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Abstract

The purpose of this narrative review is to provide an overview of lessons learned from experimental cardiac arrest studies, limitations, translation to
clinical studies, ethical considerations and future directions.

Cardiac arrest animal studies have provided valuable insights into the pathophysiology of cardiac arrest, the effects of various interventions, and the
development of resuscitation techniques. However, there are limitations to animal models that should be considered when interpreting results. Sys-
tematic reviews have demonstrated that animal models rarely reflect the clinical condition seen in humans, nor the complex treatment that occurs
during and after a cardiac arrest. Furthermore, animal models of cardiac arrest are at a significant risk of bias due to fundamental issues in perform-
ing and/or reporting critical methodological aspects. Conducting clinical trials targeting the management of rare cardiac arrest causes like e.g. hyper-
kalemia and pulmonary embolism is challenging due to the scarcity of eligible patients. For these research questions, animal models might provide
the highest level of evidence and can potentially guide clinical practice.

To continuously push cardiac arrest science forward, animal studies must be conducted and reported rigorously, designed to avoid bias and answer
specific research questions. To ensure the continued relevance and generation of valuable new insights from animal studies, new approaches and

techniques may be needed, including animal register studies, systematic reviews and multilaboratory trials.
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Introduction

Experimental animal research has played a significant role in almost
every medical breakthrough in the last 100 years, including within
cardiac arrest research. Interestingly, early cardiac arrest studies
were performed on humans volunteers due to a lack of regulations
with regards to the protection of human subjects in research. This
included the concept of mouth-to-mouth ventilation being tested on
sedated and paralyzed human volunteers." The importance of ani-
mal studies increased with the development of research ethics for
humans in the 1970s, making experimental animal research an
essential aspect for improving outcomes for cardiac arrest patients.
Experimental animal research allows the researcher to address a
variety of scientific questions from studies on physiology to the dis-
covery of new therapeutic approaches, not possible in humans. How-
ever, the majority of results obtained in preclinical models cannot be
reproduced or translated to humans, which has put animal research
in a bad light and made some people refute any value to animal
research.”® This narrative review will provide an overview of lessons
learned from experimental cardiac arrest studies, limitations, transla-
tion to clinical studies, ethical considerations and future directions.

What have we learned from cardiac arrest
animal studies

Cardiac arrest animal studies have provided valuable insights into
the pathophysiology of cardiac arrest, the effects of various interven-
tions, and the development of resuscitation techniques. Refuting the
value of animal research would have deprived modern cardiopul-
monary resuscitation (CPR) of some of the most important interven-
tions. The two most important cardiac arrest interventions, chest
compressions and defibrillation, were developed and tested in ani-
mals.*® Animal studies have also provided valuable insight into the
potential beneficial and harmful effects of ventilation during CPR.%7
Furthermore, animal studies have been valuable in the development
of mechanical chest compressions devices, which have subse-
quently been tested in clinical trials.®""

Similar, the use of adrenaline during cardiac arrest is based on
numerous animal studies testing different aspect of adrenaline
administration during CPR."®"® The concept of post-resuscitation
disease, later named the post-cardiac arrest syndrome, is based
on findings from animal studies.'* "> Animal studies have discovered
important aspects such as delayed neuronal death, selective neural
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death, myocardial stunning and pathophysiological mechanisms that
later has been targeted in clinical trials. Animal studies have also
been crucial in advancing our understanding of pediatric resuscita-
tion, a population where large, randomized trials are difficult to per-
form. Due to lack of clinical data, pediatric guidelines repeatedly
cite animal studies to inform clinical practice.16 Furthermore, the con-
cept of a hemodynamic-directed approach to pediatric CPR was
developed and tested in the animal laboratory and later tested in clin-
ical studies.'”~"® These examples illustrate the importance of exper-
imental cardiac arrest research. The interventions mentioned above,
except for adrenaline, are all techniques and physiological
approaches, illustrating a challenge with translation of novel pharma-
cological interventions to clinical use.°

Challenges with animal studies

While animal studies play an important role in resuscitation research,
translation of findings from animal studies to humans can be chal-
lenging. Conceptually, the lack of translation might be explained by
one or more of three factors: 1) An inherent physiological difference
between animals and humans that makes translation difficult irre-
spective of other factors,?'?* 2) a discrepancy between the clinical
condition in humans and the current animal models, or 3) problems
with the validity of animal studies due to methodological shortcom-
ings. While the last two are potentially modifiable, the first is not.
Since the first factor is not specific to cardiac arrest, it will not be dis-
cussed further here. The other two will be discussed in more detail
below.

