
R E S U S C I T A T I O N x x x ( 2 0 2 4 ) x x x – x x x
Available online at ScienceDirect

Resuscitation
journal homepage: www.elsevier.com/locate/resuscitation
ILCOR Scientific Statement
Improving Outcomes After Post–Cardiac Arrest

Brain Injury: A Scientific Statement From the

International Liaison Committee onResuscitationq
https://doi.org/10.1016/j.resuscitation.2024.110196

0300-9572/� 2024 by the European Resuscitation Council, American Heart Association, Inc., and International Liaison Committee on Resuscitat

Published by Elsevier B.V. All rights are reserved.

q This article has been copublished in Circulation.

Please cite this article as: G.D. Perkins, R. Neumar, C.H. Hsu et al., Improving Outcomes After Post–Cardiac Arrest Brain Injury: A Scientific Statement From the International Liai

Committee on Resuscitation, Resuscitation, https://doi.org/10.1016/j.resuscitation.2024.110196
Gavin D. Perkins, Robert Neumar, Cindy H. Hsu, Karen G. Hirsch, Anders Aneman,

Lance B. Becker, Keith Couper, Clifton W. Callaway, Cornelia W.E. Hoedemaekers,

Shir Lynn Lim, William Meurer, Theresa Olasveengen, Mypinder S. Sekhon,

Markus Skrifvars, Jasmeet Soar, Min-Shan Tsai, Bhuma Vengamma,

Jerry P. Nolan, on behalf of the International Liaison Committee on Resuscitation
Abstract
This scientific statement presents a conceptual framework for the pathophysiology of post–cardiac arrest brain injury, explores reasons for previous

failure to translate preclinical data to clinical practice, and outlines potential paths forward. Post–cardiac arrest brain injury is characterized by 4 distinct

but overlapping phases: ischemic depolarization, reperfusion repolarization, dysregulation, and recovery and repair. Previous research has been chal-

lenging because of the limitations of laboratory models; heterogeneity in the patient populations enrolled; overoptimistic estimation of treatment effects

leading to suboptimal sample sizes; timing and route of intervention delivery; limited or absent evidence that the intervention has engaged the mech-

anistic target; and heterogeneity in postresuscitation care, prognostication, and withdrawal of life-sustaining treatments. Future trials must tailor their

interventions to the subset of patients most likely to benefit and deliver this intervention at the appropriate time, through the appropriate route, and at

the appropriate dose. The complexity of post–cardiac arrest brain injury suggests that monotherapies are unlikely to be as successful as multimodal

neuroprotective therapies. Biomarkers should be developed to identify patients with the targeted mechanism of injury, to quantify its severity, and to

measure the response to therapy. Studies need to be adequately powered to detect effect sizes that are realistic and meaningful to patients, their

families, and clinicians. Study designs should be optimized to accelerate the evaluation of the most promising interventions. Multidisciplinary and inter-

national collaboration will be essential to realize the goal of developing effective therapies for post–cardiac arrest brain injury.
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resuscitation
Cardiac arrest remains a common, devastating event for patients

and their families.1–3 Data from 11 national and 4 regional registries

encompassing the United States, Europe, Asia, and Australasia sug-

gest that the annual incidence of emergency medical service–treated

cardiac arrests is between 30 and 100 per 100 000 population.4 Initial

resuscitation efforts are effective at achieving a return of spontaneous

circulation (ROSC) at hospital handover in�1 in every 3 to 4 patients,

although rates vary within and between countries.5–7 Among those

admitted to intensive care, many will later die in hospital because of

post–cardiac arrest brain injury.8 Many of these patients die after

withdrawal of life-sustaining treatment after a diagnosis of presumed

irreversible severe brain injury based on prognostic tests. The Core

Outcome Set for Cardiac Arrest initiative highlights the importance
that patients, their families, and clinicians place on longer-term,

patient-focused outcomes.9,10 Survival without neurological impair-

ment, enabling the person to resume their pre–cardiac arrest level

of function, remains the overarching goal of resuscitation.

The treatment of cardiac arrest and its sequelae consumes sub-

stantial health and social care resources.11–13 Although improve-

ments have occurred in the early links of the chain of survival

(activation of emergency response,14,15 high-quality cardiopul-

monary resuscitation [CPR],16,17 defibrillation, and advanced life

support18,19), progress in developing therapeutic interventions to

address post–cardiac arrest brain injury and recovery has been

stagnant.8,20,21 The 2020 Advanced Life Support Consensus on

Science and Treatment Recommendations covered 32 topics, of
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which only 6 related to postresuscitation care interventions to reduce

post–cardiac arrest brain injury. Among the 6 topics (oxygen dose

after ROSC, mechanical ventilation strategies, hemodynamic sup-

port, use of corticosteroids, seizure prophylaxis and treatment, and

targeted temperature management), there was no moderate- or

high-certainty evidence to support the effectiveness of any interven-

tions to reduce post–cardiac arrest brain injury. The lack of progress

in the treatment of post–cardiac arrest brain injury remains a barrier

to the International Liaison Committee on Resuscitation achieving its

vision of saving more lives globally through resuscitation.22

The aim of this scientific statement is to present a conceptual

framework for the pathophysiology, classification, and phases of

post–cardiac arrest brain injury; to explore reasons for previous fail-

ures to translate preclinical discoveries to clinical practice; to con-

sider what preclinical data are required to justify future human

clinical trials; and to outline potential paths forward that mitigate pre-

vious limitations. Barriers to the discovery and translation of neuro-

protective therapies for post–cardiac arrest brain injury were

identified and prioritized with modified Delphi methods. This scientific

statement makes recommendations for preclinical study end points,

real-time monitoring, and clinical trial design for early-phase efficacy

and proof-of-concept trials and explores promising clinical therapies

and future treatments across a range of times and settings. The sci-

entific statement is set in the context of patients’ and families’ expe-

riences to shine a spotlight on the urgent need for progress in this

area (survivor and family stories). The International Liaison Commit-

tee on Resuscitation hopes that this scientific statement will help

researchers, clinician scientists, and funders advance the field for

the treatment of post–cardiac arrest brain injury.

POST–CARDIAC ARREST BRAIN INJURY
MECHANISMS
A Survivor’s Story

Trouble with the brain is it doesn’t know when to switch

itself off. Trouble with my heart is it did. On Sunday 6th March

2022 at 10:17 pm, that’s exactly what happened. After playing

football for around 90 minutes, I felt something that I can’t

remember. First a heart attack, then a cardiac arrest. Dead.

For 52 minutes. Two hospital doctors were kitted up for footie

but scrubbed up well to take it in turns to administer CPR for

that time to allow an ambulance crew to shock me, more times

than I care to remember, back to existence. Alive.

I was in a coma for 8 days, and when I came ‘round I couldn’t

move my legs and was in the midst of ICU [intensive care unit]

delirium. My brain ached. Coping with the physical impact was

tough; learning how towalk again, feedmyself, write, visit the toi-

let unaided. However, themental impact is incessant and relent-

less. I’ve had mental lows bordering breakdowns but can run for

hours. They say I’ve had a miraculous recovery—they are not

wrong, but they arewrong.My brain aches, not like themerciless

iced east winds that knife us, but rather like the incessant and

relentless pain of not knowing. It’s cold in the dark.

Dr Muhammed Asad Jayani (survivor)
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Brain Injury Mechanisms

Cardiac arrest followed by CPR and ROSC may trigger a sequence

of brain injury mechanisms that are complex and incompletely under-

stood. On the basis of available evidence, we propose a mechanistic

construct that includes 4 sequential and at times overlapping phases

aligned with temporal stages of disease progression and treatment.

These phases include (1) ischemic depolarization, (2) reperfusion

repolarization, (3) dysregulation, and (4) recovery and repair (Table 1

and Figure 1). Within each phase are multiple, potentially causal

mechanisms that occur to varying degrees according to severity of

injury, response to injury, and treatment at the individual, organ,

and cellular levels.

It is well established that subpopulations of cell types in the brain

have different vulnerabilities to post–cardiac arrest brain injury, but

the mechanisms of this selective vulnerability are poorly under-

stood.23,24 Specific events or thresholds that cause the transition

from reversible to irreversible injury remain unknown but may poten-

tially be modifiable.25,26 These brain-specific injury mechanisms also

interact with the systemic effects of total body ischemia and reperfu-

sion, as well as with the persistent precipitating pathologies.

