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Jan Schmitz, Anton Ahlbäck, James DuCanto, Steffen Kerkhoff, Matthieu Komorowski,

Vanessa Löw, et al.
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Cardiopulmonary resuscitation (CPR) stands as a cornerstone in emergency care,
representing the crucial link between life and death for victims of cardiac arrest. Over the
years, advancements in medical knowledge, technology, and training methodologies have
propelled CPR into a dynamic field with continuous updates. In this closing editorial of
the Special Issue “Cardiopulmonary Resuscitation: Clinical Updates and Perspectives”, we
sum up the major findings of the published articles. Nineteen manuscripts were submitted
for consideration for the Special Issue, with thirteen papers finally accepted for publication
and inclusion (eleven research articles and two reviews). The contributions as an overview
of the published articles are listed below.

1. Simulation/Education

Effective CPR is an arduous task that requires skill, precision, and quick decision
making—it is a stressful task per se. In view of the substantial evidence and the importance
of simulation research, documented by high-ranking publications [1], innovative “high
volume/high fidelity” simulation models are currently being developed. Models such as
those enable us to measure the effectiveness of medical education and training methods
in simulated CPR and to publish the results to increase the scope of available evidence
and the visibility of scientific projects. Simulation models enable us to investigate relevant
CPR questions using state-of-the-art methodology, avoiding methodological, logistical, and
ethical challenges that would arise in studies with real patients. High-fidelity mannequins,
virtual reality, and immersive scenarios nowadays enable healthcare providers to experi-
ence almost perfect realistic resuscitation situations. In this Special Issue, two papers on
simulated cardiac circulation dealt with the effect of potential distractors on the overall
performance of the teams during resuscitation. While both studies showed that randomly
present relatives with different behavioral patterns (withdrawn or agitated) or carrying
personal protective equipment (PPE) mentally stress the teams (measured by the NASA
Task Load Index), no poorer performance during CPR could be demonstrated, at least for
relatives’ presence. For PPE, on the other hand, both the stress level and the significantly
poorer performance are surprising, as the data were generated in 2021, i.e., after more than
2 years of pandemic experience. This made it possible to present results that might not
have been intuitively expected. Simulation remains an ideal tool for analyzing special
situations (e.g., rare, extremely time-consuming, and time-sensitive scenarios). Schmitz and
colleagues broke new ground with their study first describing resuscitation in microgravity.
Scientific findings such as these have the potential to become part of current guideline
recommendations, for example in the “CPR under special circumstances” chapter of the
ERC [2], especially considering the increasing number of manned space flights. One logical
further development would now be the integration of artificial intelligence to (a) either
further improve the simulation scenarios, (b) further support teams during a simulated
CPR, or (c) both. This individualized approach enhances competence and confidence in
performing CPR, ultimately translating into improved patient outcomes.
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2. Prehospital Care

The initial phase of cardiac arrest is most decisive for patients’ outcomes. As such,
innovations in prehospital care are essential for improving overall survival rates. Different
mobile technologies such as the integration of automated external defibrillators (AEDs) [3]
into public spaces and the utilization of drone technology for rapid AED delivery to remote
locations are transforming the landscape of prehospital care [4]. Additionally, telemedicine
has enabled real-time communication between emergency medical services (EMSs) and
healthcare providers, allowing for the early identification of potential cardiac events and
the initiation of care even before the patient reaches the hospital [5]. In this context, four
publications dealt with the prehospital treatment of cardiac arrest victims. Out-of-hospital
cardiac arrest (OHCA) has a high prevalence of obstructive coronary artery disease and
total coronary occlusion. Macherey-Meyer and colleagues were able to demonstrate for the
first time that prehospital loading with antiplatelets and anticoagulants did not increase
bleeding rates and was associated with favorable survival. They also found overtreatment
of non-ischemic victims as well as undertreatment of ischemic victims, concluding that
loading without definite diagnosis of sustained ischemia remains debatable until more data
are available. Several skills have been identified as critical for ensuring patient safety such
as communication and teamwork. The Team Emergency Assessment Measure (TEAM)
questionnaire is designed to rate the non-technical performance of emergency medical
teams during emergencies, e.g., resuscitation or trauma management. Originally developed
in Australia, it has today been translated into and validated in more than 10 languages [6].

Han et al. were able to show high reliability (Cronbach’s alpha of 0.939; mean interitem
correlation of 0.584) and a good concurrent validity (0.682), both indications of significant
association (mean item–total correlation of 0.789), as well as excellent agreement (mean
intra-class correlation coefficient of 0.804), making the TEAM approach a valid and reliable
tool to evaluate the non-technical skills of a team of paramedics performing CPR. Regarding
the selection of the target hospital, the research group of Jung and colleagues once again
succeeded in highlighting the importance of the cardiac arrest centers (CACs) recommended
in the current guidelines. Thus, patients in the CAC group had a significantly higher
likelihood of good neurological recovery and survival to discharge compared to the non-
CAC group. The fact that only around a quarter of the approximate 96,000 patients were
transported to CACs is somewhat saddening. We remain hopeful that the results of this
work will help to change this. Finally, Chiang et al. offered more insight into the ongoing
debate about the role of mechanical CPR devices in OHCA, concluding that their use may
benefit adults who have suffered OHCA in achieving ROSC and survival to admission.
But they also concluded that due to the low certainty of evidence, more well-designed
large-scale randomized controlled trials are needed to validate these findings.

3. Post-Resuscitation Care

Post-resuscitation care plays a crucial role in neurological outcome and overall recov-
ery. As the incidence of OHCA is high and the survival rate is low, it remains a challenge to
treat those who survive the first phase and regain spontaneous circulation. In a previous
narrative review, the authors summarized the existing evidence on oxygen dosage, the role
of noradrenaline in urine output and blood pressure, and blood pressure targets themselves.
Furthermore, they offered the prospect of experimental approaches to improve neuroprog-
nostication, which includes various approaches like bundles and novel biomarkers. While
whole-blood transcriptome analysis has been shown to reliably predict neurological sur-
vival in two feasibility studies, Hinkelbein et al. were unable to prognosticate survival
or non-survival after OHCA based on proteomics-based serum alterations in the human
protein expression, at least not in the first 24 h after ROSC. However, since a good neurolog-
ical outcome is essential, advancements in neuroprognostication as well as the integration
of neuroimaging, biochemical markers, and electrophysiological assessments are vital to
refine prognostic accuracy and thus aid clinicians in making informed decisions regarding
the continuation or withdrawal of aggressive interventions [7]. Injuries related to CPR are
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a frequent finding in cardiac arrest victims. These include bony and parenchymal organ
injuries [8]. The most common injuries frequently found are chest wall injuries [8], but if
and to what extent these CPR-associated chest wall injuries contribute to a delay in the
respiratory recovery of cardiac arrest survivors has not been sufficiently explored. Kunz
and colleagues examined surviving intensive care unit (ICU) patients who had undergone
CPR due to medical reasons in their single-center retrospective cohort study in relation
to the existence of CPR-associated chest wall injuries, detected by chest radiography and
computed tomography. Over a third of all included patients presented with chest wall
injuries, including flail chest in 9%. Through the multivariable logistic regression analysis,
the authors were able to identify flail chest to be independently associated with the need
for tracheostomy (OR 15.5). In the linear regression analysis, pneumonia and fractured ribs
were associated with an increased ICU length of stay, whereas flail chest and pneumonia
were associated with a prolonged duration of mechanical ventilation. It was interesting
to see that four patients with flail chest who underwent surgical rib stabilization could be
weaned successfully from the ventilator afterwards. This means that surgical treatment
of rib fractures could represent a valuable therapeutic option in this population. As the
results of this study suggest, CPR-associated chest wall injuries, flail chest in particular,
may impair the respiratory recovery of cardiac arrest survivors in the ICU. These findings
make this study a valuable addition to the body of clinical data but need to be confirmed in
larger trials.

4. Excursion: Controlled Automated Reperfusion of the Whole Body (CARL)

In the context mentioned above, the CARL system offers interesting and physio-
logically comprehensible and fascinating approaches, which have also been positively
confirmed in initial reports. CARL therapy (or targeted extracorporeal CPR) consists of core
elements such as the control of physical reperfusion conditions (blood pressure, blood flow,
pulsatility, and blood temperature), the situational modification of the reperfusion solution,
usually recirculating the blood, by adjusting the oxygen and carbon dioxide content, the
pH value, the electrolyte content, and the osmolarity, as well as quickly available, compre-
hensive monitoring. The focus is on preparing the tissue damaged by the lack of oxygen
for the resumption of the body’s own blood circulation [9] (see also Figure 1). The CARL
concept constitutes a new frontier in resuscitation science by focusing on the controlled
restoration of blood flow following cardiac arrest, where a pulsatile flow is used instead of a
continuous flow within the framework of an ECPR, aiming to minimize reperfusion injury
and optimize organ recovery within an individualized therapeutic regimen. This approach
involves the precise regulation of blood pressure, oxygenation, and perfusion rates during
the reperfusion phase [9]. CARL represents a paradigm shift, challenging traditional beliefs
about the immediate and aggressive restoration of blood flow. By carefully managing
the reperfusion process, CARL seeks to mitigate the harmful effects associated with the
abrupt reintroduction of oxygen to ischemic tissues. Ongoing research and clinical trials are
exploring the potential of CARL to enhance survival rates and improve long-term outcomes
in post-cardiac arrest patients. In this Special Issue, the research group led by Trummer
published two experimental studies. The first study compared the CARL model directly to
ECPR in refractory OHCA. By using CARL, not only were spontaneous rhythm conversions
observed using a modified priming solution, but the application of potassium-induced
secondary cardioplegia also proved to be a safe and effective method for sustained rhythm
conversion. Finally, significantly fewer defibrillation attempts were needed, and cardiac
arrhythmias were reduced during reperfusion via CARL. In their second animal model
study, the authors were able to demonstrate a highly significant favorable neurological
outcome for animals with head elevation during the first 20 min of post-resuscitation care,
whereas histopathologic findings did not show corresponding differences between the
groups. A possible explanation for the transient neurologic deficits potentially attributable
to functions localized in the posterior perfusion area may be venous congestion and edema
as modifiable contributing factors of neurologic injury following prolonged cardiac arrest.
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We hope that the results of this interesting technique in humans are just as promising as
those obtained so far in the animal model.

Figure 1. A schematic representation of the CARL (Controlled Automated Reperfusion of the Whole
Body) operating principle. The right to use the image was granted by Prof. Dr. med. Georg Trummer as
a consultant of Resuscitec GmbH for the “Medical” sector. BGA: blood gas, MOX: mobile oxygenator.

5. Pediatrics

While the principles of CPR remain consistent across age groups, pediatric resus-
citation presents unique challenges and considerations. Recognizing the differences in
anatomy, physiology, and the underlying causes of cardiac arrest in children is paramount
for successful outcomes [10,11]. Educational programs must address the specific needs of
healthcare providers dealing with pediatric populations, emphasizing the importance of
age-appropriate techniques and interventions [10–12]. Birth asphyxia is a major cause of
delivery room resuscitation. Subsequent organ failure and hypoxic–ischemic encephalopa-
thy (HIE) account for 25% of all early post-natal deaths. In neonatal sepsis, the nSOFA
(neonatal sequential organ failure assessment) considers platelet count as well as respiratory
and cardiovascular dysfunction. In this Special Issue, Dathe et al. evaluated the nSOFA
for the first time in cases of resuscitation regarding its potential as a useful predictor for
in-hospital mortality in neonates (≥36 + 0 weeks of gestation) following asphyxia with HIE
and therapeutic hypothermia. The nSOfA scores for survivors were lower overall, as were
their respiratory, cardiovascular, and hematologic sub-scores compared to non-survivors.
The odds ratio for mortality was 1.6 [95% CI = 1.2–2.1] per one-point increase in the nSOFA
and the optimal cut-off value of the nSOFA to predict mortality was 3.5 (sensitivity of
100.0%; specificity of 83.9%). With the help of their results, the authors were able to prove
that an early nSOFA (≤6 h of life) offers the possibility of identifying infants at risk of
mortality. This is an important finding, since early accurate prognosis following asphyxia
with HIE and therapeutic hypothermia is essential to guide decision making.

6. Conclusions

Cardiopulmonary resuscitation remains a dynamic field, constantly evolving to
incorporate the latest clinical updates and perspectives. Simulation and education,
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post-resuscitation care, prehospital interventions, pediatric considerations, and emerg-
ing concepts like Controlled Automated Reperfusion of the Whole Body collectively
contribute to the advancement of CPR practices. As we navigate this ever-changing
landscape, collaboration between healthcare professionals, researchers, educators, and
technology developers remains crucial. By staying informed and embracing innovation,
the medical community can continue to refine and optimize CPR protocols, ultimately
improving outcomes for individuals facing cardiac arrest. This Special Issue highlights
many aspects of many areas of resuscitation (from preclinical to post-resuscitation) over
a wide age range (from neonates to adults) in many different types of studies (from
retrospective to prospective studies, and from original research to review papers and
meta-analyses). In conclusion, the diverse array of topics covered in this Special Issue
underscores the multifaceted nature of cardiopulmonary resuscitation, emphasizing
the ongoing pursuit of excellence in saving lives across various age groups and clinical
scenarios. We extend our gratitude to all contributors for their invaluable insights, and
we look forward to the ongoing collaboration and innovation that will further advance
the field of resuscitation medicine.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Background: Although there have been no reported cardiac arrests in space to date, the risk
of severe medical events occurring during long-duration spaceflights is a major concern. These critical
events can endanger both the crew as well as the mission and include cardiac arrest, which would
require cardiopulmonary resuscitation (CPR). Thus far, five methods to perform CPR in microgravity
have been proposed. However, each method seems insufficient to some extent and not applicable
at all locations in a spacecraft. The aim of the present study is to describe and gather data for two
new CPR methods in microgravity. Materials and Methods: A randomized, controlled trial (RCT)
compared two new methods for CPR in a free-floating underwater setting. Paramedics performed
chest compressions on a manikin (Ambu Man, Ambu, Germany) using two new methods for a free-
floating position in a parallel-group design. The first method (Schmitz–Hinkelbein method) is similar
to conventional CPR on earth, with the patient in a supine position lying on the operator’s knees for
stabilization. The second method (Cologne method) is similar to the first, but chest compressions are
conducted with one elbow while the other hand stabilizes the head. The main outcome parameters
included the total number of chest compressions (n) during 1 min of CPR (compression rate), the rate
of correct chest compressions (%), and no-flow time (s). The study was registered on clinicaltrials.gov
(NCT04354883). Results: Fifteen volunteers (age 31.0 ± 8.8 years, height 180.3 ± 7.5 cm, and weight
84.1 ± 13.2 kg) participated in this study. Compared to the Cologne method, the Schmitz–Hinkelbein
method showed superiority in compression rates (100.5 ± 14.4 compressions/min), correct compres-
sion depth (65 ± 23%), and overall high rates of correct thoracic release after compression (66% high,
20% moderate, and 13% low). The Cologne method showed correct depth rates (28 ± 27%) but was
associated with a lower mean compression rate (73.9 ± 25.5/min) and with lower rates of correct
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thoracic release (20% high, 7% moderate, and 73% low). Conclusions: Both methods are feasible
without any equipment and could enable immediate CPR during cardiac arrest in microgravity, even
in a single-helper scenario. The Schmitz–Hinkelbein method appears superior and could allow the
delivery of high-quality CPR immediately after cardiac arrest with sufficient quality.