Do animal models reflect clinical reality?

Patients with cardiac arrest are heterogenous, with underlying
comorbidity, multiple different cardiac arrest etiologies, and varying
degrees of disease severity in the post-cardiac arrest phase ranging
from stable and awake patients to comatose patients with multiorgan
failure. This heterogeneity not only poses a challenge for clinical tri-
als in humans, it also makes animal studies, aiming to reflect the clin-
ical condition of cardiac arrest in humans, difficult.

In a review article from 2017, the authors examined all cardiac
arrest animal studies published between 2011 and 2016.%° The
authors identified 490 studies published in 154 different journals.
Contrary to humans with cardiac arrest, which often have significant
comorbidity,>* animals included in the studies were almost always
(97%) healthy prior to the cardiac arrest.*® Cardiac arrest was
induced by electric pacing in approximately half of the studies, while
25% used asphyxia. Only 2% of the studies induced cardiac arrest
with a myocardial infarction, one of the most common causes of car-
diac arrest in humans.?>2° In half of the studies, the animals were
defibrillated although a shockable rhythm is only present in approxi-
mately 20% of human cardiac arrests.>* Very few studies included
post-cardiac arrest care (e.g., targeted temperature management,
use of vasopressor) and many studies only included a short observa-
tion period (median of 24 hours). Taken together, the review found
that the included animal models rarely reflected the clinical condition
seen in humans, nor the complex treatment that occurs during and
after cardiac arrest.

While it is impossible that animal models should fully reflect the
human condition, as this would make experiments almost impossi-

ble to conduct, it is likely that more realistic animal models would
allow for better translation of findings to the clinical setting. The
complexity of the animal model should reflect the research ques-
tion. If the primary interest is in pathophysiological mechanisms, it
might be desirable to have a simpler model with less heterogeneity.
However, if the interest is in the effect of certain interventions on
clinical outcomes (e.g., return of spontaneous circulation, survival,
neurological outcomes) prior to translation to human trials, a more
complex model better reflecting the human condition might be
preferable. Inevitably, more complex models will result in increased
heterogeneity and therefore likely a need for animal studies with lar-
ger sample sizes.

Are animal studies biased?

Clinical trials in humans are often conducted according to a regis-
tered and approved detailed protocol with a focus on optimizing inter-
nal validity. Unfortunately, the standards for the conduct and
reporting of animal studies have not been as high.

In a follow-up to the previous mentioned review, the authors
examined reporting and bias in a random sample of 100 interven-
tional animal studies.?” The review found that most studies used ran-
domization, but the methodology was unknown or insufficiently
reported in approximately two thirds of the studies. Blinding was
not reported or performed in approximately half of the studies and
two thirds did not have blinding of outcome assessors. 80% of all
studies lacked a sample size calculation, while 70% did not have a
specified primary outcome. These findings are concerning, and the
review concluded “. .. animal models of cardiac arrest are at a signif-
icant risk of bias due to fundamental issues in performing and/or
reporting critical methodological aspects such as randomization
and blinding.”?” Adequate performance and reporting of randomiza-
tion and blinding are key elements to avoid bias in animal studies and
should be the gold standard.

It is possible that selective outcome reporting and publication
might also be a cause of the lack of reproducibility of animal studies.
These issues cause an inflation of the Type 1 error rate (i.e., more
false positive results). Increased rigor in reporting and pre-
registration of animal studies might mitigate some of these issues.
The ARRIVE guidelines was developed as a tool to ensure transpar-
ent reporting af animal studies with sufficient details that allows for a
thorough assessment of the methods used (Table 1).?¢ The guideli-
nes consist of a checklist to be included with publication and,
although endorsed worldwide, adherence to the guidelines has been
inconsistently used. Disease specific guidelines can also help bolster
and refine the methodology of pre-clinical investigations. Contempo-
rary guidelines for experimental studies have been created for exam-
ple for sepsis, heart failure and stroke.>>>' For cardiac arrest the
core aspects included in the experimental Utstein guidelines from
1996 are still valid (Table 1). However, the recommendations mostly
include intra-arrest resuscitative efforts and many of the recommen-
dations are outdated and imprecise.*® An update for the experimen-
tal reporting and conducing guidelines for cardiac arrest animal
studies is warranted.

