eleven studies exploring the impact
of hypothermia following cardiac arrest, the use of TTM after OHCA was
associated with improved survival and neuroprotection. This was consistent also in
patients with non-shockable rhythms, more indulgent downtimes, unwitnessed
arrest and/or persistent shock (Schenone 2016). However, early initiation of TTM
is indisputable, as each 1-hour delay in initiation of TTM resulted in 20 % increase
of mortality in a meta-analysis of human OHCA studies (Mooney 2011).

2.2.2 Historical considerations

The history of intentional manipulation of body temperature for treatment of a
disease or mitigation of its symptoms is ancient, as already e.g. Hippocratic school
on Cos (500 BC) recommended induced local hypothermia with cold water, ice or
snow to seriously injured parts of the body to reduce blood loss or to gouty
swellings, sprains, fractures, haemorrhages, tetanus or febrile convulsions (Adams
1929). However, due to the high risk of complications, the use of medical
hypothermia was scarce during the following centuries and millennia.

Use of hypothermia in modern clinical medicine is only 200 years old. Russian
doctors described in 1803 a surmised approach to cardiac arrest resuscitation,
which consisted of covering the patient with snow in desperate hope to gain return
of spontaneous circulation (Varon 2008). Contemporarily, the chief surgeon to
Napoleon Bonaparte’s Imperial Guard, baron Dominique-Jean Larrey, realized,
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that the wounded infantrymen, who were adjacent to campfire, had greater
morbidity and mortality than those, who were located remote from the warmth.
Larrey utilized induced hypothermia also in (pre-anaesthesia era) amputations
(Larrey 1817, Remba 2010).

Early studies on hypothermia demonstrated, that cooling exhibits a “cold
narcosis” in the central nervous system, equivalent to hibernation, which was
entirely reversible (Britton 1930). First clinical reports on the anaesthetic properties
of therapeutic hypothermia were presented in the Third International Cancer
Congress in 1939, contemplating mainly intentional human refrigeration after
traumatic and infectious brain lesions and anecdotally on cancer patients in an
attempt to prevent cancer cells from further multiplying at reduced temperatures
(Fay 1940, Fay 1959). However, atrocious inhumane hypothermia experiments in
Nazi concentration camps declined the interest in further hypothermia research for
decades (Wang 2006).

Bigelow and McBirnie demonstrated in 1953, that therapeutic hypothermia
reduced the myocardial and brain injury during cardiac surgery in a canine and
monkey model (Bigelow 1953). In 1954, Rosomoff and Holaday showed, that in a
canine model, the cerebral blood flow decreased 6,7 % per degree decline of
temperature during induced hypothermia resulting in reduced brain volume and
metabolic rate (Rosomoftf 1954). The first clinical trial of therapeutic hypothermia
in cardiac arrest patients was published in 1959. Of the 19 patients, who had
cardiac arrest during surgery, 12 were cooled to 30-32 °C and hypothermia
maintained for 24-72 hours. 7 of the 12 patients cooled survived without major
neurological deficits compared to only 1 of 7 patients in the control group (Benson
1959). These pioneering experimental studies demonstrated the effect of long-
lasting neuroprotection by cooling during and after severe hypoxemia. However,
the main clinical issue was and is, how to affect hypoxemic injury after
resuscitation from asphyxial or circulation standstill injuries, when the injury was
in escalation (Gunn 2006). Resuscitative mild hypothermia after successful
resuscitation from cardiac arrest was advocated by Peter Safar already in 1964 in
his ABC of post cardiac arrest care (Safar 1964).

Since the 1950’s, induced intraoperative moderate and deep hypothermia was
utilized in specific surgical procedures (Dripps 1956). In 1958, extracorporeal
cooling with a pump oxygenator was successfully used in open-heart surgery
(Sealy 1958). This pioneering work of hypothermia for neuroprotection during
cardiovascular and neurosurgical procedures was, however, again abandoned
because of injurious systemic effects and significant side effects, including cardiac
irritability, pneumonia and cumbersome management problems associated with
deep hypothermia, which made hypothermia hazardous (De Guzman 1963).
Hypothermia affects immune response and pneumonia and other infections were
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incessant. Life-threatening arrhythmias were frequent in deep (below 28 °C)
hypothermia (Varon 2012). Hypothermia-induced coagulopathy and electrolyte
disorders were common, as well as hypothermia -induced electrolyte shifts and
tubular dysfunction, leading to increased diuresis and subsequent loss of
electrolytes (Wang 2006).