Keywords: CPR; microgravity; submerged model; spaceflight; resuscitation

1. Introduction

Space exploration and discovery will take humans far beyond low-Earth orbit (LEO).
The National Aeronautics and Space Administration (NASA) and the European Space
Agency (ESA) are preparing to send astronauts to the Moon (Artemis mission) to help
prepare humanity for its next step—sending astronauts to Mars [1]. The journey will take
up to 9 months each way causing extreme isolation and, therefore, resulting in total crew
autonomy for almost 3 years [2,3].

During both Moon and Mars missions, there will be no possibility for crews to rapidly
return to the ground in cases of an emergency; real-time assistance from Earth will be limited
or impossible due to communication delays [4,5]. Given the delay of data transmission (up
to 22 min per direction for the case of Mars), evacuation and telemedical support will not
be possible/available in cases of a severe medical emergency [4,6].

During the journey in microgravity, the human body is subject to altered physiological
conditions that are certain to significantly impact the astronaut’s health [7]. Hemody-
namic maladaptation resulting in hypotension, tachycardia, or even cardiac arrythmia
with the risk of severe cardiovascular disease seems to be prevalent after exposure to
microgravity [8,9]. Recent data also show that structural changes occur in the brain are as-
sociated with a decline in cognitive function resulting in spaceflight-associated neuro-optic
syndrome [10,11]. Moreover, in the microgravity environment, the risk of trauma-associated
injuries is significant [4,12]. Estimations from analogue populations suggest that one major
medical event could occur for every 900-day mission [13]. Although no cardiac arrests
have been reported to date, the theoretical risk of a dangerous cardiac or neurological event
occurring in microgravity remains, even if it is low due to stringent screening and extensive
training of astronauts. The risk of acute and life-threatening conditions also increases with
mission duration and remoteness from Earth [4].

The European Resuscitation Council (ERC) basic life support guidelines highlight
that cardiac arrest without immediate compensation with chest compressions will result
in irreversible cerebral damage [14]. Current guidelines recommend a compression rate
of 100–120/min with a compression depth of a minimum of 50 to a maximum 60 mm.
Moreover, recently published guidelines on CPR in microgravity follow mainly ERC recom-
mendations for CPR [15]. In recent years, research has been undertaken to develop methods
of CPR in microgravity; thus far, five different methods have been described [2,6,16].

Regarding CPR quality, the Handstand method seems to be the most effective with
respect to treating cardiac arrest, but with the major limitation that it needs a diameter
between the operator and the compartment [2,6,16]. If the Handstand method is unapplica-
ble in some scenarios, the Evetts–Russomano method is an acceptable alternative because
CPR quality appears to be only slightly lower [16]. However, regardless of the method
used, CPR quality in (simulated) microgravity is worse in comparison to ground-based
CPR. Therefore, there is a need to develop new CPR methods.

The aim of the present study is to describe two new methods for CPR in microgravity
and to analyze and compare the quality of CPR achieved.

2. Materials and Methods

We conducted a randomized parallel group trial (RCT) comparing two new methods
for CPR in a free-floating underwater setting. Both methods require the operator to stabilize
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the patient on his/her thighs and deliver chest compressions using both arms in the first
method (Schmitz–Hinkelbein method, SHM, Figure 1), or using one elbow in the Cologne
method (CM, Figure 2).

  
(a) (b) 

Figure 1. Graphic example (a) and execution in our submerged setting (b) of the Schmitz–Hinkelbein
method (Graphic: Medizinfoto Köln, Photo: Jan Schmitz).

 
 

(a) (b) 

Figure 2. Graphic example (a) and execution in our submerged setting (b) of the Cologne method
(Graphic: Medizinfoto Köln, Photo: Jan Schmitz).

2.1. Subjects

The participants were trained paramedics holding a valid diving certificate. The
criteria for inclusion were EMT with valid diving certificates (SSI—Open Water Diver
(OWD); CMAS *; PADI Open Water Diver; ISO 24801-2 (Autonomous Diver); or NAUI
Scuba Diver) or equivalent licenses. The criteria for exclusion were any acute or chronic
ear, nose, or throat disease. Figure 3 shows the enrollment process.
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Figure 3. CONSORT flow diagram. SHM: Schmitz–Hinkelbein method; CM: Cologne method.

Written informed consent was obtained from all subjects before completing a short
questionnaire to gather information about the participant’s level of experience as an EMT
and with CPR, as well as their total number of dives. Moreover, current health status was
checked for acute or chronic ENT diseases.

2.2. Setting

All participants tested both CPR methods during a single dive. Chest compressions
were performed using a full-body manikin (AmbuMan® Airway Wireless, Ambu Ltd., Bad
Nauheim, Germany). The manikin was submerged and counterbalanced in a free-floating
position approximately 1.5 m above the bottom of the pool (Figure 4). One dive instructor
as well as one additional diver accompanied the trial: the first one to monitor the setting in
case of emergency and to measure time, and the other to record the mechanical monitoring
instrument showing the effectiveness of resuscitations.
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Figure 4. Submerged setting with manikin in free-floating position (Photo: J. Schmitz).

2.3. Randomisation

The method order was randomized with a coin toss prior to each dive.

(1) Schmitz–Hinkelbein method

In the first method (Schmitz–Hinkelbein method, SHM), the patient is in a supine
position on the performer’s knees for stabilization, similar to the CPR method performed
on Earth. It is important that the rescuer flexes his/her hips properly to provide a stable
base under the patient. Chest compressions are conducted using both hands according to
CPR guidelines for normogravity (Figure 1).

(2) Cologne method

The second method (Cologne method, CM) is similar to the first, but chest compres-
sions are conducted with the elbow. The free arm of the rescuer can be used to stabilize the
patient (Figure 2).

2.4. Data Collection

Participants were asked to perform external chest compressions for at least 60 s for each
method. The additional diver provided a hand signal to the operator to begin compressions
and also timed the attempts. The sequence to perform each method was determined by
an additional diver by flipping a coin prior to the dive and signaling the result by a hand
signal while diving.

2.5. Video Analysis

As a consequence of the submerged model, technical evaluation of CPR parameters by
software was not possible. Video clips of at least 60 s per method were recorded (using the
manual compression screen on the manikin) with a GoPro® HERO4 (GoPro Inc., San Mateo,
CA, USA) in a water-resistant case. All investigators were experienced in the performance
of CPR and had undertaken preliminary training on a manikin during ground-based train-
ing/trials. In total, 30 videoclips were recorded (15 for each method). Recorded videoclips
were screened and analyzed by two experienced emergency physicians independently.
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2.6. The Primary Endpoint Was as Follows:

• Compression rate (defined as compression of the thorax) (per min).

2.7. The Secondary Endpoints Were as Follows:

• Number of chest compressions (n);
• Correct depth (defined as min. 50 to max. 60 mm of depth) (mm);
• Number of periods with no chest compression above 2 s (no-flow time) (n);
• Correct thoracic release between compressions (high = more than 66%; moderate = 33–65%;

low = 0–32% of number of chest compressions with release of more than 4 cm according
to indicator on manikin).

Data of primary and secondary endpoints were assessed and recorded independently.
In cases of discrepancy, a third physician was consulted and majority counts were used.

2.8. Statistics

Case number determination (Cohen’s d > 0.8, alpha 0.05 and statistical power 0.8)
revealed a required number of participants of fifteen for each method. For statistical
analyses, data were processed with Excel for Mac 16.32 (Microsoft©, Redmond, WC,
USA). Data were checked for normal distribution with the Kolmogoroff–Smirnov test,
and differences were tested with an unpaired t-test. Results were considered significant
if p < 0.05. All findings are presented as means ± standard deviations (p-value) if not
stated otherwise.

2.9. Ethics and Registration

This study was registered on ClinicalTrials.gov (NCT04354883, 21 April 2020) and
authorized by the ethical committee of the University Hospital of Cologne (19-1069_1, date:
1 April 2019).

3. Results

3.1. Subjects

Demographic parameters for female (n = 5) and male (n = 10) paramedics differed
significantly for weight (63.3 ± 6.5 kg (mean BMI: 21.7) vs. 84.5 ± 14.1 kg (mean BMI: 26.1);
p < 0.001) and age (22 ± 2 years vs. 32 ± 9 years; p < 0.001) but not for height (female,
170.7 ± 6.7 cm vs. male, 180.1 ± 8.9 cm; p < 0.001). All subjects held a valid diving license
(OWD: 25%, CMAS *: 15%, CMAS **: 10%, and other: 50%).

3.2. Compression Rate

Fifteen participants conducted the Schmitz–Hinkelbein method (SHM). The aver-
age compression rate was 111.1 ± 6.3/min. The correct compression rate, defined as
100–120 compressions min−1, was achieved 90 ± 11% of the time.

Fifteen participants conducted the Cologne method (CM) with an average compression
rate of 102 ± 8.3/min chest compressions per minute, and the expected compression rate
was achieved 72 ± 23% of the time.

3.3. Chest Compression Depth

The expected 50–60 mm of chest compression depth was achieved 65 ± 23% of the
time and 28 ± 27% of the time when performing SHM and CM, respectively.

3.4. Period of No Chest Compression >2 s (No-Flow Time)

Among the fifteen providers, a total of 6 and 4 periods of no-flow time were
recorded, respectively.
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3.5. Correct Thoracic Release between Compressions

For SHM, ten participants (66.6%) achieved a high rate of correct thoracic release, three
participants (20%) showed a moderate rate of correct thoracic release, and two participants
(13.3%) showed a low rate of correct thoracic release.

In performing CM, three participants (20%) showed a high rate of correct thoracic
release, one participant (6.7%) showed a moderate rate of correct thoracic release, and
eleven participants (73.7%) showed a low rate of correct thoracic release.

4. Discussion

The Schmitz–Hinkelbein method showed overall superior results for compression rate
and compression depth associated with low rates of no-flow time and high rates of correct
thoracic release in comparison to the second new method (CM).

4.1. General Considerations

The average compression rate for SHM was 111.1 ± 6.3 with a correct compression
rate achieved 90 ± 11% of the time and fulfilled latest criteria for CPR-compression rate on
Earth (100–120 compressions per minute) [14]. The average compression rate of the second
new method was 102 ± 8 with a correct compression rate of 72 ± 23%, which was quite
low and did not reach criteria for CPR in normogravity [14].

In recent studies, the Handstand method (HS) proved to deliver the most effective
chest compressions with regards to the 2021 ERC guidelines [14]. The recently published
international guidelines for CPR in microgravity [15] recommend the ER method as the
primary method for basic life support in microgravity because of its advantages in feasibility
and independence of cabin diameter. Normally, emergency equipment is stored near the
Crew Medical Restraint System; thus, transport of a patient undergoing CPR is possible.

Moreover, our two new methods for CPR can be applied as first-approach methods,
enabling transport of the patient to the Crew Medical Restraint System (CMRS).

As soon as the patient has been restrained on the CMRS, HS should be applied if
not limited by the dimensions of the spacecraft and provider height because it yields the
best-quality manual chest compressions in microgravity thus far [17].

The feasibility of a CPR method (in space) is a fundamental component of the health
system (crew). Although recent data show that, throughout Europe, there are important
differences in Emergency Medical Service systems [18], it is well established that an early
start on chest compressions (as soon as possible) is vitally important after cardiac arrest
and is correlated with a higher probability of survival [10,19]. As a first approach, HS, ER,
and RBH are independent of any resources (and initially superior to those methods that
require the patient to be restrained). Our new methods also do not require equipment.
After starting CPR in space, the patient should be restrained as soon as possible because
of its substantial benefits. Taking into account the transport of the patient to locations of
both medical equipment and the CMRS, as well as the time required to restrain the patient,
SHM could theoretically produce the best outcome [20].

Most current methods require equipment or methods of securing the patient and/or
rescuer in order to begin CPR in the event of cardiac arrests. These methods need time to be
implemented and will not be feasible in all future space vehicles because of differences in
spacecraft diameter and availability of equipment. Methods for CPR have to be universally
usable independent of room size or available equipment (e.g., patient restraining system), or
should at least be able to guarantee high-quality CPR until needed equipment is retrieved.

The advantages of the two new methods are mainly the usability for initial CPR as
single-helper or two-helper methods, and as reliable methods for ensuring high-quality
chest compressions that could increase the probability of surviving cardiac arrest [16].

A major limitation is always a lack of post-resuscitation care after cardiac arrest in
space. A recent study showed data of an automatic external chest compression device
(ACCD) evaluated during a parabolic flight in 2021. Although transportation costs will be
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extremely high for ACCD, the use of an ACCD allows continuous delivery of high-quality
CC in microgravity and hypergravity conditions [17].

4.2. Number of Chest Compressions and Compression Rate

In order to maintain adequate cardiac output, the compression rate (CR) is crucial [17].
In comparison, the HS method achieved the highest average rate (115.4 ± 12.1/min).
Almost every performed method met the minimum requirement in terms of compression
rate: ER (104.6 ± 6.0/min), STD (100.0 ± 3.0/min), and SM (102.6 ± 12.1/min) [21]. Only
the RBH method did not meet the required criteria (94.7 ± 5.4/min) according to universal
CPR guidelines [18].