Ischemic Depolarization

Ischemic depolarization, also called direct current shift or terminal

depolarization, is caused by multiple complex pathways and mecha-

nisms, including inadequate brain oxygen delivery, cessation of

oxidative phosphorylation, ATP depletion, failure of plasma mem-

brane ion pumps, loss of plasma membrane potential, opening of

voltage-gated ion channels, excitatory neurotransmitter release,

opening of ligand-gated ion channels, and reversal of plasma mem-

brane ion pumps, leading to equalization of ion gradients across the

plasma membrane.27,28 During ischemic depolarization, intracellular

calcium increases from the nanomolar to micromolar range, causing

pathological activation of proteases (calpains), phosphatases (cal-

cineurin),29 and phospholipases (phospholipase A2).30–32 Intracellu-

lar sodium overload contributes to fluid shifts from the cerebrospinal

fluid and extracellular space to the intracellular space, causing cyto-

toxic edema.33 Last, anaerobic glycolysis produces lactate, carbon

dioxide (CO2), and hydrogen ions, decreasing pH.

In preclinical models, cortical ischemic depolarization occurs

when cerebral blood flow (CBF) drops below a threshold of 10

mL�min�1�100 g�1 or <20% of normal brain blood flow.34,35 After

sudden cessation of blood flow, ischemic depolarization occurs

within 2 to 5 minutes.36,37 The duration of ischemic depolarization

after which capacity for neuron recovery is lost remains unknown.

However, recent animal studies suggest that it could be up to 1 hour

when conditions of reperfusion are optimized.38,39 The CBF required

to reverse ischemic depolarization is greater than the threshold at

which ischemic depolarization first occurs and increases the longer

ischemic depolarization is left untreated.34 When preclinical data

are translated to clinical practice, it follows that early CPR has the

potential to prevent or delay ischemic depolarization, although the

CBF achieved by CPR may not be sufficient to reverse established

ischemic depolarization, especially if the onset of CPR is delayed.

Ultimately, ischemic depolarization must be reversed for neurons

to survive.

Reperfusion Repolarization

Reperfusion repolarization requires CBF to return to a level that pro-

vides sufficient oxygen delivery to restore mitochondrial ATP synthe-
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Table 1 – Theoretical Construct for Post–Cardiac Arrest Brain Injury Mechanisms

ROSC indicates return of spontaneous circulation.
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sis by oxidative phosphorylation, membrane ion gradients by mem-

brane ion pumps, and resting membrane potential below the thresh-

old for opening of voltage-gated ion channels. Although essential for

neuronal survival, reperfusion repolarization can also cause harm.

During initial reperfusion, hyperpolarization of the inner mitochondrial

membrane potential also causes the mitochondrial matrix to buffer

excess cytosolic calcium through the mitochondrial Ca2+ uniporter.40

This buffering function can both uncouple ATP synthesis and cause

superoxide production, which can be exacerbated by tissue hyper-

oxia during initial reperfusion. Moreover, mitochondrial matrix cal-

cium overload can trigger opening of the mitochondrial permeability
Please cite this article as: G.D. Perkins, R. Neumar, C.H. Hsu et al., Improving Outcomes Aft
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transition pore.41 Permanent mitochondrial permeability transition

pore opening causes failure of mitochondrial energy production

and can lead to cell death. Transient mitochondrial permeability tran-

sition pore opening can trigger release of apoptosis-inducing factor

and cytochrome C, which are triggers for apoptosis.

After prolonged cardiac arrest, regional tissue reperfusion can be

impaired after ROSC by microvascular thrombosis, endothelial

edema, and formation of neutrophil extracellular traps. In such

cases, there is ongoing tissue ischemia rather than reperfusion repo-

larization. The regional reperfusion deficits after restoration of CBF

(no reflow) have been observed in multiple species.42,43 The involved
er Post–Cardiac Arrest Brain Injury: A Scientific Statement From the International Liaison
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Figure 1 – Mechanistic phases of post–cardiac arrest brain injury. ROSC indicates return of spontaneous circulation.
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territories of reperfusion defect increase with the duration of ische-

mia. Elevating the reperfusion blood pressure or replacing blood with

saline before reperfusion can ameliorate the no-reflow defect in

animals.44

In preclinical models, reperfusion repolarization occurs within 2 to

5 minutes of ROSC, and the associated superoxide production and

mitochondrial matrix Ca2+ overload resolve within 15 to 20 min-

utes.45,46 The time course for resolution of regional malperfusion

has not been well delineated. These findings suggest that there

may be a narrow therapeutic window for targeting reperfusion repo-

larization injury mechanisms and underscore the importance of tar-

geting the appropriate mechanistic pathophysiology at the

appropriate time point.

Dysregulation

The dysregulation phase of post–cardiac arrest brain injury begins

minutes to hours after ROSC and lasts for hours to days. The mech-

anisms underpinning additive tissue injury during this phase can be

approached systematically by considering components of the neu-

rovascular unit. The neurovascular unit, which is the principal site

of neuronal homeostasis, is composed of the cerebral microvascular

endothelium, blood-brain barrier, neurons, and surrounding glial

cells.47 The mechanisms contributing to the pathophysiology during

dysregulation include postresuscitation brain tissue hypoxia (arising

from a failure of both oxygen delivery and oxygen uptake), neuronal

excitotoxicity, mitochondrial dysfunction, pathogenic inflammation,

and microvascular dysfunction. In addition to these mechanisms that

occur at a cellular level, regional and global changes in perfusion and

oxygenation are deranged during this time, likely reflecting a com-

plex interplay between cell-level changes and macrovascular

dysregulation.
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Secondary Brain Tissue Hypoxia

Post-ROSC brain tissue hypoxia is associated with widespread injury

to the cellular components of the neurovascular unit, including astro-

cytes, neuron cell bodies, and

axons.48 Although mitigation of brain tissue hypoxia is possible by

optimizing cerebral oxygen delivery, biological or clinical efficacy has

not been clearly demonstrated with mean arterial pressure augmen-

tation alone, thereby highlighting the importance of the diffusion and

utilization stages of the oxygen cascade.49–51 The mechanisms

responsible for such observations in humans are likely related to

derangements in cellular metabolism. Reduced middle cerebral

artery blood flow velocity has not been associated with an anaerobic

state of cerebral metabolism, thereby raising the possibility that

reductions in CBF may be coupled to a compensatory reduction in

the cerebral metabolic rate of oxygen consumption during the dys-

regulatory phase.52

In postcapillary cerebral venules, neutrophil adhesion and aggre-

gation with subsequent neutrophil extracellular trap formation can

contribute to obstruction of postcapillary blood flow.53 Collectively,

these pathophysiological processes lead to dysfunctional microvas-

cular blood flow control at the neurovascular unit and blood-brain

barrier breakdown with ensuing vasogenic cerebral edema. In

extreme cases, fulminant cerebral edema may be associated with

decreased cerebral oxygen delivery and reduced oxygen diffusion,

both of which can lead to significant additive neurological injury.48

Disrupted cerebrovascular autoregulation is also a potential con-

tributor to secondary tissue hypoxia. In some cases, a transient

increase in CBF (15–30 minutes) after ROSC is seen, and physiolog-

ical perturbations in the microvasculature are characterized by olige-

mic CBF early after ROSC.54,55 This period of oligemia may be

followed by delayed dynamically heterogeneous hypoperfusion56
er Post–Cardiac Arrest Brain Injury: A Scientific Statement From the International Liaison
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and dysfunctional autoregulation over the hours and days after car-

diac arrest.57 Some patients have altered cerebral autoregulation

and increased intracranial hypertension, which may cause cerebral

hypoperfusion, and secondary brain tissue hypoxia that could wor-

sen post–cardiac arrest brain injury.48,58 It is important to note that

changes in autoregulation, as measured by the correlation between

blood and intracranial pressure, are dynamic longitudinally and are

linked to adverse outcomes.59 In an observational setting, authors

demonstrated that deviation below the optimal mean arterial pres-

sure with a bedside autoregulation index was associated with

reduced brain tissue oxygen tension,59 and mean arterial pressure

above the upper limit of autoregulation has also been associated with

adverse outcomes.60 However, there is a lack of prospective data

demonstrating improved cerebrovascular physiological parameters

(eg, brain tissue oxygenation or metabolism) with targeting the opti-

mal mean arterial pressure.