In the 1980’s, Safar’s group rekindled therapeutic hypothermia research in a
canine model of cardiac arrest (Brader 1985). Hypothermia after prolonged cardiac
arrest was discovered to be beneficial illustrated both as recovered brain function
and mitigated histological findings. Even mild hypothermia was demonstrated to
confer dramatic neuro- and cardioprotection in numerous experimental models in
different sized animals; rats, gerbils, rabbits and human-sized (60—80 kg) pigs (Dae
2002). In the interim, small clinical trials in comatose patients following cardiac
arrest demonstrated improved outcomes with hypothermia when compared to
historical controls (Zeiner 2000).

223 Targeted temperature management (TTM)

In 2002, two prospective controlled randomized clinical trials were published in the
same February issue of New England Journal of Medicine illustrating that
intentional lowering of body temperature to 33 °C improved neurological outcome
and salvaged lives in comatose survivors of OHCA.

Holzer and colleagues in Europe and Bernard and co-workers in Australia
conducted these trials. The European trial was organized in conjunction with nine
centers in five European countries. A total of 275 patients with OHCA secondary
to ventricular fibrillation were enrolled, 137 randomized to mild hypothermia
(bladder temperature 32-34°C) for 24 h and 138 patients randomized to
normothermic controls, which at that time allowed also uncontrolled fever. The
hypothermia group was cooled with an external cooling device (circulating cold air
in a cooling tent) and if needed, with external ice packs, to maintain the target core
temperature. The primary outcome was favourable neurological outcome within 6
months, defined as either a Pittsburgh Cerebral Performance Category (CPC) 1
(good recovery) or 2 (moderate cerebral disability). Secondary end points were
mortality at 6 months and rate of adverse effects during the first 7 days following
cardiac arrest. The hypothermia group had a favourable outcome in 55 % of
patients and normothermia group in 39 % (p = 0.009) (Holzer 2002).

The Australian therapeutic hypothermia trial was a quasi-randomized
(assignment was based on the parity of the day of the month) study with four
participating Melbourne emergency departments and without blinded outcomes or
treatment. A total of 77 OHCA patients, all presenting an initial rhythm of
ventricular fibrillation, were enrolled. 43 patients were assigned to hypothermia,
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which was initiated in the ambulance and continued on hospital admission using
cold packs on the head, neck, torso and limbs; the target pulmonary artery
temperature was 33 °C, which was maintained for 12 h following hospital
admission. To the normothermic group, 34 patients were assigned. A favourable
neurological outcome was obtained nearly twice as often in the hypothermia group
(49 % of patients) as opposed to the normothermia group (26 % of patients,
p = 0.046) (Bernard 2002).

The intensive care community then very rapidly adopted mild therapeutic
hypothermia (MTH) therapy in cardiac arrest survivors. In the beginning of 2003,
the International Liaison Committee on Resuscitation (ILCOR) published a special
report recommending that all patients who achieved ROSC following a VF-
generated OHCA should be cooled as quickly as possible. Hypothermia was
additionally considered beneficial in arrests from non-shockable (asystole, PEA)
arrests (Nolan 2003). In Turku University Hospital, first OHCA patient was cooled
in July 2003. In 2005, these recommendations were reviewed and re-endorsed by
the American Heart Association (AHA class I recommendation) (ECC Committee,
Subcommittees and Task Forces of the American Heart Association 2005) and
European Resuscitation Council of the European Society of Cardiology (Nolan
2005a).

MTH gained widespread use and became the standard-of-care in unconscious
survivors of OHCA. Nevertheless, using MTH in patients without shockable
rhythms remained controversial, as the results from numerous trials remained
contradictory (Testori 2011, Dumas 2011). None of the trials have, however,
demonstrated any survival benefit with MTH in in-hospital cardiac arrests (IHCA).
On the contrary, a recent large cohort study of 26183 IHCA patients, of whom only
6 % were treated with MTH, indicated, that MTH was associated with lower in-
hospital survival and lower rates of favourable neurological survival (Chan 2016).