Our first evaluated method achieved an average rate (100.5 ± 14.4/min) and our
second method did not meet the required criteria (73.9 ± 25.5/min). Thus, compression
rates showed significant differences (p < 0.001) between these two methods in our study,
and only SHM met required criteria according to universal CPR guidelines [18].

4.3. Compression Depth

Prior data showed that the HS method was, in terms of compression depth, supe-
rior (44.9 ± 3.3 mm) [22]. Furthermore, the RBH (39.8 ± 6.3 mm) [22] and ER methods
(35.6 ± 6.7 mm) [18] showed good results. Similarly to CPR in normogravity, with the
operator kneeling next to the patient, both conventional methods STD (19.8 ± 11.2 mm)
and SM (30.7 ± 11.9 mm) showed insufficient chest compressions. Table 1 summarizes
the mathematical estimation parameters of known CPR methods with the new methods
evaluated in our study.

Table 1. Number of chest compression and depth rates of known methods [16] and evaluated
methods in this study.

Method
Number of Chest

Compressions (/min)
Correct Compression Depth

(50–60 mm)

New Methods

Schmitz–Hinkelbein method 100.5 ± 14.4 0.65 ± 0.23

Cologne method 73.9 ± 25.5 0.28 ± 0.27

Existing Methods

Handstand method 115.4 ± 12.1 0.91 ± 0.07

Evetts–Russomano method 104.6 ± 5.4 0.74 ± 0.1

Reverse bear hug method 94.7 ± 5.4 0.82 ± 0.13

Side straddle method 100.0 ± 3.0 0.50 ± 0.28

Our two evaluated methods, both with a rescuer in a kneeling position next to the
patient, showed improved depth rates. The first method (SHM) showed that almost two
of three chest compressions (65 ± 23%; median 70%) had correct depths (50–60 mm).
The second method showed worse depth rates with only one of four chest compressions
(28.0 ± 2.7%; median 22%) with correct depth rates. The depth of chest compressions
showed significant differences (p < 0.001) between these two methods in our study.

4.4. Limitations

Although compression rates primarily depend on which CPR method is used, com-
pression depth depends not only on the method but also on the manikin used, the per-
formers’ demographics, and the method of simulated microgravity. Although data for
gender differences were found to be not significant [23], different types of manikins with
variable resistance may affect results in compression depth and correct thoracic release.
To what extent the differently used manikin types could influence the quality of CPR is
still unknown.
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The resistance of water might have also influenced compression rates, because the
second method was the only method that did not meet criteria for correct compression rate.
Moreover, the impact of environment on physical strain may complicate comparability
of different CPR methods for resuscitation in space, as recent data showed a significant
reduction in quality of resuscitation during an alpine rescue mission scenario at high
altitudes due to physical strength [24].

The ERC recommends a cycle of 2 min of continuous chest compressions [14]. As
parabolic flight can only enable a cycle of up to 22 s, we found that a cycle of one minute can
conclude data of endpoints as, i.e., criteria of chest compressions is counted on a per-minute
basis. Exhaustion may increase with longer cycles of chest compressions.

There are different methods to simulate microgravity on earth. Some studies used a
body suspension device (BSD) [21], which was developed by the John Ernsting Aerospace
Physiology Laboratory, Microgravity Centre, Pontifical Catholic University of Rio Grande
do Sul. In contrast to parabolic flights [22] with limited study time (max. 22 s per parabola),
longer periods of continuous chest compressions are possible with a BSD. Due to the fact
that some studies used parabolic flights to simulate microgravity, data for prolonged CPR
can only be compared conditionally [25]. Moreover, there are no data concerning the
exhaustion of the operator after more than 3 min of CPR in a microgravity environment.

Moreover, the height of the performers seems to influence the quality of chest com-
pressions, as one recent study showed in a normogravity setting [26].

The relative success of the first CPR method (SHM) examined in this study suggests
that it may be more appropriate than procedures currently known for CPR in space.
Therefore, further empirical examination, such as evaluation of the first and second methods
with electronic data collection during parabolic flights, should be of future interest.

5. Conclusions

Thus far, five different methods for CPR in microgravity have been described [17].
Regarding compression depth, no method achieved the requirements of the current guide-
lines [14]. The Schmitz–Hinkelbein method showed sufficient compression rate and depth
and seemed promising, but it needs evaluation in an authentic microgravity setting, such
as during a parabolic flight. In order to provide high-quality CPR in space, a combination
of different methods can be applied. The first new method (SHM) evaluated in this study
seems to have some advantages and can be applied as a first-approach method since chest
compressions can be conducted immediately without any equipment. Moreover, the perfor-
mance of this method can be practiced prior to space missions and is similar to performing
CPR on Earth.
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Abbreviations

BSD Body Suspension Device
CMAS Confederation Mondiale des Activites Subaquatiques
CM Cologne method
CMO Crew Medical Officer
CMRS Crew Medical Restraint System
CPR Cardiopulmonary Resuscitation
CD Compression Depth
CR Compression Rate
ER Evetts–Russomano method
ESA European Space Agency
ETI Endotracheal Intubation
GA General anesthesia
HS Handstand method
ISS International Space Station
LEO Low-earth Orbit
NASA National Aeronautics and Space Administration
PADI Professional Association of Diving Instructors
OWD Open Water Diver
RBH Reverse bear hug method
RCT Randomized Controlled Trial
SHM Schmitz–Hinkelbein method
SSI Scuba Schools International
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Abstract: Background: Targeted temperature management (TTM) is considered standard therapy
for patients after out-of-hospital cardiac arrest (OHCA), cardiopulmonary resuscitation (CPR), and
return of spontaneous circulation (ROSC). To date, valid protein markers do not exist to prognosticate
survivors and non-survivors before the end of TTM. The aim of this study is to identify specific protein
patterns/arrays, which are useful for prediction in the very early phase after ROSC. Material and
Methods: A total of 20 adult patients with ROSC (19 male, 1 female; 69.9 ± 9.5 years) were included
and dichotomized in two groups (survivors and non-survivors at day 30). Serum samples were drawn
at day 1 after ROSC (during TTM). Three panels (organ failure, metabolic, neurology, inflammation;
OLINK, Uppsala, Sweden) were utilised. A total of four proteins were found to be differentially
regulated (>2- or <−0.5-fold decrease; t-test). Bioinformatic platforms were utilised to analyse
pathways and identify signalling cascades and to screen for potential biomarkers. Results: A total of
276 proteins were analysed and revealed only 11 statistically significant protein alterations (Siglec-9,
LAYN, SKR3, JAM-B, N2DL-2, TNF-B, BAMBI, NUCB2, STX8, PTK7, and PVLAB). Following the
Bonferroni correction, no proteins were found to be regulated as statistically significant. Concerning
the protein fold change for clinical significance, four proteins (IL-1 alpha, N-CDase, IL5, CRH) were
found to be regulated in a clinically relevant context. Conclusions: Early analysis at 1 day after ROSC
was not sufficiently possible during TTM to prognosticate survival or non-survival after OHCA.
Future studies should evaluate protein expression later in the course after ROSC to identify promising
protein candidates.

Keywords: proteomics; CPR; protein expression; targeted temperature management; ROSC
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1. Introduction

Sudden cardiac arrest is a sword of Damocles causing around 20% of all deaths [1]
in the world. Additionally, each year, 375,000 people in Europe [2] require immediate
cardiopulmonary resuscitation (CPR) after out-of-hospital cardiac arrest (OHCA). Targeted
temperature management (TTM) is considered as a grade IB recommendation [3] since
2010, as it improves mortality and the neurological outcomes significantly after the return
of spontaneous circulation (ROSC). The case-fatality rate for patients after ROSC is still
very high, arriving at a rate of around 71.5% after 1 year [4].

In this context, prognostication and predicting the outcome is of cardinal importance
since brain injury is the determinant of morbidity and mortality in these patients [5].
According to the 2015 ERC guidelines [6], the earliest time to predict a poor neurological
outcome using clinical examination in comatose patients is 72 h after cardiac arrest or 72 h
after the restoration of normothermia in patients treated with TTM.

The majority of mortality after ROSC is due to hypoxic–ischemic brain injury (HIBI) [7].
In addition, a good prognostication is essential to minimise a falsely pessimistic prediction
in comatose patients [8]. To date, multiple prognostic tests were evaluated for neurological
prognostication [5], such as cranial computer tomography (CCT), detailed clinical neuro-
logical assessment, electroencephalography (EEG), and measurement of somatosensory-
evocable potentials (SEPs). Nonetheless, these are not always accurate predictors for the
neurological outcome and specifically for survival for several reasons, such as the sedation
for induction. In addition, the maintenance of TTM decreases the validity of prognostica-
tion [7]. Enolase-2 (NSE) or S-100B serum markers are other possible methods. However,
these markers alone do not provide a valid prognostication of the clinical outcome since
they are influenced by multiple factors [9]. Ulterior limitations are based on the fact that
prognostication cannot be made prior to the return of normothermia [6]. Additionally,
to date, other reliable single-protein markers do not exist to prognosticate survivors and
non-survivors prior to the end of TTM. However, the current guidelines recommend a
multimodal strategy for prognostication.

In this prospective cohort study, serum proteins of survivors and non-survivors of
OHCA are analysed by both proteomic and bioinformatic methods to identify proteins of
interest, which could allow for prognostication if used in an array or as a set of proteins.
This study aims to investigate the proteome in the context of TTM after cardiac arrest and
to identify specific protein patterns that are employable in prognostication, which could be
useful as a complete set for estimating survival.

2. Material and Methods

The main goal of this study was to identify protein markers that are useful for clinical
outcome prediction in the early phase of treatment (i.e., 24 h after ROSC and during TTM)
in patients after CPR and ROSC.

2.1. Study Design

This prospective observational study included 20 patients with cardiac causes, resusci-
tated from a non-traumatic, non-hypoxic-related, out-of-hospital cardiac arrest (OHCA),
and treated with TTM, according to the standard protocol of the hospital for at least 24 h.

2.2. Patients

Adult patients, admitted for an OHCA after CPR, ROSC, and TTM were included in
the study. Patients presenting hypoxia-related, traumatic or other causes were excluded
from the study.

2.3. Sample Collection

In all patients, blood was drawn on day 0 (i.e., the day of CPR in the emergency
department or ICU after arrival) and day 1 (i.e., after 24 h and during TTM). If no blood
sample was available for one of both days, patients were excluded from the analysis
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(Figure 1). Patients that are not eligible for TTM were also excluded from the study.
Survivors and non-survivors were dichotomized on the 30th day after CPR to allocate
patients to the two compared groups: Survivors vs. non-survivors.

Figure 1. CONSORT flow chart for patients included and excluded in the study. Surviving and
diseased patients (n = 10) were analysed.

For all (n = 20) patients, demographic and clinical variables were collected from the
electronic files of the patients via the ORBIS software (AGFA HealthCare, Bonn, Germany).
Blood samples were collected daily at the same time from an arterial line into serum tubes.
After the acquisition, the serum was centrifuged at 5000× g for 5 min and stored at −80 ◦C
until proteomic analysis at the end of the study.

2.4. TTM Therapy

In clinical routine, the ERC guideline recommendations [10] for the treatment of
cardiac arrest and post-cardiac arrest care management were utilised. Briefly, patients
were treated with TTM for 24 h, according to our standard operating procedure (SOP). The
emergency medical service initiated peripheral cooling with ice packs to the femoral and/or
neck area in patients with OHCA. The controlled cooling to a target temperature of 32–
34 ◦C was continued in the intensive care unit (ICU) using an endovascular cooling device
(Thermogard XP® catheter, Zoll Medical Corp., Chelmsford, MA, USA) and maintained
for 24 h. TTM was terminated by rewarming through the same endovascular device at a
controlled rate of 0.3 ◦C/h until the physiologic body temperature of 36.5 ◦C was reached.
This temperature was maintained for further 48 h. The basic metabolic panel, magnesium,
phosphorus, ionized calcium, CBC with differential, and PT/PTT were monitored every
6 h during the clinical routine.

2.5. Proteomic Analysis

The concept of proteomic and biostatistical analysis of proteins is defined as the
separation, identification, and quantification of the entire protein of a cell, organism or
tissue under specific conditions. Cardiac arrest leads to a critical whole body ischemia and
in the case of ROSC, additional damage occurs during and after reperfusion. The so-called

19



J. Clin. Med. 2022, 11, 996

Post-Cardiac Arrest Syndrome is a combination of pathophysiological processes, which is
associated with post-cardiac arrest brain injury, post-cardiac arrest myocardial dysfunction,
and systemic ischemia/reperfusion response. To improve the complex interaction between
the different organ systems, we decided to choose the following panels: Inflammation
panel, organ damage panel, and neurology panel.

In summary, as a first step, statistically significantly regulated proteins were identi-
fied by OLINK and analysed by bioinformatic network analyses (GeneMania®, Toronto,
ON, Canada; http://www.genemania.org, accessed on 14 December 2021). Thereafter,
these statistically significant proteins were grouped using a hierarchical cluster analysis
(Perseus®, Martinsried, Germany). As a third step, proteins of similarly early upregulated
clusters underwent further network analysis to evaluate possible corresponding proteins
or functions. This approach, related to pooled proteomic data, is described in detail below.

2.6. Sample Preparation

The collected and stored serum samples were sent to OLINK (Analysis Service, Up-
psala, Sweden) on dry ice for further proteomic analysis to allow for the high-quality
and blinded proteomic analysis by a certified laboratory. The preparation was conducted
according to their quality-checked protocol (ISO/IEC 17025:2005). Four internal controls
were added to each sample to monitor the quality of the assay performance, as well as
the quality of individual samples. The quality control (QC) is performed in two steps:
Evaluation of each sample plate, based on the standard deviation of the internal controls,
and the median value of the controls. Ninety percent of the samples passed for the OLINK
inflammation panel, 95% for the neurology panel, and 100% for the organ damage panel.