Neuronal Excitotoxicity

Potential contributors to excitotoxicity during the dysregulation phase

include excess glutamate release due to seizures and the interictal

continuum; impaired glial cell uptake of extracellular glutamate;

increased neuron sensitivity to glutamate because of altered gluta-

mate receptor subtype expression, impaired energy, and calcium

metabolism; and loss of inhibitory interneurons.61–63 The potential

net result is delayed secondary intracellular and mitochondrial cal-

cium overload, contributing to delayed neuronal death.64,65

Mitochondrial Dysfunction

There is likely significant heterogeneity in the cellular pathophysiol-

ogy of mitochondrial dysfunction, including depletion of essential

metabolic cofactors (ie, thiamine), intracellular calcium signaling,

and formation of reactive oxygen species. Intracellular calcium accu-

mulation is associated with numerous harmful effects on cellular

integrity, including mitochondrial dysfunction and activation of lytic

enzymes (proteases, phospholipases), which lead to the death of

neurons and glia.8,20

Inflammation

An additional injury mechanism that has emerged in recent years is

the concept of an immunopathological response to sterilely injured

tissue during the dysregulation phase.20 Animal studies suggest that

microglia are activated after ischemia/reperfusion, and the release of

proinflammatory cytokines into the neurovascular unit (eg,

interleukin-1b, interleukin-18, interleukin-6) may promote pro-

grammed cell death in vulnerable neurons.66 Furthermore, the

nucleotide-binding oligomerization domain-like (NOD-like) receptor

protein 3 inflammasome pathway with downstream signaling of

interleukin-1b and initiation of cellular death has been demonstrated

in a rat model of cardiac arrest.67 Blocking this pathway with pharma-

cological inhibitors results in decreased microglia-induced neuron

injury and death.67 Aspects of microglial activation and the immune

response may be adaptive and essential for clearing compromised

cellular debris from neurovascular units and are needed for tissue

repair. Future research should focus on evaluating the balance of

adaptive and maladaptive immune system signaling to identify

promising immunomodulatory targets.

The multiple mechanisms underpinning the dysregulation phase

highlight the complex nature of the pathophysiological processes

pertinent to post–cardiac arrest brain injury. These mechanisms

are not well understood in vivo in the human brain, especially in
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patients with ROSC after cardiac arrest, because current measure-

ments of brain metabolism, oxygenation, and inflammation are lim-

ited, and those that do exist often cannot ascertain

pathophysiology at the cellular level. Given the time window of the

dysregulation phase, therapeutic targeting of these mechanisms is

likely optimally instituted within minutes to the first 24 hours after suc-

cessful ROSC. Immediate key future steps include demonstrating

their presence in humans and conducting preliminary interventional

studies to determine the modifiability of disease mechanisms before

large clinical trials are undertaken.

Recovery and Repair

Brain recovery and repair start within days after the initial brain injury

and can continue for weeks and months and probably longer. The

obvious clinical manifestations are awakening and return of cognitive

function and the longer-term improvements seen in survivors. The

mechanisms in cardiac arrest survivors are poorly understood, and

our understanding comes mainly from the brain remodeling that

occurs after stroke.68 Brain mechanisms related to functional recov-

ery after ischemic brain injury include neuroplasticity and

neurogenesis.

Neuroplasticity is the reorganization and remodeling that occurs

between neurons to restore function by linking brain regions. This

occurs by synaptic pruning in which dysfunctional synapses are

lost and new synapses sprout.69 Neurogenesis is the generation

of new neurons from endogenous progenitor cells. Neurogenesis

is tightly controlled in the healthy brain. Angiogenesis and neu-

roglial genesis occur in parallel to neurogenesis, and several medi-

ators (eg, brain-derived neurotrophic factor, vascular endothelial

growth factors) appear to be involved.70 Neurogenesis has been

observed in several brain regions after injury (eg, hippocampus,

cortex).71–73

Neuroplasticity and neurogenesis can be both beneficial and

harmful in terms of restoring function. For example, although brain

injury can trigger the migration of progenitor cells to the area of

injury, those cells may not develop into functioning neurons and

may develop into dysfunctional neurons, causing long-term

epilepsy.74 Neuroplasticity and neurogenesis can potentially be influ-

enced by pharmacological and nonpharmacological (eg, rehabilita-

tion, exercise, sleep) interventions or by the use of exogenous

stem cells.70,73 The balance between repair and recovery and

chronic degenerative processes triggered by the initial brain injury

remains poorly understood, and better understanding of the balance

between functional and dysfunctional repair mechanisms is needed.

Need to Develop Mechanistic Biomarkers

Ideally, clinical trials deliver therapies aimed at and titrated to a

specific mechanistic pathology and administered at the correct time

to engage the targeted mechanism. Unfortunately, we lack real-

time mechanistic biomarkers (eg, blood-based, physiological moni-

toring, imaging) that identify patients with specific injury mechanisms

and patterns, quantify injury severity, and can be used to measure

response to therapy. The development of mechanistic biomarkers

that are distinct from those typically used to measure neurodegener-

ation, which are not specific to mechanism, is a critical next step. Ide-

ally, these biomarkers could be developed and validated in

preclinical models, along with associated therapies, and then used

in subsequent clinical trials to monitor mechanistic target engage-

ment. Theoretical examples of this approach are illustrated in

Table 2.
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WHY HAS PRECLINICAL RESEARCH FAILED
TO TRANSLATE TO CLINICAL PRACTICE?
A Family’s Story

In April 2018, my sister suffered a cardiac arrest after blunt

chest trauma. Her heart stopped and required resuscitation at

the scene with CPR from paramedics. Upon revival, she was

transferred to Vancouver General Hospital for further manage-

ment. After being admitted to the intensive care unit, the med-

ical team updated my family with regards to the management

approach. Although the medical team was transparent regard-

ing the supportive measures which would be undertaken to

improve her chance of recovery, we were also struck by the

paucity of available effective medical therapies for post–car-

diac arrest brain injury. During the course of her intensive care

admission, my sister suffered refractory status epilepticus for 8

weeks and required interventions aimed at quelling her

seizures.

Nearly 5 years later, my sister’s recovery and rehabilitation

journey has been protracted with significant challenges, includ-

ing long-lasting obstacles with respect to her functional, cogni-

tive, and emotional impairments. This single traumatic incident

has significantly diminished her quality of life. As my sister’s

primary caregiver, I can attest that post–cardiac arrest brain

injury remains an enormous challenge for patients and care-

givers. In particular, identifying effective medical therapies is

pivotal to helping improve the long-term outcomes of patients

(like my sister) suffering from this disease. Intuitively, under-

standing the disease and optimizing study designs as well as

outcome assessment is imperative to inform future research.

Having reviewed this manuscript, I believe that the authors

have identified a well-defined path to accomplish these goals.

It is my sincere hope that by following the path laid forth by

the manuscript, the rapid identification of effective medical

therapies is on the horizon, thus benefiting this heterogeneous

population of patients and their families by improving the long-

term outcomes and their quality of life.

Ms Carmen Choi (sister)
Limitations of Laboratory Models

In most preclinical studies, laboratory models are designed to test

interventions in highly controlled conditions, with little variation in

injury models, populations tested, and delivery of the therapy or inter-

vention. In most cases, the studies are optimized to test a single

intervention. This is critical for early-phase discovery, but it limits

subsequent generalizability.

Some limitations of laboratory models include evaluation of the

intervention in only a few species and at single centers, use of injury

models that do not replicate clinical models, the costs and ethical

challenges of testing the effects of interventions on long-term sur-

vival and recovery in animals, and the inadvertent introduction of

confounders. One example of the last is seen in studies of global

cerebral ischemia in dogs in which cardiopulmonary bypass is fre-

quently used to restart the heart because the maximum duration of
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ischemia after which dogs can be resuscitated by CPR alone does

not cause severe brain injury.75 The cardiopulmonary bypass is not

intended to be part of the resuscitation intervention but instead is a

strategy to provide a suitable post–cardiac arrest brain injury model.

However, its inclusion in the research model introduces many

sources of possible confounding. Another example is the use of

anesthetics, which is required in animal studies of cardiac arrest

and brain ischemia. Concerns for animal welfare mean that anes-

thetic drugs are typically given before cardiac arrest in animal stud-

ies. These drugs may interact both with the intervention studied

and with the animal model itself. Studies in different injury mecha-

nisms such as traumatic brain injury have shown that different anes-

thetics may be neuroprotective.76,77 Thus, the use of anesthetics in

the experimental animal model is necessary but also may be a

source of bias.