An additional tool to be utilized to strengthen the methodology of
preclinical studies is publication of protocols prior to completing the
study (e.g., preclinicaltrials.eu).>® This can help to increase trans-
parency and reduce reporting bias including bias induced by selec-
tive outcome reporting.


http://preclinicaltrials.eu
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Table 1 - Resources for conducting experimental animal research.

Animal Welfare

Guide for the Care and Use of Laboratory Animals®®

National Centers for the Replacement, Refinement & Reduction of Animals in Research

Reporting & Registration

Utstein-Style Guidelines for Uniform Reporting of Laboratory CPR Researc

Animal Research: Reporting of In Vivo Experiments (ARRIVE) Guidelines®®

h27

Trial registration: https://www.preclinicaltrials.eu

Review & bias

Systematic Review Centre for Laboratory Animal Experimentation (SYRCLE

)51

SYRCLE's risk of bias tool for animal studies**

Key takeaway messages

The type and complexity of the animal model should reflect the research question.

Animal studies should be performed rigorously to avoid bias.

Adherence to the ARRIVE guidelines ensures thorough reporting.

Publication of protocols should be considered to ensure transparent reporting.

Multilaboratory preclinical studies, systematic reviews and animal register studies are methods to ensure the continued relevance of

animal studies.

Translation of findings from animal studies

As mentioned, animal models have historically led to great discover-
ies still in use during and after cardiac arrest. Unfortunately, looking
beyond the general improvements in CPR and intensive care, no
novel interventions specifically improving outcomes for cardiac arrest
victims have been discovered during the last decades. This is
despite a large number of clinical trials being conducted.®* We know
from other fields of research that animal experiments potentially can
guide decision making whether or not to conduct a clinical trial.>®
This is immensely important as clinical trials in the setting of cardiac
arrest are ethically, economically and logistically challenging to per-
form. A recent systematic review of all cardiac arrest animal studies
testing pharmacological intervention within a 20-year period, sought
out to investigate whether animal experiments are utilized as a
stepping-stone to clinical testing within the field of cardiac arrest
and to look for novel promising interventions.*®

The systematic review revealed 415 cardiac arrest animal studies
testing 190 different pharmacological interventions administered
after the onset of cardiac arrest. Using the list of interventions tested
in animal models, another systematic review was conducted looking
at clinical trials testing the identified interventions. This showed that
26 different interventions were tested in 43 different trials. Overall,
the review showed that animal studies had a potential for finding
novel interventions. Approximately one third of all animal studies in
the review reported improvement in clinically relevant outcomes (re-
turn of spontaneous circulation and survival). Of most interest was
that several interventions, e.g. glibenclamide and nitric oxide showed
positive effects on clinically relevant outcomes in more than five dif-
ferent animal investigations, but never have been tested in clinical tri-
als. The systematic review showed examples of several

interventions that were tested in clinical trials although showing no
positive effect in animal studies. This illustrates the need for the clin-
ical researchers testing novel interventions to be aware of the results
from experimental studies and that clinical researchers may prema-
turely conduct clinical trials without sufficient preclinical data. As an
example, a clinical trial was conducted testing the effects of cyclos-
porine in post-cardiac arrest patients without any cardiac arrest ani-
mal studies being published prior to initiation of the trial.>” Similarly, a
recent single experimental study demonstrated protective effects of
hypertonic sodium lactate infusion in a pig model of experimental
cardiac arrest.®® Although several important questions remain
regarding timing, duration of infusion, dose and whether it is lactate,
hypertonic sodium or the combination that is potentially protective,
the authors are already proceeding to a phase |l clinical trial
(NCT05004610). These two examples illustrate that the failures to
translate findings from preclinical models may also be caused by pre-
mature testing in clinical trials.

Ethical considerations

Experimental animal research should be conducted according to reg-
ulations and guidelines and reported according to journal require-
ments and the ARRIVE guidelines. The 3Rs, replacement,
reduction, and refinement, are guiding principles in the field of animal
research and experimentation. Replacement emphasizes finding
alternatives to the use of animals in research whenever possible.
As the ultimate goal is to replace animal experiments with methods
that do not involve animals, this may challenge the use of animals
in research in the future. Reduction focuses on minimizing the num-
ber of animals used in experiments including the use of sample size
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calculations. Studies with a limited number of animals can, however,
be a waste as they provide no definite answer to the specific
research question. As stated above, 80% of all studies lacked a sam-
ple size illustrating a need for improvement. Refinement is about
improving the welfare and conditions of animals that must be used
in research. Setting up strict protocols for the acclimatization and
care taking of animals may benefit both the refinement requirement
and the strive for clinical relevance.*® Refinement is especially ethi-
cally challenging when conducting survival studies, where the aim
often is to reproduce severe neurological function as is seen clini-
cally. The importance of clinical relevance is here balanced against
requirements to minimize any pain, distress, or suffering.