2.7. OLINK Panels

Three OLINK panels were used for the analysis: Inflammation panel, organ damage
panel, and neurology panel. For each protein, a unique pair of oligonucleotide-labelled
antibody probes binds to the targeted protein, and if the two probes are close, a new PCR
target sequence is formed by a proximity-dependent DNA polymerization event. The
resulting sequence is subsequently detected and quantified using the standard real-time
PCR. Then, the data are normalized and transformed using internal extension controls and
inter-plate controls, to adjust for intra- and inter-run variation. The final assay read-out is
given in normalized protein expression (NPX), which is an arbitrary unit on a log2 scale
where a high value corresponds to the higher protein expression. Each proximity extension
assay (PEA) measurement has a lower detection limit (LOD) calculated based on negative
controls that are included in each run, and measurements below LOD were removed
from further analysis. All of the assay characteristics, including detection limits and
measurements of assay performance and validations, are available from the manufacturer’s
webpage (http://www.olink.com, accessed on 14 December 2021). The analyses were
based on 1 μL of serum for each panel of 92 assays [11]:

• The inflammation panel covers a wide range of inflammation-related protein biomark-
ers, which enables the analysis of 92 biomarkers through a multiplex immunoassay.
The panel is assembled to detect an assortment of traditional, as well as exploratory,
biomarkers within the inflammation research field.

• The organ damage panel investigates 92 biomarkers from 1 μL of the biological sample.
It provides the optimal dynamic range and focuses on proteins that are relevant
for processes involved in the biological response to organ damage. The proteins
analysed in this panel are important in processes of response to stress, regulation of
cell proliferation, cell cycle, and cell death/apoptosis.

• The neurology panel consists of a proximity extension assay (PEA) technology, which
tests 92 neurology-related protein biomarkers across 96 samples simultaneously with-
out compromising on data quality.
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2.8. Bioinformatic Analysis of Proteins

After the protein expression analysis by OLINK, the identified and altered proteins
were used for further bioinformatic investigations to classify underlying networks, sig-
nalling cascades, and affected pathways. Biological functions of regulated proteins were
identified using the functional network analysis.

• Heatmapper (http://www.heatmapper.ca/, accessed on 14 December 2021) is an on-
line server, which allows for the visualization of the results of gene expression profiling
and cluster analysis in the form of heat maps through a graphical interface [12]. It
allows for the accurate inspection of combinations of dataset characteristics to iden-
tify correlations and clustering results, as well as sample-related characteristics (e.g.,
survival time and gene expression levels). This approach allows for the visualization,
as well as the accurate and rapid interpretation of the data obtained by large scale
gene expression profiling [13]. By organizing complex data as matrix, the visualization
of these data is improved. Heat mapping reorders rows and columns of the dataset
to place the data with similar profiles, which are close to each other. In a second
step, ranges of similar values are assigned to specific colour codes [14]. A heat map
performs two actions on a matrix: First, it reorders the rows and columns to ensure
that rows (and columns) with similar profiles are closer to one another, causing these
profiles to be more visible. Second, each entry in the data matrix is displayed as a
colour, making it possible to view the patterns graphically [14].

• GeneMANIA (http://www.genemania.org/, accessed on 14 December 2021) is a
tool that helps in predicting the interactions and functions of a list of genes in a
network form or when feasible, in pathways [15,16]. GeneMANIA provides the
possibility of customizing the network, allowing for the choice of data sources or
highlighting specific functions, with a more comfortable graphic experience [16].
GeneMANIA knowledge is based on data from large databases, which comprehend
Gene Expression Omnibus, BioGRID, EMBL-EBI, Pfam, Ensembl, Mouse Genome
Informatics, the National Center for Biotechnology Information, InParanoid, and
Pathway Commons [15,16]. A network of interactions is created and the strength of
the interaction is weighed. In the case of no interaction, an association weight of zero
is assigned, while in the case of interaction, a positive value reflecting the strength
of the interaction and the reliability of the finding, is assigned [17]. For example, the
association of a pair of genes in a gene expression dataset is the Pearson correlation
coefficient of their expression levels across multiple conditions in an experiment. The
more the genes are co-expressed, the higher the weight they are linked by, ranging up
to 1.0, indicating a perfectly correlated expression [15].

• WebGestalt is a tool to interpret the lists of genes from large scale x-OMICS (proteomics,
genomics) studies [18]. The proteins of interest were uploaded to the tool where user
IDs are unambiguously mapped to unique Entrez gene IDs, and all of them are mapped
from a selected platform genome. Through the GoSlim classification plot, it is possible
to examine the distribution of the genes of interest across the major branches of the
gene ontology (GO) biological process, cellular component, and molecular function
ontologies [19]. Each biological process, cellular component, and molecular function
category is represented by a red, blue, and green bar, respectively.

2.9. Statistics

A p-value of < 0.05 was considered as statistically significant. For the analysis of
demographic parameters, the U-test was utilised. For the protein expression analysis
(OLINK data), the t-test was primarily utilised and supplemented with a Bonferroni
correction to avoid the type I error due to multiple testing (n = 276 tests). In addition to
statistical significance, the fold changes (FC) in protein regulation were analysed to address
clinical relevance. Proteins with a fold change ≥2.0 and ≤−0.5 were considered clinically
relevant and utilised for a second analysis approach.
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The patients’ sample size was calculated using the t-test. From a preliminary set of
patients and protein changes, as well as the assumption of an alpha error of 5% and a
beta-error of 80%, adult patients (n = 20) were considered sufficient for the analysis.

2.10. Ethical Registration

This prospective observational cohort study was approved by the Ethics Committee of
the University of Cologne, Faculty of Medicine, Cologne, Germany (No. 14-053) and was
registered with ClinicalTrials.gov (Identifier: NCT02247947).

3. Results

A total number of patients (n = 20) were included in this study (Figure 1). The mean
patient age was 69.9 ± 9.5 years (survivors: 60.9 ± 3.8 years; deceased: 69.2 ± 12.2 years;
each, n = 10; p = 0.697; Table 1). All of the studied patients had a cardiac cause, which
primarily led to cardiac arrest.

Table 1. Demographics table reporting on the different analysed variables. All of the parameters are
given as means +/−SD. For the analysis of demographic parameters, the U-test was utilised.

Total Survived Dead p-Value

Number of patients n = 20 n = 10 n =10

Age 69.9 (9.5) 70.8 (3.8) 69.2 (12.3) 0.697

Gender <0.001
Female 1 (5%) 0 (0%) 1 (10%)
Male 19 (95%) 10 (100%) 9 (90%)

Cause of cardiac arrest
Myocardial infarction–no. (%) 14 (70) 8 (80) 6 (60) 0.620
Primary arrhythmia–no. (%) 6 (30) 2 (20) 4 (40) 0.620

Cardiac arrest characteristics
No-flow time (min) 4.2 ± 2.9 3.0 ± 1.7 5.4 ± 3.6 0.030
Witnessed arrest by bystander–no. (%) 14 (70) 9 (90) 5 (50) 0.140
BLS provided by bystander–no. (%) 15 (75) 8 (80) 7 (70) 0.990
Dose of epinephrine during CPR (mg) 5.5 ± 4.2 4.8 ± 4.1 6.0 ± 4.2 0.060
Number of shocks 5.0 ± 4.2 4.7 ± 4.1 5.3 ± 4.3 0.730
Time to ROSC (min) 17 ± 11 15 ± 12 23 ± 15 0.080

ICU treatment
Period of ICU hospitalization (days) 12 ± 12 14 ± 9 7 ± 6 0.04
Ventilation time (days) 11 ± 10 10 ± 12 7 ± 5 0.07

3.1. Proteomic Analysis

A total of 276 proteins were analysed with the three OLINK arrays and revealed
11 statistically significant protein alterations (neurology panel: n = 5 (proteins, Siglec-
9, LAYN, SKR3, JAM-B, N2DL-2); inflammation panel: n = 1 (TNF-B); organ damage
panel: n = 5 (BAMBI, NUCB2, STX8, PTK7, PVLAB)). After the application of Bonferroni
correction, no proteins were found to be regulated as statistically significant. Concerning
the protein fold change for clinical significance, a total of four proteins (IL-1 alpha, n-CDase,
IL5, CRH) were found to be regulated with a fold change ≥2.0 or ≤−0.5.

3.2. Bioinformatic Analysis

Bioinformatic analysis was conducted on both groups of proteins with a significant
t-test (prior to the Bonferroni correction) and to the group of proteins with a significant
fold change.

Heat map analysis for the four clinically relevant proteins in survivors and non-
survivors showed no difference in clustering (Figure 2A,B). IL1A was downregulated, and
CRH, IL5, and n-CDAS were upregulated in both groups. Concerning the analysis of the
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11 statically significant proteins, clustering for regulation was different for the proteins
in surviving and non-surviving patients (Figure 2C,D). Solely clustering of TNF-B was
different between both groups and was allocated to another cluster.

Figure 2. (A–D) Heat map of IL1A, ASAH2, IL5, and CRH ((A): Surviving patients; (B): Non-
surviving patients) and TNF-B, Siglec-9, LAYN, SKR3, JAM-B, N2DL-2, BAMBI, NUCB2, STX8, PTK7,
and PVALB ((C): Surviving patients; (D): Non-surviving patients) proteins in correlation with the
survival and dead groups. The 11 proteins in the middle were found in the present study. Circulated
proteins were identified as linked to the proteins of the present study, which is shown by the red lines.

From WebGestalt, all four proteins with >2/<−0.5-fold changes were shown to be
involved in metabolic processes, response to stimuli, and cell communication (biological
process category) (Figure 3). Three proteins were involved in extracellular space (cellular
component category) and protein binding (molecular function category). The GeneMania
software was utilized to examine the network and correlating proteins for each group.

Interleukin-1-alpha (IL1A), n-acylsphingosine amidohydrolase-2 (ASAH2), corticotropin-
releasing hormone (CRH), and interleukin-5 (IL5) showed physical interactions with interleukin-
1 receptor type 2 (IL1R2), interleukin-5 receptor subunit alpha (IL5RA), corticotropin-releasing
hormone receptor-1 (CRHR1), corticotropin-releasing hormone receptor-2 (CRHR2), and other
proteins (Figure 4A). Additionally, the pathway interaction of these proteins was studied. IL1A
and IL5, in their pathways, present several important proteins, such as IL1R2, IL5RA,
interleukin-1 receptor-associated kinase 4 (IRAK4), and cytokine receptor common subunit
beta (CSF2RB) (Figure 4B).
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Figure 3. GOslim summary for the biological process, cellular component, and molecular function
category for IL1A, ASAH2, IL5, and CRH proteins. Each of the functions is represented by a red, blue,
and green bar, respectively.

Figure 4. (A,B) Physical interaction table of IL1A, ASAH2, IL5, and CRH proteins. This figure shows
the connection between the proteins found in the present analysis (within the circle) and the linked
proteins as identified by GeneMania. The four proteins in the centre were found in the present study.
All of the other encircled proteins in the periphery linked with red lines to the central proteins are the
ones with a relevant physical interaction with the latter.

After the bioinformatic analysis, the 11 proteins that were found as statistically signifi-
cant (t-test) had pathway interactions only with a few proteins, such as activin receptor
type-1B (ACVR1B), junctional adhesion molecule 3 (JAM3), vesicle transport through in-
teraction with T-SNAREs 1A and IB (VTI1A VTI1B), and inhibin subunit beta A (INHBA)
(Figure 5A). The physical interactions of these genes included links with proteins, such as
uromodulin (UMOD), phosphatidylinositol glycan anchor biosynthesis class K LTB (PIGK),
SRY-box transcription factor 30 (SOX30), etc. (Figure 5B).
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Figure 5. (A) shows the physical interaction table for TNF-B, Siglec-9, LAYN, SKR3, JAM-B, N2DL-2,
BAMBI, NUCB2, STX8, PTK7, and PVALB. This figure shows the connection between the proteins
found in the present analysis (within the circle) and the linked proteins as identified by GeneMania.
The 11 central proteins were identified in the present study. All of the other encircled proteins in
the periphery linked with blue lines to the central proteins are the ones with a relevant physical
interaction with the latter. Interaction of proteins is visualized by blue lines. (B) shows pathway
interactions for TNF-B, Siglec-9, LAYN, SKR3, JAM-B, N2DL-2, BAMBI, NUCB2, STX8, PTK7, and
PVALB. The 11 proteins in the middle were found in the present study. The circulated proteins were
identified as linked to the proteins of the present study, which is shown by the red lines.

4. Discussion

The aim of the present study was to identify protein biomarkers to facilitate the prog-
nostication for survival in OHCA patients after CPR, ROSC, and TTM. Of the 276 proteins
analysed from the three OLINK panels, four showed a clinically relevant regulation and
11 proteins showed statistical significance. However, after Bonferroni correction, the statisti-
cal significance was no longer demonstrated. Bioinformatic analysis revealed the pathways
involved and the related proteins which were significantly altered.

4.1. Patient Population

For the present study, the patient group was dichotomized into surviving and non-
surviving patients for the investigation of specific protein regulation patterns in each
respective group. Since survival is most often used as a hard outcome parameter after
CPR [20,21], it was chosen to separate the patient groups.

Concerning the demographic parameters of the patients, the ages of the patients were
comparable between the survivors and non-survivors (70.8 vs. 69.2 years) and the mean age
(69.9 years) is comparable to the age of patients that are presented in other papers regarding
cardiac arrest and CPR [22,23]. In the present study, at least the age of the patients indicates
that the patient group may be comparable to the other patients. However, the male:female
proportion (19:1) is significantly different and gender aspects seem of low relevance for this
specific aspect of protein expression. Nevertheless, the role of gender aspects seems to be
controversially discussed [24].

4.2. Protein Identification

In the present study, four vs. 11 proteins were found to have a significantly different
serum expression to discriminate survivors and non-survivors. Although significance was
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not achieved after Bonferroni correction, the proteins are of interest for a clinically relevant
approach (fold >2 and <−0.5). The aim of this study was not to find single biomarkers for
a definite answer, but a full set or array of proteins which could facilitate prognostication.

Of all the proteins found to be significantly regulated in the present study, TNFB seems
to be most promising. TNFB was significantly downregulated in the non-survivors’ group,
which could be an early indicator of low survival. However, from the cluster analysis of all
the other proteins analysed, up and downregulation was comparable on both groups.