Additional limitations of injury models include the method of

inducing cardiac arrest. Animal models may use noncardiac arrest

models of cerebral ischemia such as focal ischemia in stroke (middle

cerebral artery occlusion models) or models of global ischemia (eg,

neck tourniquet,78 bilateral carotid occlusion, and 4-vessel occlusion

in rodents79). These models are informative because they isolate the

effects of intervention on brain ischemia that are independent of the

systemic effects of cardiac arrest on other organs and may be infor-

mative for how the brain may respond to interventions during global

ischemia or after reperfusion.80 However, these examples also fail to

incorporate the systemic illness that accompanies brain ischemia in

clinical practice and therefore may not adequately replicate the injury

pathways that occur in cardiac arrest.

Other common concerns in the interpretation of preclinical study

results include potential risks of bias from unclear reporting of ran-

dom assignment and lack of blinding.81,82 Animal studies are not

usually analyzed on an intention-to-treat principle; thus, we do not

know how many animals were initially included to produce the results

reported. This may increase the risk of selective reporting. The pro-

tocols of animal studies also are rarely published before the analysis;

thus, protocols may evolve, and outcomes may change after the

studies are done. Small sample sizes lead to important uncertainty

in the interpretation of experimental results, and testing standardized

injury severity limits the generalizability. Thus, animal studies often

report large effect sizes that are unrealistic for the clinical setting

and can result in overly optimistic power calculations and underpow-

ered clinical studies.

The remainder of this section provides further information about

the challenges of translating preclinical research into clinical trials

using the populations, interventions, controls, and outcomes format,

and examples of specific limitations related to preclinical populations/

species and injury models are offered.

Population

The animals used in experimental trials are generally homogeneous

in breed, genetics, and environment, whereas the human cardiac

arrest populations are much more diverse and complex, with a wider

range of genetic, environmental, and lifestyle factors that may influ-

ence the effectiveness of the interventions being tested. A recent

review of preclinical models of cardiac arrest identified >1700 animal

studies published from 2011 through 2016.83 Studies were con-

ducted in multiple species, with the most common being pigs, rats,

and mice, although the same study was not often performed across

multiple species. This review highlighted many additional limitations

in preclinical models: Only about half of the studies identified in this
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Table 2 – Examples of Mechanistic Translation
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review focused on neurological outcomes; >50% of the studies

included only male animals; and the cardiac arrest injury mechanism

and resuscitation strategies varied greatly. The significant hetero-

geneity in preclinical studies of cardiac arrest highlights the chal-

lenges with comparing studies, synthesizing data across studies,

and developing a unified pathophysiological pathway that is a rea-

sonable mechanistic target for clinical research. Ideally, preclinical

animal studies would engage populations that enable assessment

of whether the intervention can reach its intended target and exert

the expected mechanistic effect while being similar enough to

humans to exhibit the mechanistic pathways relevant for the thera-

peutic intervention in clinical trials. Multicenter preclinical trials could

improve the generalizability and robustness of research findings. The

International Liaison Committee on Resuscitation calls on funders

and investigators to combine resources to help transform the trans-

lational landscape for post–cardiac arrest brain injury.
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Intervention

There are several important differences between laboratory and clin-

ical settings for delivering interventions to mitigate brain injury after

cardiac arrest. In animals, the timing of delivery can be tightly con-

trolled, and delivery typically occurs immediately after, or even

before, the cardiac arrest or ROSC, with no or minimal variance.

The timing plausibly makes time-sensitive pathophysiological pro-

cesses maximally amenable to intervention. The route of deliv-

ery—for example, intravenous access or a secure airway—is often

established before cardiac arrest, further minimizing any delay in

delivering the intervention. The stable pharmacodynamics and phar-

macokinetics in animals are conducive to reaching effective dosing,

and high doses can potentially be used without concern for interme-

diate to long-term adverse effects. Translating these preclinical

experimental doses from animals to equipotent doses in humans

may be difficult.
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The laboratory setting is also well controlled and constant in

terms of environmental factors (eg, temperature, lighting, move-

ments), staffing (eg, multiple tasks can be completed simultaneously

by dedicated individuals), and ancillary resources (eg, even a com-

plex level of monitoring is immediately available). In contrast, the

clinical scenario is typically unpredictable and pharmacologically

complex, with variable delays in establishing a means or route to

begin any intervention, and it is often challenged by resource

constraints.

Comparator

Although most animal studies are undertaken by the same staff in a

well-controlled single laboratory, clinical studies are often completed

across multiple sites and countries and by staff of variable experi-

ence with the study protocol. Clinical trials must allow treating teams

to act in the best interests of the patient. If a treatment assignment

leads to better or worse intermediate states for a patient (eg, worse

oxygenation or lower blood pressure in one group versus another),

critical care interventions may be systematically different between

control and treatment groups. If these ancillary interventions do

affect outcomes, which is the belief and intent of the clinicians apply-

ing any intervention, there are systematic differences in clinical trials

that do not exist in laboratory studies.

Outcome

The outcome in preclinical studies is frequently assessed with histol-

ogy, biomarkers, and animal-specific neurological deficit scores,

whereas clinical trials generally use scale-based dichotomized func-

tional outcomes as the primary study outcome. Differences in these

assessment methods may at least partly account for failure of trans-

lation from preclinical to clinical studies. In clinical trials, withdrawal

of life-sustaining treatment may reduce any treatment effect because

patients may die despite receiving an effective therapy. This makes it

difficult to translate the treatment effect obtained in animal studies to

clinical trials. This can be mitigated by protocolizing and monitoring

neuroprognostication and withdrawal of life-sustaining treat-

ments.84,85 Last, mortality in different species may result from

species-specific sensitivity of organs to ischemia. After experimental

models of cardiac arrest, comatose rodents may have airway secre-

tions, audiogenic seizures, and impaired ventilatory reflexes that

result in sudden death during recovery,86,87 whereas dogs often
Table 3 – Example of Failure to Translate From Preclinica

Preclinical78

Population 62 monkeys with 16-min hypotension and neck

Intervention

Target mechanism Reduce ischemic injury

Reduce cerebral edema

Timing 5, 15, 30, or 60 min after ischemia

Dose Thiopental 90–120 mg/kg

Control Standard ICU care for 7 d

Outcomes

Clinical Neurological deficit score decreased if thiopent

15 min at 90 mg/k, extending to 60 min at 120-

Mechanistic Histopathology scores decreased

ICP (no difference)

ICP indicates intracranial pressure; ICU, intensive care unit; and ROSC, return of

Supplemental Material provides expanded examples covering hypothermia, oxyg
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develop multiple organ failure and mesenteric ischemia.88 Although

airway obstruction and mesenteric ischemia can occur in humans

after cardiac arrest, they are not common causes of recurrent car-

diac arrest or post–cardiac arrest mortality.
Case Examples of Therapeutic Interventions
That Have Failed to Translate to Improved
Outcomes in Clinical Trials

Many interventions that have shown improved outcomes in animal

models of cardiac arrest have produced neutral results when studied

in clinical trials. Selected examples of failures to translate promising

results from preclinical to clinical studies are shown here and are

linked to their relevant mechanistic phase (ischemic depolarization,

reperfusion/repolarization, dysregulation, and recovery and repair),

outlined above.
Thiopental

Thiopental is an example of how, historically, therapies demonstrat-

ing benefit in animal cardiac arrest models were almost immediately

studied in clinical settings. The story of barbiturates as a neuropro-

tective therapy after cardiac arrest provides important insights.78,89

In 1978, a research group from the University of Pittsburgh published

astounding results on the neuroprotective effects of thiopental after

brain injury in 62 rhesus monkeys (Table 3).78 The brain injury was

caused by inducing hypotension (mean arterial pressure, 50 mm

Hg) and applying a neck tourniquet to stop circulation to the brain.