The seminal 2002 trials were also criticized about some major limitations: low
number of enrolled patients, quasi-randomization in the Australian trial, inclusion
of highly select population of patients (based on inclusion/exclusion criteria, 92 %
of patients were excluded) and the care personnel were not blinded to the treatment
arm. Ultimately, in both studies, failure to treat hyperthermia in the control group,
or control for it did not produce uniform control group. Furthermore, both trials
reported the intention-to-treat population, which resulted in study patients, who did
not get hypothermic, to be also included in the hypothermia group. The Australian
trial used hospital discharge destination as a proxy for neurological outcome,
depicting home as a good outcome and all other options (rehabilitation or long-
term care facility or death) as a poor outcome. This assumption of decision to home
discharge corresponding solely functional neurological status did not consider any
other sosio-economic and family factors influencing placement (Little 2014). In a
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systematic review using GRADE (Grading of Recommendations Assessment,
Development and Evaluation) methodology (Schiinemann 2003) and trial
sequential analysis it was demonstrated that the quality of evidence for
hypothermia treatment in cardiac arrest patients to 33 °C was actually very low. In
effect, it was ambiquous whether acknowledged treatment benefit was due to
hypothermia or simply, to the prevention of fever (Nielsen 2011Db).

To confirm or refute the existing guidelines, a new trial was designed and
launched, randomizing OHCA patients to two controlled temperatures, 33 and
36 °C (Nielsen 2012). The Target Temperature Management after Out-of-hospital
Cardiac Arrest trial (TTM-trial) included and randomized, in 32 study sites across
Europe and Australia, 950 OHCA patients, which was more than twice the amount
of patients from the previous trials combined. The principal differences in TTM
trial in comparison to the 2002 trials were: firstly and most importantly, every
single patient received controlled temperature management preventing fever in
both study groups. Secondly, the overall care was contemporary; with attention to
modern intensive care including improved pre-hospital care with high bystander
CPR rate, and improved hospital care with adherence to modern post cardiac arrest
care recommendations. As an example, 62-63 % of patients in both groups were
subjected to an early (within 24h) coronary angiography with subsequent PCI if
indicated (44 %). Additionally, in contrast to the former trials, the design, the
statistical analysis plan and very importantly, the prognostication protocol for
withdrawal of life-sustaining treatment were transparently published in advance
(Nielsen 2012).

The study found no difference in in-hospital mortality (50 % vs. 48 %,
p =0.51) or survival with favourable neurological outcome at 6 months (13 % vs.
19 %, p= 0.02). These results reinforced the importance of controlled temperature
at either of the two studied temperatures including active and simultaneous careful
prevention of fever for 72 hours after OHCA without any reinforcement to
dissuade hypothermia treatment per se (Nielsen 2013).

The intensive care community again reacted absurdly speedily: after
publication of TTM-trial in December 2013, the use of MTH dropped in a US
retrospective registry cohort of 45935 OHCA patients from 52.5 % (2013) to
46.0 % (2016). Concurrently, the overall risk-adjusted patient survival declined
from 36.9 % to 34.3 %. This reflected a change in practice rather than a change in
patient population (VF incidence declining, PEA/ASY increasing) (Bradley 2018).
This alarming trend had also other explanations than allowing a more lenient
temperature control after OHCA. In an Australian and New Zealand retrospective
cohort study (from January 2005 to December 2016) with greater than 2 million
post-OHCA ICU admissions, it was demonstrated, that after discharging MTH,
also applying TTM was reduced, allowing post-OHCA patients to practically, have
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hyperthermia, which was not seen in TTM-trial (Salter 2018). Hyperthermia is
associated with increased mortality in OHCA patients (Zeiner 2001). This does not
translate to that hyperthermia causes mortality, and conventional isolated fever
treatment with e.g. scheduled administration of paracetamol has not been
investigated in comparison with any cooling strategies (Bradley 2018). However,
no modification in applying TTM was reported in an European survey (from May
2014 to January 2015) of 264 ICUs in 11 countries (Deye 2016). The Ilcor 2015
guidelines recommended TTM for adults with OHCA with initially shockable
rhythm at constant temperature between 32 and 36 °C for at least 24 h (Donnino
2016).