In addition to the findings of the present study, a recent trial from Cakmak et al. [25]
found that serum copeptin levels predict ROSC and the short-term prognosis of patients
with OHCA. Therefore, the authors concluded that serum copeptin levels may serve as
a guide in diagnostic decision making to predict ROSC in patients undergoing CPR and
in determining the short-term prognosis of patients with ROSC. In this study, blood was
drawn at patient admission. However, the aim of the present study was to identify protein
alteration with a potential to predict the overall outcome after TTM, for use in a later
protein expression profile.

4.3. Biological Processes and Cascades

Concerning the biological function and the associated cascades, proteins were mainly
involved in the metabolic process and biological regulation with a protein binding function.
In addition, the proteins originated from the membrane and extracellular space. Although
this indication does not directly reveal the relevant proteins, it may give some suggestion for
identifying the important proteins in this context. Since the present study was not designed
to find these new or unknown proteins, it can provide a suggestion for which other proteins
may be interesting for analysis in future studies. Moreover, this evidence provides insight
into the function of the identified proteins in the metabolic and cellular processes, which
might be relevantly affected, and consequently require attention for treatment.

4.4. Limitations

In the present study, three different panels, with each containing 96 different proteins,
were used for the analysis. For a careful interpretation of the results, several limitations
are noteworthy. First, the approach utilised specific proteins and not a broad analysis of
potentially unknown proteins. Therefore, it was not possible to identify new biomarkers for
prognostication. Second, this can be considered only as a first pilot study for future analysis,
and only patients (n = 20) were examined. Potentially, if several hundred or thousands of
patients are analysed, additional markers could be found. This study could be a solid base
for future clinical studies, even if it has specific limitations.

5. Conclusions

The present study aimed to identify proteins associated with survival or death at day
30 after out-of-hospital cardiac arrest and ROSC. Although several proteins were identified
to reveal statistical or clinical relevance, bioinformatic analyses unveiled no promising
candidates. Therefore, early analysis at 24 h after ROSC was not sufficiently possible
during TTM to prognosticate survival or non-survival after cardiac-induced OHCA. As a
result, further studies are necessary to better evaluate protein expression after ROSC and to
identify promising protein candidates for prognostication, e.g., 6 h post-ROSC. This study
could be considered as a launching platform for future multi-centric studies.
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Abbreviations

ACVR1B Activin receptor type-1B
ASAH2 N-acylsphingosine amidohydrolase-2
BAMBI Activin membrane-bound inhibitor homolog
CCT Cranial computer tomography
CPR Cardiopulmonary resuscitation
CRH Corticotropin-releasing hormone
CRHR1 Corticotropin-releasing hormone receptor-1
CRHR2 Corticotropin-releasing hormone receptor-2
CSF2RB Cytokine receptor common subunit beta
DNA Desoxyribonucleid acid
EEG Electroencephalography
ERC European resuscitation council
FC Fold change
GO Gene ontology
HIBI Hypoxic−ischemic brain injury
ICU Intensive care unit
IL-1A Interleukin-1-alpha
IL1R2 Interleukin-1 receptor type 2
IL5 Interleukin-5
IL5RA Interleukin-5 receptor subunit alpha
INHBA Inhibin subunit beta A
IRAK4 Interleukin-1 receptor-associated kinase 4
JAM-B Junctional adhesion molecule B
JAM3 Junctional adhesion molecule 3
LAYN Layilin
LOD Lower detection limit
NPX Normalized protein expression
NSE Enolase-2
NUCB2 Nucleobindin-2
N2DL-2 NKG2D ligand-2
n-CDase Neutral ceramidase
OHCA Out-of-hospital cardiac arrest
PCR Polymerase chain reaction
PEA Proximity extension assay
PIGK Phosphatidylinositol glycan anchor biosynthesis class K LTB
PT Prothrombin time
PTK7 Tyrosin protein kinase 7
PTT Partial thromboplastin time
QC Quality control
ROSC Return of spontaneous circulation
SEP Somatosensory-evocable potentials
Siglec-9 Sialic acid-binding immunoglobulin-like lectin 9
SOP Standard operating procedure
SOX30 SRY-box transcription factor 30
STX8 Syntaxin 8
TNF-B Tumour necrosis factor
TTM Targeted temperature management
UMOD Uromodulin
VTI1A Vesicle transport through interaction with T-SNAREs 1A
VTI1B Vesicle transport through interaction with T-SNAREs 1B
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Abstract: Current guidelines for post-resuscitation care recommend regionalized care at a cardiac
arrest center (CAC). Our objectives were to evaluate the effect of direct transport to a CAC on survival
outcomes of out-of-hospital cardiac arrests (OHCAs), and to assess interaction effects between
CAC and urbanization levels. Adult EMS-treated OHCAs with presumed cardiac etiology between
2015 and 2019 were enrolled. The main exposure was the hospital where OHCA patients were
transported by EMS (CAC or non-CAC). The outcomes were good neurological recovery and survival
to discharge. Multivariable logistic regression analyses were conducted. Interaction analysis between
the urbanization level of the location of arrest (metropolitan or urban/rural area) and the exposure
variable was performed. Among the 95,931 study population, 23,292 (24.3%) OHCA patients were
transported directly to CACs. Patients in the CAC group had significantly higher likelihood of
good neurological recovery and survival to discharge than the non-CAC group (both p < 0.01, aORs
(95% CIs): 1.75 (1.63–1.89) and 1.70 (1.60–1.80), respectively). There were interaction effects between
CAC and the urbanization level for good neurological recovery and survival to discharge. Direct
transport to CAC was associated with significantly better clinical outcomes compared to non-CAC,
and the findings were strengthened in OHCAs occurring in nonmetropolitan areas.

Keywords: out-of-hospital cardiac arrest; post-resuscitation care; outcomes

1. Introduction

Out-of-hospital cardiac arrest (OHCA) is a major global health problem, with high
incidence and poor survival outcomes [1,2]. Despite extensive efforts to increase resusci-
tation and post-resuscitation care, mortality and disability rates remain high, with only
7–10% of OHCA patients surviving to discharge and only less than 5% of those patients dis-
charging with favorable neurological recovery [2,3]. The emergency medical services (EMS)
personnel are responsible for on-scene and during-transport resuscitation and transporting
of OHCA patients to the appropriate hospital for post-resuscitation care [4].

Regional systems of care involving centralization of post-resuscitation care have been
proposed to improve survival outcomes of OHCA, as OHCA is considered to be best treated
in regional hospitals with highly resource-intensive treatments such as extracorporeal mem-
brane oxygenation, percutaneous cardiac intervention (PCI), and targeted temperature
management (TTM) [5,6]. Current guidelines for post-resuscitation care recommend re-
gionalization to designated cardiac arrest centers (CAC) that can provide 24 h immediate
PCI and can provide TTM [5,7]. However, in recent systematic review and meta-analysis
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studies, it was suggested that while transporting patients directly to a CAC did associate
with improved clinical outcomes at hospital discharge, it did not improve 1-month survival
outcomes [8,9]. Sudden cardiac arrest is one of the most time-sensitive diseases, and the
increased transport time interval in bypassing the nearest hospital to reach the destination
hospital may be detrimental for some OHCA patients with specific conditions [10].

It is hypothesized that the direct transport to a CAC would improve overall survival
outcomes in OHCA patients, while that effect will vary depending on the urbanization level.
The urbanization level affects the distribution of CAC as a surrogate indicator of community,
EMS, and resources of hospital resuscitation, and is one of the potential risk factors for
survival outcomes of OHCA [11]. The objectives of this study were to evaluate effects of the
direct transport to a CAC on clinical outcomes of OHCA patients with presumed cardiac
etiology, and to assess whether the effects vary across the urbanization level of the location
where OHCA occurred.

2. Materials and Methods

2.1. Study Design and Setting

This is a cross-sectional study, using a nationwide, population-based prospective
registry of OHCAs including all patients transported by EMS in Korea.

Korea has approximately 50 million people living in 100,210 km2, and there are
17 provinces. These areas are subdivided into 229 counties for administrative purposes,
including 69 counties in metropolitan cities (median population density: 9214 persons
per km2), 78 counties in urban cities (median population density: 598 persons per km2),
and 82 counties in rural areas (median population density: 65 persons per km2) [12]. Of
the 17 provinces, 7 provinces are metropolitan cities, and 10 provinces have a mix of urban
cities and rural areas.

The EMS system of Korea is a government-based system operated by 17 provincial
headquarters of the National Fire Agency. The EMS personnel perform basic life support
on scene and during transport with advanced airway management and intravenous fluid
administration. Since declaration of death in the field is not permitted for EMS providers,
all EMS-treated OHCA victims are transported to the nearest emergency department (ED)
based on the standard operation protocol.

In Korea, there are 402 EDs that are categorized into three levels by the government
according to capacity and resources such as equipment, staffing, and size of the ED: level-1
EDs (n = 38), level-2 EDs (n = 128), and level-3 EDs (n = 236). All EDs generally perform
acute cardiac management and post-resuscitation care in accordance with international
standard guidelines such as the 2020 American Heart Association guidelines [13]. Most
of the level-1 and level-2 EDs perform post-resuscitation care such as PCI and TTM. The
Ministry of Health and Welfare has designated and operated cardiovascular disease regional
centers but has not yet designated and/or certified cardiac arrest-specific regional centers.

2.2. Data Sources

This study identified a study population using the Korean nationwide OHCA registry,
which captures all EMS-assessed OHCA patients across the country. The OHCA registry is
a prospective observational registry that was launched in 2006 through a collaboration be-
tween the National Fire Agency and the Korean centers for Disease Control and Prevention
(CDC). The registry includes ambulance run sheets, dispatch records, EMS cardiac arrest
in-depth registry, and medical record reviews. The medical record reviewers from Korea
CDC extract data regarding the etiology, hospital care, and outcomes based on the Utstein
guidelines. The project quality management committee (QMC) is composed of emergency
medicine physicians, cardiologists, epidemiologists, statistical experts, and medical record
review experts. All of the items, including definitions, inclusion and exclusion criteria,
examples, and warnings, are defined in the medical record review guidelines and were
developed by the project QMC. Explanations on nationwide OHCA registry, detailed data
collection process, and quality management protocols are reported in previous studies [14].
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2.3. Study Population

This study included all EMS-treated OHCA patients aged 18 or over with presumed
cardiac etiology between January 2015 and December 2019. Patients whose arrest occurred
in an ambulance during transport or witnessed by EMS personnel were excluded. The
cause of arrest was presumed to be cardiac if there was no evident noncardiac cause such
as asphyxia, drowning, trauma, poisoning, and burn. The cause of arrest was measured by
medical record reviewers with discharge summary abstracts or medical records written by
the inpatient care doctors, based on the Utstein guidelines [15].

2.4. Main Outcomes

The primary and secondary outcomes were good neurological recovery and survival
to discharge. Good neurological recovery was defined as cerebral performance category I
(good cerebral performance; no neurologic disability) or II (moderate cerebral disability;
able to perform daily activities independently) at time of hospital discharge.

2.5. Measurements and Variables

The main exposure of this study is the type of hospital that patients are transported to
by EMS providers, which is classified as either CAC or non-CAC. In this study, CAC was
defined as a hospital that performed both PCI and TTM at least once each year during the
study period for OHCA patients [5].

Patient arrest information, including age, sex, comorbidities (diabetes mellitus, hy-
pertension, and heart disease), urbanization level of arrest location (metropolitan or ur-
ban/rural area), and place of arrest (public or private), were collected. Prehospital EMS
information including witness status, bystander CPR, initial electrocardiogram rhythm
(shockable or non-shockable), EMS time variables (response time interval (time from the
call to ambulance arrival at the scene), scene time interval (time from ambulance arrival
to departure from the scene), and transport time interval (time from departure to hospi-
tal arrival)), multitier response, prehospital airway management, and mechanical CPR
were retrieved. Information concerning hospital outcome-related variables, including
post-resuscitation care and clinical outcomes, were also collected.

2.6. Statistical Analysis

A descriptive analysis was conducted to compare the characteristics of patients trans-
ported to CAC and non-CAC. Categorical variables were shown by counts and proportion
and tested by chi-square test. Continuous variables were shown by medians and quartiles
and tested by Wilcoxon rank-sum test, since EMS time variables have a nonparametric
distribution.

Both univariable and multivariable logistic regression analysis were performed to
estimate the effect of direct transport to CACs on study outcomes. Crude and adjusted
odds ratios (aORs) with 95% confidence intervals (CIs) were calculated. Finally, the inter-
action model between the transported hospital and urbanization level of arrest location
(metropolitan area or urban/rural area) was conducted to estimate whether the effects
of direct transport to CACs varies across urbanization levels that affect the distribution
of CAC.

A sensitivity analysis was conducted for pulseless OHCA patients who did not achieve
prehospital return of spontaneous circulation (ROSC), to examine whether the association
between direct transport to CAGs and study outcomes were maintained.

All statistical analysis was performed using SAS version 9.4 (SAS Institute Inc., Cary,
NC, USA). p < 0.05 was considered statistically significant.

2.7. Ethics Statements

This study complies with the Declaration of Helsinki. This study was approved by the
Institutional Review Board (IRB) of Seoul National University Hospital and the requirement
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for informed consent was waived due to the retrospective nature of this study (IRB No.
SNUH-1103-153-357).

3. Results

Among 139,212 EMS-treated OHCA cases that occurred within the study period,
95,931 (68.9%) met the inclusion criteria. We excluded patients who were younger than
18 years old (n = 3124), who had noncardiac etiology (n = 33,004), and those whose arrest
occurred during transport (n = 7153) (Figure 1).

Figure 1. Patient flow. EMS, emergency medical services; OHCA, out-of-hospital cardiac arrest.

3.1. Demographic Findings

The demographics of the study population according to the transported hospitals
are presented in Table 1. Of the 95,931 eligible patients, 23,292 (24.3%) and 72,639 (75.7%)
OHCA patients were transported to CAC and non-CAC hospitals, respectively. The good
neurological recovery and survival to discharge rates were 9.1% and 13.4% in the CAC
group, and 4.7% and 7.4% in the non-CAC group, respectively (both p-value < 0.01). OHCAs
in the CAC group occurred more frequently in metropolitan areas compared to the non-
CAC group (67.1% vs. 32.1%, p < 0.01), and hospital treatments including TTM, PCI, and
ECMO were also performed more frequently in the CAC group. The medians (interquartile
ranges) of EMS transport time interval from scene to hospital were 7 (5–10) min in the CAC
group and 6 (4–11) min in the non-CAC group (p < 0.01).