High doses of thiopental (90–120 mg/kg) were administered at 15,

30, and 60 minutes after release of the tourniquet, and the animals

were then treated with intensive care for up to 7 days before

euthanasia. The animals’ neurological deficit was scored daily, and

at the end of the experiment, the brains were assessed for

histopathological injury. All 10 control animals were in various states

of coma, whereas the thiopental-treated animals were largely able to

walk, sit, and feed themselves. There were dose-response signals

for which earlier administration and higher doses generally showed

better results. Despite subsequent neutral animal studies, thiopental

was being used in clinical cardiac arrest settings without any clinical

trial data.
l to Clinical Trials for Thiopental

Clinical89

tourniquet 262 comatose cardiac arrest survivors

Reduce cerebral metabolism

Reduce edema

Reduce seizure activity

Within 60 min of ROSC

Thiopental 30 mg/kg

Standard ICU care

al delivered within

mg dose

Good cerebral recovery 20% in thiopental

group vs 15% in control group

No biomarker for metabolism

spontaneous circulation.

en, and xenon.
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The clinical trial published 8 years later in 1986 randomized 262

comatose survivors of cardiac arrest.89 The trial was designed to

detect a 20% improvement in survival with favorable outcome but

reported neutral results with 20% versus 15% favorable outcome in

intervention and control groups, respectively. The potential reasons

for the failure of preclinical findings to translate to the clinical trial

include the following: (1) Power calculations based on the animal

experiment were highly optimistic; (2) the infusion of thiopental in

the clinical trial was delayed compared with the time shown to be

effective in the preclinical study; (3) the optimal dose for the clinical

trial had not been defined; (4) the mechanism was not well defined,

and therefore, it is unknown whether this was tested adequately in

the clinical trial; and (5) the preclinical trial involved cerebral ischemia

but not cardiac arrest.

Hypothermia

Hypothermia for post–arrest neuroprotection is likely one of the most

well-known interventions, and its journey through the preclinical and

clinical space presents many learning opportunities. A systematic

review and meta-analysis of randomized controlled animal studies

comparing the effect of hypothermic temperature control with nor-

mothermia after resuscitation from cardiac arrest included 45 studies

and 981 animals.90 Animal species included rats (28 studies), pigs

(14 studies), rabbits (2 studies), and dogs (1 study). There were

broad differences in mean no-flow times, mean low-flow times, time

to hypothermia induction, cooling rates, temperature targets, and

duration. Despite the heterogeneity in the preclinical experimental

models, the standardized mean difference in the neurological deficit

score was �1.4 (95% CI, �1.7 to �1.1), which indicates a strong

favorable effect for hypothermic temperature control. Mortality in

the hypothermia temperature control groups was reduced by 67%

(odds ratio, 0.33 [95% CI, 0.24–0.45]) compared with the controls.

Clinical trials studying hypothermic temperature control have

shown varying results. One randomized clinical trial91 and 1 pseudo-

randomized clinical trial92 documented improved outcomes with mild

hypothermia (32 �C–34 �C) in patients comatose after resuscitation

from out-of-hospital cardiac arrest with an initial shockable rhythm.

Two subsequent larger trials found no difference in all-cause mortal-

ity or 6-month functional outcome between groups. The first of these,

the TTM-1 trial (Targeted Temperature Management), randomized to

temperature control at 33 �C versus 36 �C for 24 hours,93 whereas

the TTM-2 trial compared a target temperature of 33 �C with targeted

normothermia with early treatment of fever (�37.8 �C).85 A small trial

that compared temperature control at 31 �C and 34 �C also found no

difference in outcomes.94 In contrast, 1 study showed an increase in

the proportion of patients with a favorable functional outcome in the

group with hypothermic temperature control to 33 �C compared with

the normothermia group,95 with the result being driven largely by the

in-hospital arrest population, who showed the most significant

improvement in outcomes in the intervention arm. However, these

findings were not replicated in the Hypothermia After Cardiac Arrest

In-Hospital trial, leading to the early termination of the trial.96

The potential reasons why preclinical findings did not clearly

translate across clinical trials include the following: (1) Power calcu-

lations based on optimistic preclinical effect sizes may overestimate

effects achievable in clinical practice97; (2) the delivery of hypother-

mia in the clinical trials was delayed (�5 hours after ROSC to reach

target temperature in most studies) compared with the time shown to

be effective in the preclinical studies; (3) the optimal dose of

hypothermia had not been defined; and (4) the mechanisms are
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incompletely understood and likely worked through multiple patho-

physiological pathways, and therefore, it is unknown whether it

was tested in the right patients. Examples of failure to translate

promising preclinical findings for intracardiac arrest hypothermia

and post-ROSC hypothermia are given in Supplemental Tables 1

and 2.

Oxygen Targets

Oxygen targets after ROSC have been the subject of extensive pre-

clinical experimental research and more recently tested in multicen-

ter randomized controlled trials (RCTs). Insufficient delivery of

oxygen (delivery of oxygen below the demand threshold) after ROSC

compounds the hypoxic-ischemic injury sustained before ROSC,

whereas excessive delivery of oxygen (delivery of oxygen above

the demand threshold) may induce neuronal damage by increased

oxidative stress, mitochondrial dysfunction, and the generation of

reactive oxygen species.98–100 Hyperoxia further evokes vasocon-

striction and reduced CBF.101 Although the identification and

description of mechanistic pathways are largely based on preclinical

studies, sufficient overlap in mechanistic biomarkers (eg, measure-

ment of lipid peroxidation, DNA damage, or CBF) has not followed

through to clinical trials.

In a systematic review of animal cardiac arrest studies comparing

ventilation using 100% oxygen with ventilation using less oxygen or

titrated to normoxemia, neurological deficit and neuronal damage

were worse in animals receiving 100% oxygen.102 The studies were

conducted across multiple species (rats, dogs, and pigs) with consid-

erable separation between inspired fractional oxygen and arterial

oxygen tension once ROSC was achieved. Although these animal

studies have important differences from the clinical setting in terms

of pre–cardiac arrest ventilation, concurrent lung injury, the timing

and duration of oxygen delivery, and adjunct therapies, as well as

the lack of long-term outcomes, they demonstrate the mechanistic

importance of hyperoxia. Observational studies have also supported

a deleterious effect of hyperoxia in cardiac patients103 and critically ill

patients in general,104–106 albeit with considerable heterogeneity

between studies.

Clinical studies of conservative compared with liberal oxygen tar-

gets starting after ROSC in the prehospital setting107–109 or in the

ICU51,110 have not reported adverse outcomes with a higher oxygen

target. Given the role of reperfusion in the generation of reactive oxy-

gen species, it seems likely that any harmful effects of hyperoxemia

are likely more pronounced at the time of ROSC or soon after. In the

multicenter, parallel-group EXACT clinical trial (Reduction of Oxygen

After Cardiac Arrest), paramedics randomized patients with ROSC

after out-of-hospital

cardiac arrest and titrated oxygen to achieve oxygen saturation

measured by pulse oximetry (Spo2) of 90% to 94% (intervention)

or Spo2 of 98% to 100% (standard care) en route to hospital and until

the first arterial blood gas measurement was obtained in the ICU

(Supplemental Table 3).111 The study, stopped early because of

COVID-19, found that 82 of 214 patients (38.3%) in the intervention

group survived to hospital discharge compared with 101 of 211

(47.9%) in the standard care group (�9.6% difference [95% CI,

�18.9% to �0.2%]; P=0.05). A hypoxemic episode (Spo2 <90%)

before ICU admission occurred more often in the intervention group

compared with the standard care group. Neither the BOX RCT

(Blood Pressure and Oxygenation Targets in Post-Resuscitation

Care)110 nor post hoc/subgroup analyses of the ICU-ROX study

(Intensive Care Unit Randomized Trial Comparing Two Approaches
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to Oxygen Therapy)112 and HOT-ICU study (Handling Oxygenation

Targets in the ICU)113 found a significant association between hyper-

oxia during mechanical ventilation after cardiac arrest and poor neu-

rological outcome or mortality at 3 to 6 months.

If the mechanistic importance of hyperoxia in animal models is to

be translated to the clinical setting in humans, it is important to quan-

tify supraphysiological oxygen values, to define a threshold value,

and to establish whether there is a dose-response relationship.

Hyperoxemia, that is, oxygen excess in blood (above-normal arterial

partial pressure of oxygen [Pao2] of 75–100 mm Hg), should be dis-

tinguished from hyperoxia, that is, oxygen excess in tissues (eg,

above-normal brain cortical continuous brain tissue oxygen [Pbto2]

of �20–25 mm Hg). The best metric to define supraphysiological

oxygen levels remains debated.114 Both the metrics and the mea-

surement principles of oxygenation need careful evaluation within

and between animal and human studies. Robust preclinical evidence

that hyperoxia is harmful after cardiac arrest remains to be translated

to the clinical setting; the oxygen story highlights many methodolog-

ical challenges of translating preclinical experimental intervention

studies to clinical trials.