224 Anaesthesia and adverse effects during targeted
temperature management

Adequate sedation will reduce oxygen consumption, which is further reduced with
therapeutic hypothermia. Both analgetics (opioids) and hypnotics (e.g. propofol or
midazolam) are required (Elmer 2017). Sedative agents, which cause
vasodilatation, such as propofol, commonly generate the need for vasoactive
supportive medication, mainly noradrenaline. In haemodynamically stable patients,
propofol is effective for insuring adequate sedation, and its short half-life allows
eventually meaningful serial neurologic examinations, when the sedation
ultimately is terminated. In patients without significant bradycardia,
dexmedetomidine, which directly reduces the shivering threshold via central o-2
agonism, can alternatively be used (Callaway 2015). MTH affects cardiac
conductance and induces electrocardiographic (ECG) changes, namely bradycardia
and prolongation of PR- and QT -intervals. The risk for serious arrhythmias is still
low despite the significant ECG changes (Lebiedz 2012).

Shivering is a common consequence of therapeutic hypothermia, particularly in
the induction phase. It may increase the metabolic rate, oxygen consumption, work
of breathing, heart rate and myocardial oxygen consumption, all unwanted factors
exacerbating postischaemic injury. Shivering propagates acidosis and increases
sympathetic discharge (Moore 2011, Nunnally 2011). Adequate sedation may
enhance vasodilatation, which promotes heat loss and possibly suppresses the
unfavourable effects of shivering and target temperature is achieved earlier (Sessler
2009). If shivering occurs despite deep sedation, neuromuscular blocking agents
(as an intravenous bolus or continuous infusion) could be used. Naturally, patients
require airway protection and assisted mechanical ventilation. During
neuromuscular blockade convulsive activity is obscured, which can delay the
diagnosis of early posthypoxic myoclonus and appropriate anticonvulsive therapy
(Moore 2011, Elmer 2017).
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Shivering response can be reduced also with the use of skin counter-warming,
i.e. warming of the non-cooled areas of skin (Badjatia 2009). Lastly and
importantly, hypothermia decreases most enzyme-based reactions prolonging half-
life of drugs, such as sedatives and anaclgesic agents (e.g. bentzodiazepams,
midazolam, fentanyl). At 34 °C, the clearance of sedative and paralytic agents is
reduced by up to 30 % (Tortorici 2007). Additionally, some patients may have
altered renal and hepatic function, which may affect drug clearance (Ben-Hamouda
2014). This should be carefully considered in prognostication, which should not
take place earlier than 72 hours after rewarming and discontinuation of sedation
(Elmer 2017).

Mild hypothermia increases peripheral systemic vascular resistance, which
reduces cardiac output. Simultaneously, heart rate is reduced and contractility is
increased, which is believed to be due to increased calcium concentration in
cardiomyocytes (Nunnally 2011). However, the inotropic effect is observed only in
bradycardia and not in higher heart rates. Bradycardia is an expected physiologic
consequence, which is common during hypothermia. Unless associated with
hypotension, a heart rate of 34 to 40 beats per minute is an acceptable goal at the
target temperature (Polderman 2009). In two recent studies, bradycardia during
hypothermia was independently associated with lower mortality and improved
neurological outcome (Steer-Jensen 2015, Thomsen 2016). The effects of
hypothermia on the myocardium and its contractility directly depend on the
patient’s volume status and adequacy of sedation.

During induction of hypothermia initial urine output (“cold diuresis”) increases
following peripheral vessel constriction and increase in venous return, resulting in
changes in renal perfusion and to a failure of reabsorbtion of sodium in distal
tubules, translating to constrained water wasting (Varon 2010, Moore 2011).
Coexisting hypovolemia will compound haemodynamic instability. Hypothermia-
induced tubular dysfunction and intracellular electrolyte shift potentially produces
arrhythmia —generating electrolyte abnormalities, including hypophosphataemia,
hypokalaemia, hypomagnesaemia and hypocalcaemia, in aggregate significant
derangements in electrolyte and water homeostasis (Moore 2011, Nunnally 2011).
However, vigorous repletion of hypokalaemia is discouraged, since serum
potassium levels will predictably increase after rewarming (Elmer 2017).