The demographics of OHCA patients according to the urbanization level of arrest
location are summarized in Table 2. Of the eligible patients, 38,939 (40.6%) cases of OHCA
occurred in metropolitan areas and 56,992 (59.4%) cases occurred in nonmetropolitan areas.
OHCA cases occurring in metropolitan areas were transported more frequently to a CAC
(40.1% vs. 13.5%, p < 0.01). Good neurological recovery and survival to discharge rates
were 7.0% and 10.7% in the metropolitan group, and 5.0% and 7.6% in the urban/rural
group, respectively (both p-value < 0.01).

3.2. Main Results

The results of multivariable logistic regression analyses are shown in Table 3. After
adjustments for potential confounders, patients who were transported to CAC hospitals
had significantly higher likelihood of good neurological recovery at hospital discharge and
survival to discharge than those transported to non-CAC hospitals (aORs (95% CIs): 1.75
(1.63–1.89) and 1.70 (1.60–1.80), respectively).
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Table 1. Characteristics of out-of-hospital cardiac arrest patients according to transported hospitals.

Total CAC Non-CAC p-Value

n (%) n (%) n (%)

Total 95,931 (100.0) 23,292 (100.0) 72,639 (100.0)
Age, year <0.01

19–65 31,722 (33.1) 8460 (36.3) 23,262 (32.0)
65–120 64,209 (66.9) 14,832 (63.7) 49,377 (68.0)

Sex, female 35,089 (36.6) 8110 (34.8) 26,979 (37.1) <0.01
Comorbidity

Diabetes mellitus 21,386 (22.3) 5922 (25.4) 15,464 (21.3) <0.01
Hypertension 32,708 (34.1) 8988 (38.6) 23,720 (32.7) <0.01
Heart disease 16,577 (17.3) 4523 (19.4) 12,054 (16.6) <0.01

Metropolitan area 38,939 (40.6) 15,619 (67.1) 23,320 (32.1) <0.01
Place of arrest, public 19,202 (20.0) 5070 (21.8) 14,132 (19.5) <0.01
Arrest witnessed 44,429 (46.3) 11,659 (50.1) 32,770 (45.1) <0.01
Bystander CPR 57,803 (60.3) 13,946 (59.9) 43,857 (60.4) 0.17
Initial shockable rhythm 16,237 (16.9) 4732 (20.3) 11,505 (15.8) <0.01
Response time interval, min <0.01

0–3 5123 (5.3) 1287 (5.5) 3836 (5.3)
4–7 50,555 (52.7) 13,882 (59.6) 36,673 (50.5)
8– 40,253 (42.0) 8123 (34.9) 32,130 (44.2)
Median (IQR) 7 (5–9) 7 (5–10) 7 (5–10) <0.01

Scene time interval, min <0.01
0–10 28,566 (29.8) 5761 (24.7) 22,805 (31.4)
11–15 33,584 (35.0) 8280 (35.5) 25,304 (34.8)
16– 33,781 (35.2) 9251 (39.7) 24,530 (33.8)
Median (IQR) 13 (10–18) 14 (11–18) 13 (10–17) <0.01

Transport time interval, min <0.01
0–3 17,312 (18.0) 3184 (13.7) 14,128 (19.4)
4–7 39,459 (41.1) 10,588 (45.5) 28,871 (39.7)
8– 39,160 (40.8) 9520 (40.9) 29,640 (40.8)
Median (IQR) 6 (4–10) 7 (5–10) 6 (4–11) <0.01

Multitier response 55,631 (58.0) 16,304 (70.0) 39,327 (54.1) <0.01
EMS management

Advanced airway 59,978 (62.5) 16,650 (71.5) 43,328 (59.6) <0.01
Mechanical CPR 10,866 (11.3) 4138 (17.8) 6728 (9.3) <0.01

ED level <0.01
Level 1 17,778 (18.5) 10,032 (43.1) 7746 (10.7)
Level 2 45,389 (47.3) 13,116 (56.3) 32,273 (44.4)
Level 3 32,764 (23.2) 144 (0.6) 32,630 (44.9)

Hospital treatment
TTM 2938 (3.1) 1874 (8.0) 1064 (1.5) <0.01
PCI 5879 (6.1) 2521 (10.8) 3358 (4.6) <0.01
ECMO 936 (1.0) 476 (2.0) 460 (0.6) <0.01

Survival outcomes
Survival to discharge 8465 (8.8) 3120 (13.4) 5345 (7.4) <0.01
Good neurological recovery 5563 (5.8) 2113 (9.1) 3450 (4.7) <0.01

CAC, cardiac arrest center; CPR, cardiopulmonary resuscitation; IQR, interquartile range; ED, emergency depart-
ment; TTM, targeted temperature management; PCI, percutaneous coronary intervention; ECMO, extracorporeal
membrane oxygenation.

3.3. Interaction Analysis

In the interaction analysis, statistically significant interaction effects were found be-
tween transported hospital and urbanization level (Table 4). The aORs for the outcomes
of the CAC group and non-CAC differed depending on the urbanization level of area
of OHCA. The CAC hospitals had interaction effects for good neurological recovery at
discharge (aORs (95% CIs): 1.51 (1.40–1.63) for patients in metropolitan areas vs. 1.98
(1.81–2.17) for patients in urban/rural areas, and survival to discharge (aORs (95% CIs):
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1.63 (1.48–1.80) for patients in metropolitan areas vs. 1.91 (1.71–2.14) for patients in ur-
ban/rural areas (both p for interaction <0.01).

Table 2. Characteristics of out-of-hospital cardiac arrest patients according to urbanization level of
arrest location.

Total Metropolitan Urban/Rural p-Value

n (%) n (%) n (%)

Total 95,931 (100.0) 38,939 (100.0) 56,992 (100.0)
Cardiac arrest center <0.01

Yes 23,292 (24.3) 15,619 (40.1) 7673 (13.5)
No 72,639 (75.7) 23,320 (59.9) 49,319 (86.5)

Age, year <0.01
19–65 23,292 (24.3) 15,619 (40.1) 7673 (13.5)
65–120 72,639 (75.7) 23,320 (59.9) 49,319 (86.5)

Sex, female 64,209 (66.9) 25,674 (65.9) 38,535 (67.6) <0.01
Comorbidity

Diabetes mellitus 35,089 (36.6) 13,801 (35.4) 21,288 (37.4) <0.01
Hypertension 21,386 (22.3) 9441 (24.2) 11,945 (21.0) <0.01
Heart disease 32,708 (34.1) 14,135 (36.3) 18,573 (32.6) <0.01

Place of arrest, public 19,202 (20.0) 8008 (20.6) 11,194 (19.6) <0.01
Arrest witnessed 44,429 (46.3) 18,409 (47.3) 26,020 (45.7) <0.01
Bystander CPR 57,803 (60.3) 22,538 (57.9) 35,265 (61.9) <0.01
Initial shockable rhythm 16,237 (16.9) 7086 (18.2) 9151 (16.1) 0.01
Response time interval, min <0.01

0–3 5123 (5.3) 2269 (5.8) 2854 (5.0)
4–7 50,555 (52.7) 25,074 (64.4) 25,481 (44.7)
8– 40,253 (42.0) 11,596 (29.8) 28,657 (50.3)
Median (IQR) 7 (5–9) 6 (5–8) 8 (6–11) <0.01

Scene time interval, min <0.01
0–10 28,566 (29.8) 10,677 (27.4) 17,889 (31.4)
11–15 33,584 (35.0) 15,132 (38.9) 18,452 (32.4)
16– 33,781 (35.2) 13,130 (33.7) 20,651 (36.2)
Median (IQR) 13 (10–18) 13 (10–17) 13 (10–18) <0.01

Transport time interval, min <0.01
0–3 17,312 (18.0) 7366 (18.9) 9946 (17.5)
4–7 39,459 (41.1) 19,765 (50.8) 19,694 (34.6)
8– 39,160 (40.8) 11,808 (30.3) 27,352 (48.0)
Median (IQR) 6 (4–10) 6 (4–8) 7 (4–12) <0.01

Multitier response 55,631 (58.0) 26,993 (69.3) 28,638 (50.2) <0.01
EMS management

Advanced airway 59,978 (62.5) 27,384 (70.3) 32,594 (57.2) <0.01
Mechanical CPR 10,866 (11.3) 6947 (17.8) 3919 (6.9) <0.01

ED level <0.01
Level 1 17,778 (18.5) 7336 (18.8) 10,442 (18.3)
Level 2 45,389 (47.3) 22,232 (57.1) 23,157 (40.6)
Level 3 32,764 (23.2) 9371 (24.1) 23,393 (41.1)

Hospital treatment
TTM 2938 (3.1) 1745 (4.5) 1193 (2.1) <0.01
PCI 5879 (6.1) 3185 (8.2) 2694 (4.7) <0.01
ECMO 936 (1.0) 548 (1.4) 388 (0.7) <0.01

Survival outcomes
Survival to discharge 8465 (8.8) 4155 (10.7) 4310 (7.6) <0.01
Good neurological recovery 5563 (5.8) 2711 (7.0) 2852 (5.0) <0.01

CPR, cardiopulmonary resuscitation; IQR, interquartile range; ED, emergency department; TTM, targeted temper-
ature management; PCI, percutaneous coronary intervention; ECMO, extracorporeal membrane oxygenation.
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Table 3. Multivariable logistic regression models for study outcomes.

Total Outcome Model 1 Model 2 Model 3

n n % aOR (95% CI) aOR (95% CI) aOR (95% CI)

Good neurological recovery
Transported hospital

Noncardiac center 72,639 3450 4.7 1.00 1.00 1.00
Cardiac center 23,292 2113 9.1 1.81 (1.70–1.90) 1.66 (1.55–1.79) 1.75 (1.63–1.89)

Urbanization level
Urban/rural area 56,992 2852 5.0 1.00 1.00 1.00
Metropolitan area 38,939 2711 7.0 1.18 (1.12–1.26) 1.17 (1.09–1.25) 1.05 (0.98–1.13)

Survival to discharge
Transported hospital

Noncardiac center 72,639 5345 7,4 1.00 1.00 1.00
Cardiac center 23,292 3120 13.4 1.75 (1.67–1.85) 1.62 (1.53–1.72) 1.70 (1.60–1.80)

Urbanization level
Urban/rural area 56,992 4310 7.6 1.00 1.00 1.00
Metropolitan area 38,939 4155 10.7 1.23 (1.18–1.30) 1.23 (1.16–1.30) 1.12 (1.05–1.18)

aOR, adjusted odds ratio; CI, confidence interval. Model 1: adjusted for age and sex. Model 2: adjusted for
variables in Model 1, comorbidities (diabetes mellitus, hypertension, and heart disease), place of arrest, witness
status, bystander CPR, and initial shockable rhythm. Model 3: adjusted for variables in Model 2, response
time interval, scene time interval, transport time interval, multitier response, EMS airway management, and
mechanical CPR.

Table 4. Interaction analysis between direct transport to cardiac arrest centers and urbanization level.

Transported Hospital

Non-CAC
Cardiac Arrest Center p-for-

InteractionaOR 95% CI

Good neurological recovery
Urbanization level <0.01

Metropolitan area ref. 1.51 1.40 1.63
Urban/rural area ref. 1.98 1.81 2.17

Survival to discharge
Urbanization level <0.01

Metropolitan area ref. 1.63 1.48 1.80
Urban/rural area ref. 1.91 1.71 2.14

CAC, cardiac arrest center; aOR, adjusted odds ratio; CI, confidence interval.

3.4. Sensitivity Analysis

The multivariable logistic regression analysis and interaction analysis were performed
for pulseless OHCA patients who did not achieve prehospital ROSC (Tables 5 and S1).
Pulseless OHCA patients who were transported to CAC hospitals had significantly higher
likelihoods of good neurological recovery and survival to discharge (aORs (95% CIs):
1.49 (1.18–1.87) and 1.45 (1.30–1.61), respectively). In the interaction analysis, the CAC
hospitals had interaction effects for good neurological recovery at discharge (aORs (95%
CIs): 1.36 (1.04–1.77) for patients in metropolitan areas vs. 1.84 (1.22–2.79) for patients in
urban/rural areas, and survival to discharge (aORs (95% CIs): 1.24 (1.09–1.42) for patients
in metropolitan areas vs. 1.91 (1.60–2.27) for patients in urban/rural areas (both p for
interaction < 0.01).
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Table 5. Sensitivity analysis of pulseless OHCA patients who did not achieve prehospital ROSC.

Transported Hospital

Non-CAC
Cardiac Arrest Center p-for-

InteractionaOR 95% CI

Good neurological recovery
Urbanization level <0.01

Metropolitan area ref. 1.36 1.04 1.77
Urban/rural area ref. 1.84 1.22 2.79

Survival to discharge
Urbanization level <0.01

Metropolitan area ref. 1.24 1.09 1.42
Urban/rural area ref. 1.91 1.60 2.27

CAC, cardiac arrest center; aOR, adjusted odds ratio; CI, confidence interval.

4. Discussion

Using the Korean national OHCA database, this study discovered that adult OHCA
patients with presumed cardiac etiology who were transported to CAC hospitals were
more likely to have better survival outcomes compared to patients transported to non-CAC
hospitals. In the interaction analysis, OHCAs occurring in urban/rural areas have better
clinical outcomes from direct transport to a CAC hospital. These trends were maintained
in the sensitivity analysis of pulseless OHCA patients who did not achieve prehospital
ROSC. This research contributes to understanding the relationship between regionalization
of post-resuscitation care and overall survival outcomes and will help develop strategies to
improve survival outcomes in OHCAs that occur in urban/rural areas.

Regionalized systems of post-resuscitation care have been proposed to improve sur-
vival outcomes of OHCAs through centralization of highly resource-intensive treatments
such as TTM, acute cardiac care including PCI, and multimodal neuro-intensive care. In
recent systematic review and meta-analysis, direct transport of OHCA patients to CACs by
EMS providers was associated with increased survival outcomes, despite very low certainty
of evidence [8,9]. In meta-analysis studies, the definition of CAC varied from study to
study, and the capability of PCI was essential, while availability for TTM was treated as
important. Although the definition of CAC is used in various ways in different countries
based on international guidelines [16], direct transport to a PCI-capable hospital increased
overall survival and neurological outcomes of OHCAs [17,18]. Only 11% of OHCA patients
who were transported to CAC hospitals had received PCI in this study. Even so, the good
clinical outcomes of patients in the CAC group had probably been impacted by capability
of PCI as well as the accumulated experience and ability of these CAC hospitals to treat
OHCA patients [9].