Xenon

Xenon has been shown to be neuroprotective in various brain injury

models over the past 20 years (cardiac arrest, traumatic brain injury,

and stroke). A recent systematic review and meta-analysis sug-

gested that it may reduce neurological injury by as much as one-

third across various models and species.115 Although the exact

mechanism for the neuroprotective effects of xenon is not fully

understood, a possible mechanism may be inhibition of the glycine

site on the N-methyl-d-aspartate receptor, causing dysregulated

neurotransmission and excitotoxicity.116

The safety and effectiveness of xenon as an anesthetic gas are

well established in humans, but its cost and availability have likely

been major barriers to testing xenon as a neuroprotective agent in

clinical trials. A small clinical trial has shown feasibility and safety

of a target mechanism (Supplemental Table 4).117,118 Despite these

preliminary results, subsequent clinical studies investigating the effi-

cacy of xenon as a neuroprotective agent after cardiac arrest have

stalled, and to the best of our knowledge, there are no active or

planned clinical trials investigating this further.

The focus of this scientific statement is on novel therapies to mit-

igate the effects of post–cardiac arrest brain injury. While the search

for effective treatments continues and whether identified in the

future, the value of post–cardiac arrest rehabilitation must not be for-

gotten. The reader is referred to further information on survivorship

and rehabilitation, which is given in detail elsewhere.119,120

In summary, the reasons for failure to translate preclinical animal

data into clinical results are multifactorial. The complexity of ischemic

brain injury and theaccruedand limitedunderstandingof theneuropro-

tectivemechanisms at the current timemake achieving a step change

challenging. Ifweare tofindsuccess in futurework, thesebarriersmust

be systematically addressed in future trials. Odds of successful trans-

lationof interventions fromanimals tohumansmightbe improvedwhen

preclinical data address the population (works in multiple species,

works with multiple severities of brain injury), the intervention (has a

defined dose, has a defined therapeutic window), and the outcomes

(improves final functional recovery specifically of the brain).
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FUTURE TRIAL DESIGNS
A Family’s Story

On February 11, 2023, our son Michael, who was 26, suf-

fered a cardiac arrest stemming from a lack of oxygen in his

body shortly after admission to the hospital. The intensive care

unit team at Vancouver General Hospital were able to restart

his heart, but there were concerns of permanent brain injury

due to the prolonged period during which his brain did not

receive adequate oxygen. Unfortunately, Michael’s MRI and

related examinations revealed significant brain injury, which

would not render him to regain consciousness and live the

quality of life that he desired.

When given this news, our family was devastated as we

worked with the health care professionals to come to accept

that we would lose our son. On February 21, 2023, Michael

passed away peacefully with our family by his side. Michael

was a giving, generous, and kind person. He was full of life

and always sought to help others. He was and will always be

our inspiration.

It is our hope that by sharing Michael’s story and our fam-

ily’s loss, researchers and health care professionals will appre-

ciate the devastating nature of this disease entity for families

and coalesce together around common approaches, ideas,

and study designs to improve patients’ chances at full recov-

ery. We greatly appreciate the opportunity to share our son’s

story and wish the medical community our best in understand-

ing this disease and improving outcomes for patients, families,

and loved ones.

Lora Peeler and David Boloten (parents)

The past decade has seen significant progress through multicen-

ter collaboration,84,85 designs that have enabled evaluation of >1

intervention at a time,49,110,121 evolution122 and standardization of

end points,9,10 and protocolizing prognostication and decisions for

early withdrawal of life-sustaining treatments,85 with concurrent over-

all improvement in quality.123 The remainder of this section considers

how future trial designs can build on these gains.

Scope of the Problem

RCTs remain the most robust way to evaluate the efficacy and effec-

tiveness of an intervention or therapy. Aside from the general chal-

lenges of securing funding and designing and achieving sufficient

recruitment rates, there are challenges that are specific to cardiac

arrest RCTs. The clinical complexity and heterogeneity seen in car-

diac arrest necessitate recruitment of sufficient patients to ade-

quately discern differences in response across phenotypes, often

calling for large numbers across multiple centers. Post–cardiac

arrest brain injury goes through multiple stages, each with diverse

and concurrent pathophysiological pathways (Table 1 and Figure 1).

Accordingly, the interventions delivered have specific therapeutic

windows and should correspond to the presence (timing) and dura-

tion of the targeted pathophysiology. This concept is underrecog-
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Figure 3 – Umbrella trial. Umbrella trials recruit patients

with a single underlying condition such as cardiac

arrest. Multiple treatments are tested in specific

(often biomarker-defined) subgroups. The differences

in color of the human figures represent the

heterogeneity of patient phenotypes.
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nized and therefore results in a mismatch between interventions and

the phase(s) of post–cardiac arrest brain injury in which the interven-

tions are meant to intervene. Practical issues may influence the fea-

sibility of timing of delivery, particularly in the prehospital setting.

Interventions typically go through an exploratory phase II RCT

and a confirmatory phase III RCT in evaluating efficacy. Ideally,

phase II cardiac arrest RCTs should be designed to determine

whether an intended intervention can affect the mechanistic path-

way. The outcome measures should be mechanistic and adequately

reflect the engagement of the target mechanism. Clinical and patient-

centered outcomes may be included as secondary outcomes. Inves-

tigators should avoid the temptation for a phase II trial becoming an

underpowered phase III trial. Phase III RCTs should be designed and

powered to examine patient-centered outcomes (eg, survival, neuro-

logical outcome, and health-related quality of life) and ideally mea-

sure mechanisms and postintervention confounders believed to

mediate these outcomes (Figure 2).

Throughout health care, there is a recognition that different dis-

ease phenotypes may respond differently to interventions. In the

context of critical care, this has been demonstrated in sepsis,124

COVID-19,125 and acute respiratory distress syndrome.126,127

Although this may also prove to be the case for resuscitated cardiac

arrest patients, the a priori subgroup analyses from the individual

patient meta-analysis of the TTM-1 and TTM-2 found consistent

effects in all predefined subgroups, with no single phenotype show-

ing a benefit of either temperature strategy.128 Accelerating progress

in cardiac arrest care will require new strategies and corresponding

advances in trial methodology, with a focus on optimal patient popu-

lation (sample size and phenotype), leveraging of novel trial designs,

and strategic selection of biomarkers according to the mechanism of

intervention and phase of trials.

Optimization of Study Design (Which Trial)

Most prior randomized trials in cardiac arrest used the traditional

fixed, parallel-group RCT designs testing 1 intervention at a

time.85,93,129 A new trial was built each time a new intervention

was studied, which was time and resource intensive. Newer trial

designs relevant to post–cardiac arrest brain injury include umbrella

and adaptive trials.130 Umbrella trials test targeted treatments in

specific (often biomarker-defined) subgroups (Figure 3). At its most

general, an adaptive clinical trial uses data accruing within the trial
Figure 2 – Patient-centered outcomes in phase II and

phase III trials.
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to make decisions about whether to continue the trial and where to

allocate remaining patients.131 Platform trials are an emerging sub-

type of adaptive designs that enable multiple therapies to be evalu-

ated efficiently (Figure 4).132 Previously used successfully in

oncology, adaptive platform trials gained interest during the

COVID-19 pandemic because they provided evidence rapidly to

guide clinical practice.133,134

Adopting a similar strategy in cardiac arrest may be operationally

and statistically more efficient in the following ways:

1. With the master protocol as a foundation, multiple interventions

may be concurrently compared with a common control arm, or

the same patient could be randomized to different treatments at

different phases of their illness (Figure 5).135

2. Key features of the trial design (enrollment criteria, sample size,

randomization, interventions, analysis) could be modified in

response to accumulating results from trial participants.

3. Adaptive platform trials enable a pipeline of phase II studies.

4. Adaptive platform trials could also facilitate seamless transition

from phase II to phase III studies.

Similarly, moving from the more traditional frequentist analysis,

which is underpinned by a dichotomous interpretation of trial findings

based on a P value, to a Bayesian trial analysis may provide a more

nuanced interpretation of trial findings and may support better deci-

sions about our understanding of the efficacy and effectiveness of

interventions.128

Optimization of Population (Whom to Include)

Patients with cardiac arrest are extremely heterogeneous. This

includes variation in the cause of the cardiac arrest, the patient
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Figure 4 – Adaptive design. In an adaptive trial design, the trial protocol includes scheduled, interim looks at the

accumulating data (review phase). In the adapt phase, a priori–defined modifications can be executed on the basis

of the findings of the interim analyses. Examples of adaptations include refining the sample size, changing the

allocation of patients to trial arms, abandoning treatments or doses, and stopping the trial. Because adaptations are

defined in advance, the trial validity and integrity are preserved.
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demographics (and underlying physiology or pathophysiology), and

the treatment that patients receive. This heterogeneity necessitates

recruiting large sample sizes into RCTs to reliably detect differences

between groups. This challenge may drive trialists to target unrealis-

tic treatment effects in sample size calculations.