Slow rewarming not faster than 0,5 °C per hour in order to prevent temperature
overshoot is recommended (Bernard 2003). Most patients may develop
hyperthermia after rewarming, and continuing targeted temperature management to
prevent fever after rewarming has been advocated (Varon 2012).

As hypothermia can impair the immune system and suppresses the host’s pro-
inflammatory response, the risk for infections, particularly pneumonia is
potentially increased. This is exacerbated by the concomitant use of invasive
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catheters, cooling devices and assisted ventilation, which break natural barriers of
intact skin and mucous membranes (Kuchena 2014). In the HACA study,
pneumonia was more common in the cooled group, but this difference was not
statistically significant (Holzer 2002). Neither has increased rate of pneumonia nor
bacteremia during temperature management been demonstrated to impact mortality
or neurological recovery (Kuchena 2014).

Post cardiac arrest circumstances result in a prothrombotic state. A marked
increase in thrombin-antithrombin complexes is prevailing, which originates from
exposed tissue factor after endothelial damage and “endotheliitis” (Callaway
2012). However, counteracting effects on platelet and clotting function by
hypothermia include mild platelet dysfunction at 33—35 °C and reduction in platelet
count. Clotting factors are affected at temperatures below 33 °C (Moore 2011).
Bleeding related to therapeutic hypothermia has not been identified as a clinical
problem (Lebiedz 2012). The bleeding risk is, however, multiplied, if coronary
angiography with or without PCI was performed. This associates with the use of
heparin and antithrombotic platelet inhibitors during and after invasive procedures
(Nielsen 2009).

Hypothermia decreases insulin levels secondary to catecholamine release.
Peripheral insulin sensitivity is reduced and insulin secretion is altered, which
results in hyperglycaemia also in non-diabetic patients. This is exacerbated by the
release of stress hormones, which induce insulin resistance (‘“critical illness
hyperglycaemia”) (Nunnally 2011). Additionally, deep sedation and hypothermia is
linked with delayed gastric emptying and reduced gut function (Bernard 2003).

Targeted temperature management at 36 °C is closer to normal temperatures
and causes less shivering and other cooling-related adverse effects. Deep sedation
and neuromuscular blocking agents are not required as frequently as in lower
temperatures. In the TTM-trial, the number and severity of adverse events in the
two intervention arms did not differ, although there was a tendency towards less
events in the 36 °C — arm (p = 0.086) (Nielsen 2013).

2.2.5 Percutaneous coronary intervention after cardiac
arrest

Randomized trials advocate early coronary angiography and immediate, complete
and sustained revascularization with PCI in STEMI and also in NSTEMI patients
(Javat 2017). However, specific evidence of PCI in cardiac arrest patients has been
contradictory, since many of these patients have been excluded from randomized
trials of early revascularization due to limitations of post-arrest electro-
cardiography-based diagnosis, unclear neurological recovery and high risk of
mortality (Jobs 2017). Early coronary angiography in OHCA patients also with
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NSTEMI is feasible, and associated with improved survival to hospital discharge,
although the benefit is inconsistent (Hollenbeck 2014, Vyas 2015, Jobs 2017). It is
likely, that early coronary angiography is selectively offered to patients with good
prognosis for neurological recovery and omitted, if the outcome is prognosticated
poor (Jaeger 2018). Post-arrest electrocardiogram (ECG) can be misleading: in a
Norwegian study, 1 out of 7 postresuscitated survivors presenting with NSTEMI
had surprisingly an acutely occluded coronary artery. Furthermore, 31 % of
patients with VF/VT had an occluded coronary, but also in the patients with initial
rhythm of PEA or asystole, 22 % had additionally an acute coronary occlusion
(Ster-Jensen 2015).

In a recent large French registry study, early invasive strategy was
independently associated with improved survival in low-risk patients and coronary
angiogram after OHCA was recommended in patients with presumed favourable
neurological outcome according to risk score calculations. The authors
acknowledged the risk of selection bias (Bougouin 2018). In another French
registry and cohort analysis of 63394 OHCA patients, both the survival and
favourable neurological recovery were significantly higher in the patients, who
underwent an immediate coronary angiogram after resuscitation. However, the
major determinant of favourable outcome was, whether coronary revascularition
with PCI was performed (Jaeger 2018). The consensus statement by European
Association for Percutaneous Cardiovascular Interventions/Stent for Life groups
advocated an immediate coronary angiography and subsequent revascularization in
comatose OHCA patients with STEMI. In the absence of non-coronary cause, and
given the high incidence of acute coronary syndrome in patients with OHCA, the
committee finds it appropriate to consider immediate coronary angiography also in
NSTEMI arrests (Noc 2014).