However, direct transport of OHCA patients to CAC hospitals results in increased
transport time interval for some patients [19]. A previous study related to prehospital
transport time of OHCAs reported that delaying hospital arrival time by about 14 min
counteracted the potential benefit of transporting them to a PCI-capable center [20,21].
Because current studies focusing on the relationship between distance from scene to hospital
and clinical outcomes are mainly conducted in urban environments and limited to relatively
short transport time intervals, there is insufficient evidence to agree to current guidelines
stating to bypass the nearest hospital and transport to CAC hospitals in rural areas where
transport distances may be substantially longer [22,23].

In the interaction analysis of the study, OHCAs occurring in nonmetropolitan areas
had higher odds of survival outcomes with direct transport to a CAC hospital compared to
OHCAs in metropolitan areas (p-for-interaction < 0.01). One hypothesis that may explain
this result is that the clinical capabilities of non-CAC hospitals located in nonmetropolitan
areas, including manpower, equipment, and facilities, are below those in metropolitan area.
As the beneficial effects of regionalization of post-resuscitation care for OHCAs have been
strengthened in urban/rural areas, CACs should be designated and invested in to achieve

37



J. Clin. Med. 2022, 11, 1033

centralization of resource-intensive care to improve the survival outcomes of OHCAs in
nonmetropolitan areas [24].

Characteristics of destination hospitals are associated with the clinical outcomes
of OHCA, including level of EDs, urbanization level of location of hospitals, teaching
status, and OHCA case volume [25–28]. In this study, direct transport of OHCA patients
to a hospital where post-resuscitation care is capable showed favorable survival and
neurological outcomes, and these results were reinforced in OHCA patients occurring
in nonmetropolitan (urban/rural) areas. To improve the survival outcomes of OHCAs,
it is considerable to designate and operate CACs to achieve a centralization of resource-
intensive post-resuscitation care in nonmetropolitan areas.

This study has a number of limitations. First, since there were no designated cardiac
arrest-specific regional centers in Korea, CAC was defined as a hospital that performed
PCI and TTM in this study. The definition of CAC varied from study to study [8], which
meant the definition would have affected the study results. The generalizability of findings
of this study to other countries needs to be further evaluated. Second, the definition of
urbanization level (metropolitan vs. urban/rural area) may not accurately reflect the level
of medical resources because it is population-based and therefore such classification may
have influenced the study results. Third, it is difficult to perform a geospatial analysis to
evaluate the proportion of OHCA patients who were not transported to the nearest ED
and their EMS transport time interval in this study. Fourth, this study is an observational
retrospective analysis, which may have introduced some unmeasured confounders as is
known with this study design. Lastly, while we used multivariable analysis, unmeasured
and unmeasurable confounders may have influenced the clinical outcomes of the study.

5. Conclusions

Direct transport of OHCA patients to cardiac arrest centers was associated with
significantly higher survival and favorable neurological outcomes compared to patients
transported to non-CAC hospitals. Furthermore, the findings were consistent and strength-
ened in OHCAs occurring in nonmetropolitan areas. Designating and investing in CACs to
achieve centralization of post-resuscitation care could improve the survival outcomes of
OHCAs, especially in nonmetropolitan areas.
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Abstract: In pre-hospital settings, efficient cardiopulmonary resuscitation (CPR) is challenging;
therefore, the application of mechanical CPR devices continues to increase. However, the evidence
of the benefits of using mechanical CPR devices in pre-hospital settings for adult out-of-hospital
cardiac arrest (OHCA) is controversial. This meta-analysis compared the effects of mechanical and
manual CPR applied in the pre-hospital stage on clinical outcomes after OHCA. Cochrane Library,
PubMed, Embase, and ClinicalTrials.gov were searched from inception until October 2021. Studies
comparing mechanical and manual CPR applied in the pre-hospital stage for survival outcomes
of adult OHCA were eligible. Data abstraction, quality assessment, meta-analysis, trial sequential
analysis (TSA), and grading of recommendations, assessment, development, and evaluation were
conducted. Seven randomized controlled and 15 observational studies were included. Compared
to manual CPR, pre-hospital use of mechanical CPR showed a positive effect in achieving return of
spontaneous circulation (ROSC) and survival to admission. No difference was found in survival
to discharge and discharge with favorable neurological status, with inconclusive results in TSA.
In conclusion, pre-hospital use of mechanical CPR devices may benefit adult OHCA in achieving
ROSC and survival to admission. With low certainty of evidence, more well-designed large-scale
randomized controlled trials are needed to validate these findings.

Keywords: cardiac arrest; resuscitation; cardiopulmonary resuscitation; mechanical; pre-hospital;
out of hospital cardiac arrest

1. Introduction

Out-of-hospital cardiac arrest (OHCA) is a universal concern [1]. The global incidence
is approximately 30–97 individuals per 100,000 person-years [2,3]. Although the man-
agement of OHCA has progressed, the survival rate remains poor, around 3.1% to 20.4%
across the world [2,4]. Achieving survival from OHCA relies on implementing the integral
chain of survival [5]. It includes early activation of the emergency medical services (EMS)
system, provision of high-quality cardiopulmonary resuscitation (CPR), early defibrillation,
advanced resuscitation, post-cardiac arrest care, and recovery [5]. Early administration of
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high-quality CPR plays an important role in achieving return of spontaneous circulation
(ROSC) and preserving brain perfusion following ROSC [5]. However, efficient CPR in pre-
hospital settings is challenging, especially when moving patients and during ambulance
transport. The safety of EMS crews is also an issue when performing CPR, such as in a
moving ambulance or resuscitating patients with coronavirus disease 2019 (COVID-19).
Hence, the use of mechanical CPR devices in prehospital settings continues to increase and
is recommended by professional societies in resuscitating COVID-19 patients [6,7].

However, the effect of mechanical CPR devices on the clinical outcomes of OHCA
remains controversial and lacks evidence regarding the benefits of mechanical CPR for
OHCA patients compared to manual CPR [8–12]. Zhu et al. conducted a meta-analysis in
2019, including nine randomized controlled trials (RCTs) and six non-RCTs, and found no
significant differences in the resuscitative effects between mechanical and manual CPR in
OHCA patients [8]. Similar result was found in Liu et al. in 2019 comparing manual CPR
and mechanical CPR with the Lund University Cardiac Assist System (LUCAS) device [11].
Previous meta-analyses pooled the studies with “in-hospital” and “pre-hospital” use of
mechanical CPR devices and concluded that mechanical CPR is not superior to manual CPR
for OHCA. However, the resources in in-hospital settings are likely to be better than those in
the pre-hospital stage, e.g., more personnel for maintaining the good quality of CPR, and a
more spacious environment, and better equipment and medication. Hence, it is reasonable
that studies investigating the “in-hospital” use of mechanical CPR for OHCA patients did
not show benefits compared to manual CPR [13–16]. A further issue is whether previous
meta-analyses had sufficient statistical power. Recently, increasing evidence including
large-scale cohort and RCTs has shown the benefit of prehospital use of mechanical CPR
devices [17–19]. Hence, a new Systemic Review and Meta-Analysis (SRMA) is needed to
analyze the benefit between the use of manual CPR and mechanical CPR applied specifically
in a “pre-hospital” setting. The aim of this study was to conduct a systematic review, meta-
analysis, and trial sequential analysis of the published literature on the “prehospital” use
of mechanical CPR devices compared to manual CPR for adult OHCA.

2. Materials and Methods

This SRMA was conducted according to the latest statement of the Preferred Reporting
Items for Systemic Reviews and Meta-Analysis (PRISMA) [20]. Our protocol was registered
on PROSPERO (CRD42021286570).

2.1. Inclusion Criteria

Studies were included if the participants were adult patients with OHCA, the interven-
tion was the use of an automated mechanical CPR device in the prehospital stage (including
at the scene of cardiac arrest or during ambulance transport), the comparison was with man-
ual CPR, and the outcome indicators were survival-related outcomes. Primary outcomes
were rates of ROSC and survival to hospital admission, which most directly reflect the effect
and quality of CPR performed in the prehospital stage. The secondary outcomes, such as
survival to discharge or 30 days, and survival to discharge with favorable neurological
status (defined as Cerebral Performance Category: 1–2, Modified Rankin Scale: 0–2, or
Glasgow coma scale ≥ 13), were likely influenced by post-resuscitation care. Any study
with at least one of the aforementioned outcome measurements was included, comprising
RCTs and non-RCTs.

2.2. Exclusion Criteria

Excluded studies: Studies that recruited patients with in-hospital cardiac arrest (IHCA)
or OHCA who received mechanical CPR after arriving at the emergency department
(ED) but not in the pre-hospital stage; studies including OHCA younger than 18 years,
animal studies, simulation studies, or cardiac arrest caused by hypothermia, drowning,
trauma, and toxic substances with a unique pathophysiology; studies using non-automated
mechanical CPR devices, such as non-powered active devices; studies evaluating the
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harm, cost-effectiveness, or user ability as outcomes; and studies that were not the full-
length article or without detailed description in the methodology. Articles with related
studies, such as subgroup analysis that were published from the same institutions or
individuals were excluded, but the most comprehensive one was retained. We also excluded
studies designed to cross-over the implementation of manual CPR and mechanical CPR in
individual participants.

2.3. Search Methods

We searched the PubMed, Embase, Cochrane Library, and ClinicalTrials.gov with
the keywords of “cardiac arrest,” “heart arrest,” “cardiopulmonary resuscitation,” “CPR,”
“chest compression,” “mechanical,” “Lucas,” “Autopulse,” and “Load distributing band”
from inception until 27 October 2021. No language restrictions were imposed. The detailed
search strategy is presented in Supplementary Table S1. We reviewed the references of
eligible papers, similar articles recommended by the PubMed algorithm, and published
systematic reviews to identify candidate trials that were not listed in the original database.

2.4. Selection of Studies

Two investigators independently screened the titles and abstracts of the studies identi-
fied from the database searches. We obtained the full-text articles for the review for more
thorough screening and eligibility assessment using the same inclusion and exclusion crite-
ria. Disagreements were resolved through consensus, and a third reviewer was involved if
there was no agreement.

2.5. Data Extraction

Two investigators extracted data in an independent, consistent fashion using a pre-
formed format. Data extraction included the name of the first author, year of publication,
country where the study was conducted, study design, sample size, type of mechanical
CPR device, total number of participants per treatment arm, and number of participants
achieving the set primary and secondary outcomes. For RCTs, the data from the intention-
to-treat analysis were chosen for data extraction. For non-RCTs, matched case-control data
were extracted, if applicable.

2.6. Literature Quality Evaluation

Two authors independently assessed the risk of bias (RoB) for included studies by
using a revised Cochrane risk of bias tool for randomized trials (RoB 2.0) for RCTs [21] and
risk of bias in non-randomized studies of interventions (ROBINS-I) tool for non-RCTs [22].

2.7. Statistical Analysis

We performed a meta-analysis of the data using Review Manager version 5.41 (Cochrane
Collaboration). A random-effects model was used to calculate summary statistics due to
anticipated heterogeneity. Forest plots with odds ratios (ORs) and 95% confidence intervals
(CIs) were analyzed using the Mantel-Haenszel (M-H) method for dichotomous data.
Statistical significance was set at p < 0.05. Heterogeneity among studies was measured
using I2 statistics. If I2 was higher than 50%, substantial heterogeneity was indicated.
Sensitivity analyses of fixed-effect model, different study designs, studies with low RoB
and subgroup analyses of different types of mechanical CPR devices and geographic
locations where the study was conducted were performed.

2.8. Trial Sequential Analysis

Trial sequential analysis (TSA) was applied to quantify the statistical reliability of data
by repetitive and cumulative testing for meta-analyses [23]. We conducted this analysis
using TSA software version 0.9.5.10 Beta (Copenhagen Trial Unit, Center for Clinical
Intervention Research, Copenhagen, Denmark). We applied a two-sided test, set Type I
error of 5% and power of 80% and assumed a 10% relative risk reduction for mechanical
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CPR. The O’Brien–Fleming monitoring boundaries were applied for hypothesis testing,
and a random-effects model with the Biggerstaff-Tweedie method was used [24]. The
incidence of the control arm was filled in the “overall events/total cases” of the measured
outcome in the manual CPR group of the enrolled studies. A Z-curve was constructed using
cumulative evidence of trials over time. Either the Z-curve crossed the O’Brien-Fleming
boundaries before the estimated required information size (RIS) was reached or the Z-curve
was higher than 1.96 when the accumulated size was larger than RIS were considered true
positives. Otherwise, a true negative was considered if the Z-curve entered the futility area.
A total sample size that did not reach the RIS was defined as underpower.

2.9. Grading of the Certainty of Evidence

The quality of the overall certainty of evidence (CoE) was assessed using the Grading
of Recommendations Assessment, Development, and Evaluation (GRADE) methodology
for each outcome [25]. The level of CoE was high, moderate, low, or very low. GRADEpro
software (https://gradepro.org) was used.

3. Results

3.1. Results of the Literature Search

In total, 3350 articles were identified: from PubMed, 1106; EMBASE, 1970; Cochrane
Library, 233; ClinicalTrials.gov, 41, and 835 articles were excluded because of duplication.
A total of 2515 articles were screened by reading titles and abstracts. In total, 2454 articles
were excluded that did not meet the inclusion criteria, and 61 articles were retrieved for
full-text screening. Among them, 14 articles were excluded because they were not full
articles. Of 47 articles assessed for eligibility, 21 articles were included, after excluding
articles investigating different populations (IHCA and aircraft rescue) (n = 14), in-hospital
use of mechanical CPR device (n = 3), different outcomes (n = 6), crossover study (n = 1), and
no raw data for retrieval (n = 2). In addition, from grey literature, five articles were identified
from citation searching, and one article was included in the review. In total, 22 studies were
included. A flowchart according to the PRISMA statement [20] is shown in Figure 1.