Enrichment of the trial population provides an opportunity to tar-

get patient groups most likely to benefit from an intervention. To

date, this enrichment has often been based on cardiac arrest charac-

teristics. For example, the TTM-2 trial included only patients who

were unable to obey verbal commands and excluded patients who

had an unwitnessed asystolic cardiac arrest.85 These criteria were

driven by the need to exclude patient groups who were seemingly

too well or too unwell to derive any likely benefit from the interven-

tion. When such decisions are made, a balance needs to be struck

between focusing on the populations most likely to benefit and the

limitations that such selection has on generalizability.

There are 2 key limitations to this approach. First, excluding key

important patient groups means that the effectiveness of the inter-

vention in these patient groups will remain unclear. Second, this type

of enrichment may not best identify the patient groups most likely to

benefit from the intervention. One solution to the second limitation is

to develop an enriched trial population, using biomarkers to identify

those most likely to benefit from the intervention according to its

known mechanism of action. Such an approach is exemplified by

the recent TELSTAR trial (Treatment of Electroencephalographic

Status Epilepticus After Cardiopulmonary Resuscitation), in which

patients were enrolled only if they had periodic or rhythmic activity

based on electroencephalographic monitoring.136 Potential biomark-
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ers may include blood, imaging, or patient physiology (Supplemental

Table 5). However, we lack good biomarkers to predict the develop-

ment of brain injury at admission. Furthermore, the time-critical nat-

ure of intervention delivery after cardiac arrest means that any

biomarker that has a predictable correlation with mechanistic

engagement and injury severity must be available before delivery

of the intervention.

Optimization of Intervention

The time-critical and complex pathophysiology of cardiac arrest brain

injury means that individual interventions, particularly when they

focus on a single target, are unlikely to produce a meaningful and

detectable effect. The evaluation of multiple interventions (with mul-

tiple or different mechanistic targets), particularly those that work

synergistically, and titration of interventions according to effect are

more likely to produce a detectable difference in outcome. For exam-

ple, in the context of HIV infection, inhibiting viral replication with a

single agent was not effective, but the introduction of combination

therapies targeting multiple mechanisms drastically improved sur-

vival.137 One challenge in this approach is that trial findings may

not inform our understanding of the relative contribution of specific

interventions to the overall effect.

The target population for most post–cardiac arrest brain injury tri-

als will be patients with signs of neurological impairment such as

confusion or unresponsiveness. There may be specific challenges

in rapidly administering drugs or implementing interventions to pre-

vent or treat cardiac arrest brain injury in this patient group such

as competing priorities in relation to patient stabilization, consent
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Figure 5 – Platform trial. Basic outline for a cardiac arrest platform trial. Domains include putative mechanisms of

potential therapies, known as factors in the nomenclature of platform trials. Multiple factors in each domain can be

tested; comparisons with a standard treatment are also commonly used in this methodology. A regimen is a

combination of specific factors applied to an individual. Not all individuals will be eligible for a treatment from each

domain. Future mechanisms and therapies can be accommodated in the statistical framework. The differences in

color of the human figures reflect the heterogeneity of patient phenotypes.
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procedures, access to research teams, and nonavailability of drug

administration routes.

Deciding on the therapies to include in a platform is a complex;

although a platform trial enables the comparison of multiple treat-

ments, the community does not and should not choose a single treat-

ment to test at a time. The prioritization must be done with care by

gathering input from multiple stakeholders, including but not limited

to patients and their families, translational scientists, clinical

researchers, clinicians, those funding or commissioning services,

research funders, industry, and regulators. Last, a flexible or platform

trial will have the ability to accommodate multiple therapies in differ-

ent domains (mechanisms or therapy types).

Optimization of Outcome Measures

Phase II Trials

The primary end point in a phase II trial should provide sufficient

information about efficacy to support, when appropriate, the rapid

progression to a phase III clinical trial. This might be a clinical out-

come or a biomarker outcome (blood, imaging, physiological; Sup-

plemental Table 6). The ideal outcome for a phase II trial would

include the following:

1. Mapping to the mechanism of the treatment being evaluated;

2. Correlating with the clinical outcome that is likely to be chosen for

a phase III trial (eg, survival, functional outcome);

3. Not revealing the treatment allocation in a blinded trial;
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4. Being feasible to collect in participating study centers;

5. Being repeatable; and

6. Having readily available results.

The time point for collecting the primary end point should aim to

coincide with the time at which the trial intervention is anticipated to

have maximal effect. Trialists should ensure that trials collect key

safety outcomes, particularly in the context of novel drugs or when

the mechanism of action of the intervention may affect other organs.

Trial platforms may facilitate the seamless transition from a

phase II to a phase III evaluation, provided that relevant progression

criteria are met. In these cases, there will be a need to include phase

III clinical effectiveness outcomes for the duration of the trial to

ensure that data from all patients can be analyzed. Once progression

criteria are met, it may be reasonable to drop mechanistic biomark-

ers if they are complex or costly to continue measuring. An ideal bio-

marker that maps to a treatment mechanism, correlates with clinical

outcome, or both, does not currently exist. Appropriate statistical

models can enable a platform to either simultaneously or sequen-

tially address phase II and phase III questions and accommodate

future treatment questions that are not known at the time of platform

inception.

Phase III Trials

When a phase III trial is designed, the primary end point should be

important to clinicians, patients, the public, and policymakers. Appro-
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priate choice of the primary outcome will either accelerate implemen-

tation into clinical practice if the trial is positive or facilitate rapid

deadoption if the trial is neutral or shows harm. Alongside the impor-

tance of the primary outcome to stakeholders, key considerations in

choosing a primary clinical outcome will include feasibility of mea-

surement, completeness of data collection, and the plausibility of

detecting a clinically important difference.

The Core Outcome Set for Cardiac Arrest framework identifies 3

core outcomes that should be reported in all cardiac arrest clinical tri-

als: survival, functional outcome, and health-related quality of life.9,10

In the context of post–cardiac arrest brain injury, it may be appropri-

ate to explore the relevance of other core outcome sets such as

those for stroke,138 mechanical ventilation,139 or traumatic brain

injury.140 There is currently no cardiac arrest–specific patient-

reported outcome measure, but a new tool is currently being

developed.141

Conceptual Future State

Platform trials are one strategy to address several of the barriers cur-

rently facing the field. Such trials allow the inclusion of multiple treat-

ments compared simultaneously with a control group, with the ability

to add and remove treatment arms over the course of the trial.

Recent examples include the REMAP-CAP trial (Randomized,

Embedded, Multifactorial, Adaptive Platform Trial for Community-

Acquired Pneumonia)134 and the ISPY-2 trial (Investigation of Serial

Studies to Predict Your Therapeutic Response With Imaging and

Molecular Analysis 2) in breast cancer.133 ISPY-2 evaluates drug

treatment regimens in appropriate breast cancer phenotypes based

on molecular tumor features such as estrogen receptor status. It is

a phase II trial, with the output of the trial being a treatment that

advances to definite testing against standard care when identified

to have sufficient promise in a specific phenotype. A similar approach

could be applied to cardiac arrest (Figure 6).
Figure 6 – Translational platform to advance

neuroprotective therapies after cardiac arrest.
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PRIORITIZATION OF BARRIERS TO THE
DISCOVERY AND TRANSLATION OF
NEUROPROTECTIVE THERAPIES FOR POST–
CARDIAC ARREST BRAIN INJURY

Modified Delphi Methods

At a hybrid (in-person and virtual) writing group meeting in December

2022, the authors identified and prioritized key barriers to the discov-

ery and translation of neuroprotective therapies after cardiac arrest.

Writing group members were asked in an open-ended question to

identify their top 3 barriers to improving the neurological outcome

of patients with cardiac arrest. An anonymous, electronic web-

based voting platform (Qualtrics, Provo, UT) was used. Responses

were collated and synthesized by themes.