Recent study demonstrated, that an early coronary angiogram may be
associated with improved short and long term survival in NSTEMI patients with
initial shockable rhythm, whose CA was bystander —witnessed. These factors,
however, are otherwise associated with improved outcome on their own (Elfwén
2018). Unfavourable resuscitation circumstances, which suggest refraining from
early coronary angiogram, include unwitnessed arrest, non-shockable rhythm, lack
of bystander CPR, extended (> 30 min) time to ROSC, ongoing CPR, end stage
renal disease and severe lactic acidosis (pH < 7,2; lactate > 7 mmol/l) (Rab 2015).
In a recent meta-analysis on NSTEMI patients undergoing coronary angiogram
following OHCA, one third of patients presented an acute lesion necessitating
emergent PCI (Millin 2016). In a prospective registry trial, early coronary
angiogram (within 24 hours) following OHCA improved survival (56,2 vs. 31 %)
and functional outcome, but only early PCI was associated with significant survival
benefit (Jentzer 2018).
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Very recently, it was demonstrated in 522 OHCA patients without STEMI, that
immediate or delayed (until neurological recovery) coronary angiography resulted
in comparable, nonsignificantly different overall survival at 90 days (Lemkes
2019). However, unstable and clinically significant acute coronary lesions were
present in less than 20 % of the total study population and revascularizing coronary
interventions were performed in less than 40 % of patients, which translates to that
only minor part of the trial population was affected by the timing of coronary
angiography. Intimidately, an early coronary angiography without absolute
indication for performing it, can potentionally delay inception of targeted
temperature management (Abella 2019, Lemkes 2019). Similarly, the potentially
devastative neurologic injury leading to imminent premature death should be
considered before executing excessive revascularization therapies (Ragosta 2018).

2.2.6 Subsequent post cardiac arrest care

2.2.6.1 Ventilation and tissue oxygenation

Temperature management and early coronary angiography are not the only parts of
post-resuscitation care following cardiac arrest and patients need additionally
intensive monitoring and advanced critical care. Firstly, optimizing ventilation,
adequate arterial oxyhemoglobin provision and reversal of tissue hypoxia is
addressed (Neumar 2011). During resuscitation, the fraction of inhaled oxygen is
recommended to be 100 % (Spindelboeck 2013). Under-arrest hypoxemia portends
lower survival, which is associated with the urge of resumption of ATP synthesis
through oxidative phosphorylation (Neumar 2011, Spindelboeck 2016). However,
after ROSC, post arrest hyperoxemia should be avoided because it potentially
exacerbates injurious mechanisms involved in the burst of reactive oxygen species
(ROS) generation. Controlled ventilation-induced hyperventilation and ensuing
hypocapnia associates with cerebral vasoconstriction and worse outcome (Buunk
1996, Cokkinos 2009, Kilgannon 2010, Neumar 2011, Chu 2018, Skrifvars 2019).
Metabolic lactic acidosis is common, and represents a biomarker of the CPR
duration and reflects hypoperfusion originating from cardiogenic shock. Mild
hypercapnia following resuscitation within the OHCA survivors may increase the
likelihood of discharge from hospital (Eastwood 2014). Controlled re-oxygenation
after ROSC with normoventilation and the lowest level of inspired oxygen
concentration required to an arterial oxygen saturation target of 94-96 % results in
better neurological outcome (Neumar 2011, Soar 2015). Cerebral autoregulation
can be impaired after cardiac arrest, but the cerebrovascular reactivity to changes in
arterial carbon dioxide (PaCQ) is usually preserved (Neumar 2008).
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2.26.2 Haemodynamic impairment

Secondly, after hospital admission, many cardiac arrest survivors develop systemic
haemodynamic impairment, which is associated with global ischaemia-reperfusion
injury leading to myocardial stunning (Laurent 2002). When compared to historical
controls, a proactive therapeutical protocol with early goal-directed haemodynamic
optimization improved survival in hypothermia treated OHCA victims (Gaieski
2009). Circulatory support is required to maintain adequate cardiac output, organ
perfusion and systemic oxygen delivery. The optimal mean arterial pressure (MAP)
for post-arrest patients has not been defined by prospective clinical trials.
Management guidelines reflect early goal directed therapy, which has been studied
in randomized prospective clinical trials with patients with severe sepsis (Rivers
2001). However, the optimal targets and strategies to achieve these targets
potentially differ in PCAS, given the concomitant presence of post arrest cerebral
injury, myocardial dysfunction and persistent precipitating arrest causes (Neumar
2008).