The future of animal studies

To ensure the continued relevance and generation of valuable new
insights from animal studies, it may be necessary to reconsider the
approaches and techniques employed. This could include refinement
of experimental procedures to avoid bias, more clinically relevant
animal models and experiments, and new approaches such as ani-
mal register studies, systematic reviews and multilaboratory trials.

Multilaboratory preclinical studies have been suggested as a
method to improve reproducibility, generalizability and issues with
small sample sizes.***" In a systematic review from 2023, 16 multi-
center animal studies across all research disciplines were identi-
fied.*> Twelve of 16 studies were published in 2015-2020
illustrating an increased focus in the recent years. Interestingly, the
review identified that study quality was higher for multilaboratory
studies versus single laboratory studies, although none of the identi-
fied multilaboratory had low risk of bias. Within the field of cardiac
arrest only one multilaboratory study, known by the authors, has
been published.*®> The study was a multicenter, double-blinded,
placebo-controlled preclinical cardiac arrest trial testing the effect
of adrenaline boluses or infusion during CPR. The trial included five
different laboratories, with each laboratory including nine pigs. The
multilaboratory study demonstrated no effect of adrenaline either
as a bolus or infusion on coronary perfusion pressure, however with
a markedly different response across the five laboratories. This illus-
trates the tradeoff between increased external validity at the cost of
increased heterogeneity and potentially smaller effect sizes in multi-
laboratory studies. Although multilaboratory studies seems com-
pelling, one of the major barriers is the establishment of a
consistent protocol, with attention to exact experimental details
across research labs and subsequent protocol adherence. This will
reduce heterogeneity but at the cost of external validity.*? This is also
illustrated in the cardiac arrest multilaboratory study where experi-
mental procedures such as anesthesia and chest compression tech-
niques differed between laboratories. Furthermore, multilaboratory
studies are costly and whether they improve identification of treat-
ments that results in successful clinical translation is unknown.

An alternative to interventional multilaboratory studies is animal
register studies where already collected data is combined and com-
pared across laboratories. This makes comparison of physiological
data and outcomes measures across models possible, which may
display variation between laboratories. This process could also be
preparatory for multilaboratory studies by identifying important dis-
crepancies between laboratories.

Systematic reviews are a comprehensive and rigorous method to
gather, analyze, and synthesize existing research evidence on a
specific research question. The number of systematic reviews
addressing clinical questions have increased dramatically over time.
Within pre-clinical studies initiatives such as The Collaborative
Approach to Meta Analysis and Review of Animal Data from Exper-
imental Studies (CAMARADES) and Systematic Review Centre for
Laboratory animal Experimentation (SYRCLE) has brought attention
to preclinical systematic reviews and modified the methodology to
experimental animal studies (Table 1).** As an example, Olai et al.
performed a comprehensive systematic review of targeted tempera-
ture management in animal models of cardiac arrest.*® The review
identified that targeted temperature management was superior to
control under most experimental conditions, but also that substantial
between-study heterogeneity existed and that study quality generally
was low to moderate, in accordance with our previous reviews. If a
sufficient number of preclinical studies exist within a given topic sys-
tematic reviews of preclinical studies prior to clinical trials could pro-
vide valuable information.

Although clinical randomized trials provide the highest level of
evidence, not all questions can be addressed in clinical trials. For
example, specific treatments for rare causes of cardiac arrest (e.qg.,
hyperkalemia, pulmonary embolism, toxicological causes) are diffi-
cult to address in clinical trials due to the limited number of patients.
For these research questions, animal models might provide the high-
est level of evidence and can potentially guide clinical practice. As an
example, animal models have been developed that mimic different
causes of cardiac arrest to address specific research questions for
each cause, that cannot be answered in a clinical trial.*c*°

Conclusion

To continuously push cardiac arrest science forward, animal studies
must be conducted and reported rigorously, designed to avoid bias
and answer a specific research question. To ensure the continued
relevance and generation of valuable new insights from animal stud-
ies, new approaches and techniques may be needed, including ani-
mal register studies, systematic reviews and multilaboratory trials.
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