The writing group discussed and refined the responses into 6 the-

matic barriers: (1) understanding of post–cardiac

arrest brain injury mechanisms; (2) characterization of patient

heterogeneity; (3) development of biomarkers; (4) delivery of the

therapy at the right time and dose after cardiac arrest; (5) complexity

of study design; and (6) translational research infrastructure. The

subthemes of these barriers are further outlined in Supplemental

Table 7. The identified barriers in the understanding of post–cardiac

arrest brain injury mechanisms, characterization of patient hetero-

geneity, and lack of biomarkers are discussed in detail in the prior

sections. Therefore, the following sections focus on the remaining

barriers: delivery of therapy, complexity of study design, and transla-

tional research infrastructure. Figure 6 illustrates the proposed inte-

grative approach that can transform the translational infrastructure

to advance neuroprotective therapies after cardiac arrest.

Delivery of the Therapy to the Right Patients at the Right

Time and Dose

Significant challenges exist among preclinical study design, clinical

trial inception and execution, and clinical implementation. A therapy

that targets the initial minutes after cardiac arrest during ischemic

depolarization and reperfusion repolarization would have to be imple-

mented in the prehospital setting by lay rescuers or emergency med-

ical service professionals. Such therapy should ideally be easy to

deliver, have a forgiving safety profile, and be stable in varied envi-

ronments. In contrast, a therapy that targets dysregulation could

be implemented in the prehospital settings, emergency departments,

or intensive care units, depending on its optimal therapeutic window,

route of administration, dosing regimen, and patient phenotypes.

Complexity of Study Design

Small Effect Size

Cardiac arrest clinical trials have been limited by insufficient sample

size to evaluate the efficacy of therapies with small effect size. For

example, the total number of patients with cardiac arrest from RCTs

that have evaluated the effect of hypothermia is <3000 to date.123

Therefore, available evidence does not rule out an absolute effect

size of 2% to 3%, which may well be in line with a realistic effect size

for critical care trials. This would translate into a number needed to

treat of 30 to 50, which may be justifiable to most patients, clinicians,

and families. A 2-arm RCT with equal allocation and 90% power at a

2-sided a level of 0.05 that could detect an intervention that improved

survival from 10% to 12% would require a total sample size of 10
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256, assuming no loss to follow-up. As a comparison, a systematic

review of the use of thrombolytic therapy for acute myocardial infarc-

tion was able to meta-analyze data from >40 000 patients who had

been included in randomized trials.142 It is likely that therapies such

as opening of blocked arteries for myocardial infarction may not be

sufficient for the complex cellular cascades that occur after post–car-

diac arrest reperfusion. Larger trials aiming for more realistic effect

sizes will require international collaboration to enroll patients from

many sites.

Multimodal Therapy

The complexity of post–cardiac arrest brain injury suggests that

monotherapies are unlikely to be as successful as polydrug and mul-

timodal neuroprotective therapies. After the failure of multiple

monotherapies, polytherapies have become the mainstream for the

treatment of complex diseases such as cancer and HIV. The suc-

cess of preclinical treatment of severe brain injury has been demon-

strated with multimodal therapeutic approaches. Recent data

revealed that a multimodal approach comprising an extracorporeal

pulsatile-perfusion system and a hemoglobin-based, acellular, non-

coagulative, and cytoprotective perfusate can restore multiple func-

tions to swine brains after an extended period of total ischemia, a

feat not previously thought to be possible.39

The development of polydrug and multimodal therapies for post–

cardiac arrest brain injury faces several barriers attributable to the

complex metabolic dysregulation observed in this disease state.

The brain has multiple geographic brain regions, cell types, and time

windows of vulnerability and activation after ischemia, which require

a customized therapeutic approach. Knowledge of the relative impor-

tance of different mechanisms is incomplete. The design of clinical

trials is also challenging because of the different pathophysiology

of cardiac arrest at different phases, thereby requiring substantial

methodological work. Clinical trials must test not only multiple treat-

ments at a single time but also multiple treatments given sequentially

according to responses to earlier treatments. End points must be tai-

lored to each regimen or mechanism rather than comparing dissim-

ilar treatments on the same scale. Many registered phase II trials in

cardiac arrest lack a primary end point focused on mechanistic proof

of concept (Supplemental Table 6), which could be detrimental to the

discovery of novel neuroprotective therapies after cardiac arrest.

Translational Research Infrastructure

Multidisciplinary Collaboration

To advance the discovery and translation of neuroprotective thera-

pies for patients with cardiac arrest, the barriers between different

research disciplines and geographic locations must be removed.

This can be achieved through fostering collaboration and communi-

cation between researchers and stakeholders, including those in

emergency medical services, emergency medicine, critical care,

and rehabilitation. Designing a large-scale learning trial that involves

hundreds of sites in multiple countries and disciplines may benefit

from engaging organizations such as the International Liaison Com-

mittee on Resuscitation and its councils across the globe. They can

provide guidance in evidence evaluation for study designs and facil-

itate international networks. Patient and stakeholder engagement is

crucial throughout study development to ensure that patient-

centered outcomes are prioritized. It is also important to advocate

for equitable and ethical clinical trial conduct through policies and sci-

entific guidelines at the regional, national, and international levels.

Breaking down translational silos and promoting collaboration can
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accelerate the discovery and translation of neuroprotective therapies

for patients with cardiac arrest, ultimately improving their outcomes.

Enrollment and Consent

One challenge in designing trials is ensuring that research processes

do not introduce delays in intervention delivery. Data from the

CRASH RCT (Clinical Randomisation of an Antifibrinolytic in Signifi-

cant Haemorrhage; corticosteroids in head injury) and CRASH-2

RCT (tranexamic acid in major trauma) show how delays in treat-

ment delivery resulting from trial processes can influence the

observed treatment effect.143,144 For this reason, trials of post–car-

diac arrest brain injury, whenever ethically and legally permissible,

should seek to use deferred consent or exception from informed con-

sent to minimize these delays.

Randomization processes may also introduce delays. Although

cluster randomization may facilitate rapid randomization, potential

advantages may be offset by the need for larger sample sizes,

potential loss of allocation concealment, inability to stratify random-

ization, and low treatment adherence. For example, in the

AIRWAYS-2 cluster RCT (Airway Management in Out of Hospital

Cardiac Arrest Patients) comparing advanced airway management

strategies in out-of-hospital cardiac arrest, �18% of participants

did not receive any advanced airway.145 Electronic systems that

facilitate individual randomization with allocation concealment and

facilitate stratification are extremely attractive, albeit potentially lim-

ited by cellular or internet connection issues in some settings. The

development of novel electronic randomization can overcome the

limitations of connectivity.146,147

Infrastructure

The complexity of cardiac arrest clinical trials necessitates collabora-

tive support from the scientific communities, cardiac arrest survivors

and their families, funders, andpolicymakers.Overlayingbig dataana-

lyticsof existingelectronicmedical health recordsonpopulation-based

registries may be more efficient and affordable than attempting to

establish independent trial data infrastructure for each study. Further-

more, machine-learning algorithms and federated databases may

enable patient-, region-, and population-level data analyses.

Funding

Creating the initial design and managing the adaptation to data as

they are acquired would require a major investment of time and

money. However, when built, such a trial would be flexible enough

to incorporate the biomarkers and treatments of the future. It likely

would even attract investment from the private sector, which has

generally avoided cardiac arrest, given easier pathways in relatively

less complex diseases on the mechanistic level. Alternative funding

mechanisms are also needed to support high-risk, high-reward ideas

to innovate and reimagine strategies with which we design, test, and

translate promising neuroprotective therapies from the preclinical

space to clinical trials.

CONCLUSIONS

The mechanisms of post–cardiac arrest brain injury are complex and

inadequately understood. From the available evidence, we propose a

mechanistic construct that includes 4 sequential phases aligned with

temporal stages of disease progression and treatment. The multiple,

often overlapping, causal mechanisms and variations in an individ-
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ual’s response to injury and treatment make it unlikely that targeting

a single mechanism with a one-size-fits-all approach in a heteroge-

neous patient population will result in a significant impact on patient

outcomes.

In the ideal state, clinical trials should be preceded by high-quality

mechanistic studies designed to enable therapies to be delivered

that are based on the presence, timing, and duration of the targeted

mechanism. Biomarkers of mechanistic target engagement should

be developed to identify patients with the targeted mechanism of

injury, to quantify its severity, and to measure the response to ther-

apy. These biomarkers should be developed and validated in preclin-

ical models along with the associated therapy and then used in

subsequent clinical trials to monitor mechanistic target engagement.

A new approach is needed that compares treatment effects of

multicomponent, biologically informed, sequential regimens in speci-

fic groups of patients. In this future state, the field could discover
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groundbreaking treatments within targeted phenotypes and focus

on expanding the number of phenotypes with effective treatment

strategies.
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