Cerebral perfusion pressure (CPP) is predominantly dependent of MAP, as
elevated intracranial pressure (ICP) during the early post-cardiac arrest phase is
uncommon (CPP = MAP — ICP). Good neurological outcomes have been reported
from published studies in which the MAP target was as low as 65 to 75 mmHg
(Sunde 2007). Inotropic (e.g. dobutamine) and vasoactive medication (e.g.
noradrenaline) should be considered if haemodynamic goals, target blood pressure,
cardiac output and systemic perfusion, are not achieved despite optimized preload.

Post cardiac arrest global myocardial dysfunction is generally reversible and
responsive to inotropes. No individual drug or combination of drugs has been
demonstrated to be superior in the treatment of post-cardiac arrest cardiovascular
dysfunction (Neumar 2008). In a retrospective study, 168 OHCA patients
undergoing MTH were analyzed in respect of mean arterial pressure (MAP),
vasoactive agent requirements and outcome. Higher MAP was associated with
improved outcome, but requirement of vasoactive medication was associated with
mortality and poor neurological outcomes (Beylin 2013). In a Finnish trial, the
effect of low-normal and high-normal MAP was compared in respect of brain
injury biochemical marker (neuron specific enolase (NSE)) release at 48 hours post
arrest. Targeted MAP during post-resuscitation care was feasible, but it did not
affect NSE concentrations or any secondary outcomes (Jakkula 2018a). The same
study group assessed also the effect of different arterial carbon dioxide and oxygen
concentrations in OHCA patients. The low-normal and high-normal concentrations
of arterial carbon dioxide or oxygen concentrations did not affect NSE at 48 hours
(Jakkula 2018b).
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2.2.6.3 Metabolic impairment

Thirdly, the post-cardiac arrest patient is likely to acquire metabolic abnormalities
such as hyperglycaemia. Blood glucose concentrations need to be monitored
frequently and hyperglycaemia treated with insulin infusion. Very tight glucose
control is no longer advocated as the outcome benefit has not been re-established
since the original trial in surgical ICU-patients (Van den Berghe 2001). In a
randomized trial of 90 comatose survivors of ventricular fibrillation-generated
OHCA, 2 glucose target groups were compared: a strict (4 to 6 mmol/l) glucose
control group and a moderate (6 to 8 mmol/l) glucose control group. No difference
in day 30 mortality was demonstrated. There were either no episodes of severe (<
2.2 mmol/l) hypoglycaemia, which in previous trials has been connected to worse
outcomes (Oksanen 2007). Current recommendation for glucose target after OHCA
resuscitation is below 10 mmol/l with concomitant avoidance of hypoglycaemia
(Nolan 2015).

2.2.6.4 Seizures and status myoclonus

Fourthly, post cardiac arrest brain injury frequently involves seizures, myoclonus
or both in 5 to 15% of patients achieving ROSC and 10 to 40 % in those who
remain comatose (Cokkinos 2009, Dragancea 2015). Post cardiac arrest seizures
can present particularly refractory to traditional antiepileptic therapy. However,
during hypothermia, routinely administered sedatives, such as propofol, are
effective to control myoclonus (Wijdicks 2002). Furthermore, clinical seizures are
potentially masked and suppressed by temperature management, sedation and in
particular by neuromuscular blocking agents (Hovland 2006, Bouwes 2012,
Rittenberger 2012).

Prolonged, untreated seizures are detrimental in post anoxic brain injury as they
inflict cerebral metabolic rate by up to 3-fold, which exacerbates the ongoing
injury through excitotoxicity and enhanced metabolic stress (Ingvar 1986,
Fujikawa 2005). Post arrest electroencephalography (EEG) is generally
unequivocally pathologic reflecting varying extents of hypoxic ischaemic brain
injury (Cloostermans 2012). It is ambiguous, whether electrographic status
epilepticus is simply the electrographic expression of severe brain injury or a truly
modifiable condition (Ko 2011). Epileptic activity without clinical signs and
symptoms (nonconvulsive status epilepticus) is frequently described. Intimidately,
no general agreement on the definition of electroencephalographic status
epilepticus after cardiac arrest exists (Backman 2017).

If electroencephalographic status epilepticus is surmised, current practice
includes unstandardized, moderate treatment with anticonvulsant drugs. Although
widely used, this does not apparently improve patients’ outcome. Currently, there
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is inadequate evidence to recommend any prophylactic pharmacological strategies
post arrest to prevent seizures (Ruijter 2014).

Myoclonus and electrographic seizure activity, including status epilepticus, are
associated with grave clinical prognosis; in prospective case series mortality has
been 90-100 % (Hofmeijer 2014). However, it is still possible, that even 10 % of
individual resuscitated patients with myoclonus may survive with good functional
outcome (Seder 2015).

Extended observation without premature prognostication is warranted
especially after treatment of seizures with sedative agents, given the prolonged
clearance of these drugs during hypothermia (Samaniego 2011). The optimum
duration for anticonvulsive therapy after OHCA is unknown, but it should not be
extended beyond 2 weeks, if the patient fails to awake (Rossetti 2016).

2.2.6.5 Acute Kidney Injury

Fifthly, acute kidney injury (AKI) following OHCA is common, ranging from 12
to 40 % of patients. The most used and validated consensus definition and method
of classifying AKI is the RIFLE (Risk, Injury, Failure, Loss of kidney function,
and End-stage kidney disease) classification system (Bellomo 2004). Severe AKI
(RIFLE class I/F) is usually associated with post-resuscitation cardiogenic shock
(PRCS). Other acknowledged independent risk factors for AKI include higher
cumulative dose of noradrenaline during the first 24 hours in ICU (reflecting
PRCS), previous use of blockers of renin-angiotensin-aldosterone system and
higher baseline creatinine levels (Chua 2012). AKI is commonly transient and
hypothermia does not increase the need for renal replacement therapy (Knafelj
2007). In another recent study, extension of hypothermia treatment at 33 °C to 48
hours did not increase renal failure when compared to hypothermia for 24 hours
(Kierkegaard 2017). Usually renal function returns to normal by 28 days (Zeiner
2004).

2.3 Xenon

In 1898, British chemist Sir William Ramsay and his student Dr Morris Travers
found unknown residue of evaporating components of liquid air and discovered
xenon, a noble gas with the lowest concentration in air. The noble gases helium,
neon, argon, krypton, xenon and radon stand at the far right in the periodic table
and are colourless, tasteless and odourless monoatomic gases that are characterized
by a fully occupied (complete octet, except helium) outer atomic shell of electrons,
making them inert or at least less capable of interaction with other biological
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compounds. At the first sight, this inertness might cause an assumption that these
gases are unreactive and would not exert any biological activity (Preckel 2006).

However, the research of physiological effects under hyperbaric conditions and
deep-sea diving provided evidence on the biological effects of inert gases. In 1939,
US Navy captain, medical doctor Albert Behnke Jr. published observations in
deep-sea divers using various breathing mixtures, including xenon, in his studies of
exploring the “stupefaction” and “mental fogginess” during deep dives. He
anticipated, that gases other than nitrogen could also facilitate narcosis (Behnke
1939). Nitrogen narcosis is common when diving below 30 meters seawater,
corresponding to fourfold ambient pressure (4 ATA). In this environment and with
breathing compressed air (21 % oxygen, 78 % nitrogen), the nitrogen partial
pressure increases and can facilitate a narcosis. If the diver goes deeper, the
increased nitrogen partial pressure may eventually cause loss of consciousness. To
avoid nitrogen narcosis and make deeper dives possible, nitrogen was replaced
with other gases in the breathing mixture (Behnke 1938). This led to the discovery
that noble gases had a potential to produce anaesthesia, which was initially
deduced, when Behnke and Yarbrough reported the development of progressive
na