Figure 1. Flow diagram of preferred reporting items for systematic reviews and meta-analysis
(PRISMA) 2020.
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Table 1 summarizes the characteristics of the included studies. Seven RCTs and 15 non-
RCTs with a total of 85,975 OHCAs were included in the meta-analysis. It included studies
published between 2006 and 2021, conducted in 16 countries across the continents of North
America, Asia, Oceania, and Europe. In terms of automatic CPR devices, LUCAS was
applied in 12 studies [18,19,26–35], AutoPulse was applied in seven studies [36–42], and
three studies involved both devices [17,43,44].

3.2. Risk of Bias Assessment

For the seven enrolled RCTs including three individual RCTs and four cluster-RCTs,
the overall RoB were judged as “low” in four trials [33–36], “some concerns” in two
trials [19,37], and “high” in 1 trial [38] (Supplementary Table S2). The majority of RoBs
arose from the domain of the randomization process. In this domain, one trial was judged
as “high” because the allocation sequence concealment was not clear and with baseline
difference between intervention groups [38]; two trials were judged as “some concerns”
because of baseline differences between intervention groups [19,37]. From the timing of
identification or recruitment of participants in a cluster-randomized trial, one cluster RCT
was judged as “high,” because the participants were recruited after sending to the hospital
(not before randomization of clusters) [38]. For the 15 included non-RCTs, the overall
RoB were judged as “moderate” in 10 studies [17,18,26,27,29,31,39–41,44] and “serious”
in 5 studies [28,30,32,42,43] (Supplementary Table S3). The majority of RoB arose from
bias due to confounding factors (Domain 1 in ROBINS-I). However, this was inevitable
because of non-randomized settings. In this case, ten non-RCTs that used appropriate
analysis to control the important confounding factors were judged as “moderate” in this
domain [17,18,26,27,29,31,39–41,44], but the other five non-RCTs did not and were judged
as “serious [28,30,32,42,43]”. One study was judged as “no information” for no detailed
information on the selection of participants, deviations from intended interventions, and
the treatment of missing data [28].

3.3. Outcomes
3.3.1. Primary Outcome: Return of Spontaneous Circulation

In this case, 18 of the included studies reported the outcomes of ROSC in patients with
OHCA. There were 7 RCTs and 11 non-RCTs, with a total of 39,675 participants (Figure 2).
The pooled estimates from both RCTs and non-RCTs revealed benefits of mechanical CPR
over manual CPR in the ROSC outcome (OR = 1.32, 95% CI: 1.11–1.58). Heterogeneity
among the studies was high (I2 = 88%) (Figure 2A). In the subgroup analyses of RCTs and
non-RCTs, a statistical difference between the prehospital use of mechanical CPR device
and manual CPR was found in the non-RCTs (OR = 1.48; 95% CI: 1.12–1.97) but not in the
RCTs (OR = 1.04; 95% CI: 0.90–1.20). The heterogeneity among the RCTs and non-RCTs was
high (I2 = 61% and 89%, respectively) (Figure 2A). We performed TSA to examine the results.
However, the cumulative Z-curve crossed the O’Brien-Fleming boundaries before the RIS
(41686 participants for required power) was reached (Figure 2B). A true-positive result
indicated that the cumulative power from the available literature supports the association
between ROSC achievement and prehospital use of mechanical CPR devices.
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Figure 2. Forest plot (A) and trial sequential analysis (B) for return of spontaneous circulation between
mechanical CPR device and manual CPR. CPR: cardiopulmonary resuscitation; CI: confidence
interval; RCT: randomized controlled trial; RIS: required information size.

3.3.2. Primary Outcome: Survival to Hospital Admission

Six RCTs, and 10 non-RCTs reported survival to hospital admission, with a total of
38,829 patients (Figure 3A). A statistically significant difference indicated that the use of a
mechanical CPR device was associated with survival to hospital admission in comparison
with manual CPR (OR = 1.23, 95% CI: 1.04–1.47; I2 = 84%). The subgroup analysis showed
a significant difference between the two groups in non-RCTs (OR = 1.35; 95% CI: 1.03–1.76,
I2 = 85%) but not in RCTs (OR = 1.00; 95% CI: 0.86–1.16, I2 = 55%). The TSA showed that
the Z-curve crossed into the futility area after the first 13 articles (Figure 3B, arrow). After
enrolling the last three articles, the cumulative Z-curve finally crossed the O’Brien-Fleming
boundaries before the RIS (sample size = 38942) was reached (Figure 3B). A true-positive
result supported the association between achievement of survival to hospital admission
and prehospital use of mechanical CPR devices.

Figure 3. Forest plot (A) and trial sequential analysis (B) for survival to hospital admission between
mechanical CPR device and manual CPR. CPR: cardiopulmonary resuscitation; CI: confidence
interval; RCT: randomized controlled trial; RIS: required information size.
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3.3.3. Secondary Outcome: Survival to Discharge

Seven RCTs and nine non-RCTs with 66,133 OHCAs were enrolled for analysis
(Figure 4A). No significant benefit for survival to discharge was found when applying the
mechanical CPR device compared to manual CPR (OR = 0.87; 95% CI: 0.87–1.06). There
was high heterogeneity among the enrolled studies (I2 = 78%). The subgroup analysis
revealed consistent results in both RCTs (OR = 0.91; 95% CI: 0.75–1.10, I2 = 38%) and
non-RCTs (OR = 0.83; 95% CI: 0.59–1.16, I2 = 86%). TSA assessment showed that the RIS of
261,712 participants could not be acquired from the pooled studies (Figure 4B). In addition,
the accumulative Z-curve neither crossed the O’Brien-Fleming monitoring boundary nor
entered the inner border of the futility boundary. An inconclusive result was indicated.

Figure 4. Forest plot (A) and trial sequential analysis (B) for survival to discharge between mechanical
CPR device and manual CPR. CPR: cardiopulmonary resuscitation; CI: confidence interval; RCT:
randomized controlled trial; RIS: required information size.

3.3.4. Secondary Outcome: Survival to Discharge with Favorable Neurologic Status

The pooled results did not show a significant difference for discharge with favorable
neurologic status between the use of mechanical CPR device and manual CPR. The pooled
OR was 0.82 (95% CI: 0.64–1.07) (Figure 5A). The heterogeneity was high (I2 = 68%).
Subgroup analysis showed similar results in both RCTs (OR = 0.81; 95% CI: 0.61–1.08;
I2 = 60%) and non-RCTs (OR = 0.91; 95% CI: 0.54–1.52; I2 = 78%). The estimated RIS was
303,182 in TSA (Figure 5B). The Z-curve showed similar trends as that for survival to
discharge, indicating an inconclusive result.

3.4. Subgroup and Sensitivity Analysis

Subgroup analysis of primary outcomes found that mechanical CPR devices were
significantly associated with achievement of ROSC in European studies. Mechanical CPR
device was significantly associated with achievement of survival to hospital admission in
Asian studies. In secondary outcomes, the subgroups that were significantly associated
with lower OR in achieving survival to discharge were LUCAS and the location subgroup
of Europe (Table 2). Sensitivity analyses of primary and secondary outcomes are shown
in Supplementary Table S4. In terms of ROSC, sensitivity analyses of fixed-effect model,
non-RCTs, and studies with low RoB showed findings consistent with those of our primary
analysis. In terms of survival to hospital admission, analyses of fixed-effect model and
non-RCTs showed results similar to those of the primary analysis.
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Figure 5. Forest plot (A) and trial sequential analysis (B) for survival to discharge with favorable neu-
rologic status between mechanical CPR device and manual CPR. CPR: cardiopulmonary resuscitation;
CI: confidence interval; RCT: randomized controlled trial; RIS: required information size.

3.5. GRADE Assessment

The GRADE assessment demonstrated an overall very low CoE in the four survival
outcomes (Table 3). We downgraded the overall CoE in the RoB, inconsistency, and
imprecision domains. In the overall RoB, we judged as “very serious” the four outcomes
because non-RCTs were enrolled with a “Moderate” overall RoB. We rated down the
CoE in the domain of inconsistency in the four outcomes because high heterogeneity
was consistently found. We did not rate down the CoE in the domain of indirectness
because each enrolled study faced the same direction in each endpoint and compared
mechanical CPR and manual CPR directly. We downgraded the domain of imprecision in
the outcomes of survival to discharge and survival to discharge with favorable neurologic
status because of inconclusive results and insufficient sample size in TSA. Publication bias
was not observed for all the endpoints (Supplementary Figure S1).

Table 3. GRADE assessment.

Mechanical CPR Compared to Manual CPR for Out-of-Hospital Cardiac Arrest

Certainty Assessment Summary of Findings

No. of Participants
(Studies)

Risk of Bias Inconsistency Indirectness Imprecision Publication
Bias

Overall
Certainty of
Evidence

Anticipated Absolute
Effects Risk Difference

ROSC
39,675 very serious a serious b not serious not serious none ⊕��� 67 more per 1000

(7 RCTs, 11 non-RCTs) Very Low (from 25 more to
112 more)

Survival to hospital admission
38,829 very serious a serious b not serious not serious none ⊕��� 47 more per 1000
(6 RCTs, 10 non-RCTs) Very Low (from 9 fewer to 90 more)

Survival to discharge
66,133 very serious a serious b not serious serious c none ⊕��� 7 fewer per 1000
(7 RCTs, 9 non-RCTs) Very Low (from 15 fewer to 3 more)

Survival to discharge with favorable neurologic status
48,384 very serious a serious b not serious serious c none ⊕��� 5 fewer per 1000
(5 RCTs, 5 non-RCTs) Very Low (from 10 fewer to 2 more)

a Non-RCTs enrolled with moderate overall risk of bias and RCTs enrolled with some concern overall risk of
bias. b High heterogeneity (I2 > 50%) between studies was found. c Insufficient sample size or inconclusive
result, analyzed by trial sequential analysis. CPR: cardiopulmonary resuscitation; ROSC: return of spontaneous
circulation; ED: emergency department.

4. Discussion

To date, 10 systematic reviews have been published to compare the effects of manual
CPR and mechanical CPR on cardiac arrest [8–12,45–49]. Among them, five systematic
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reviews focused on OHCA [8,10,11,45,48], four systematic reviews, including one Cochrane
review, enrolled both OHCA and IHCA [9,12,46,49], and one review involved in IHCA [47].
Among the five systematic reviews involving pure OHCA, only one systematic review
(in 2011) focused on the prehospital use of mechanical CPR, suggesting that there was
insufficient evidence to support mechanical CPR device use in OHCA in prehospital
settings [48]. Considering the differences in medical support, etiology of cardiac arrest,
survival probability between OHCA and IHCA, and diversity in the environment and
medical and personnel resources between prehospital and in-hospital settings, a new SRMA
is needed to provide updated evidence for the effects of mechanical CPR devices for adult
OHCA in prehospital settings. In this SRMA with 85,975 OHCAs from seven RCTs and
15 non-RCTs, we first applied TSA and GRADE assessments which have not been assessed
in previous SRMA. We found that mechanical CPR use in prehospital settings had higher
odds of achieving ROSC (OR = 1.32; 95% CI: 1.11–1.58) and survival to hospital admission
(OR = 1.23; 95% CI: 1.04–1.47) than manual CPR. TSA showed that although the RIS was
not reached, there was a true statistical significance. However, because of the inclusion of
non-RCTs and the inconsistency between studies, the overall CoE was very low. Moreover,
according to the current evidence, we did not have enough power to assess the outcomes
of survival to discharge and discharge with favorable neurologic status.

In the prehospital setting, lack of personnel, competing resuscitation tasks, fatigue,
and the challenge of continuing CPR while moving the patient to the ambulance or in
a moving ambulance posed obstacles. The median CPR pause time during extrication
was shorter when mechanical CPR was applied (39 s, interquartile range [IQR] 29–47 s)
than manual CPR (270 s, IQR 201–387 s) [50]. Safety concerns for both the patient and the
rescuer have also been explored in the delivery of manual CPR in a moving vehicle [51,52].
Moreover, acceleration forces during ambulance transport affect the quality of the manual
CPR [53]. Theoretically, the application of mechanical CPR in prehospital settings should
improve CPR quality. This difference compared to manual CPR is not reflected in the
survival outcome of OHCA [8,45]. Since 2019, several observational studies have eval-
uated the resuscitative effects of mechanical and manual CPR on OHCA in prehospital
settings [17,18,39,44]. Three of them reported that short-term outcomes such as ROSC or
survival to admission were associated with the use of mechanical CPR [17,18,39]. These
findings were not included in the previous SRMA. In our TSA (Figures 2B and 3B), after
accumulating recent cohort studies, we found that the cumulative Z-curve finally crossed
into the O’Brien-Fleming boundaries and showed the true-positive effects of mechanical
CPR. This overturns the conclusion of no benefit for short-term survival outcomes in
the use of mechanical CPR in the recent SRMA [8,45]. For the outcomes of ROSC and
survival to hospital admission, the requirement of adequate sample size for statistical
power was not met. More studies, especially large-scale high-quality RCTs, are required for
any interpretation.

For the long-term survival outcomes, survival to discharge or discharge with favorable
neurologic status, although not statistically significant and with insufficient statistical power
to draw conclusions, the results showed the opposite trend to the short-term outcomes
(Figures 4 and 5). Another study showed that the majority of OHCA patients who can
survive to discharge were patients with initial shockable rhythm [54]. For patients with
shockable rhythm, early defibrillation may be equal or more important than CPR. Our
previous study demonstrated that the benefit of mechanical CPR to achieve ROSC was more
evident in OHCA patients with non-shockable rhythm but not in shockable rhythm [18].
Savastano et al. also found that mechanical CPR devices positively affect survival to
discharge for witnessed cardiac arrests with non-shockable rhythm but with a neutral effect
for patients with shockable rhythm [39]. A possible explanation may be that, as found
in previous RCTs, the first shock delivery was delayed when applying a mechanical CPR
device. The AutoPulse Assisted Prehospital International Resuscitation trial conducted
by Hallstrom et al. found the mean time to first shock in ventricular fibrillation was
prolonged by 2.1 min in the mechanical CPR group [37]. In the LUCAS in Cardiac Arrest
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(LINC) trial and the Circulation Improving Resuscitation Care (CIRC) trial, the delay in
first shock delivery was 1–1.5 min longer with the device than with manual CPR [34,36].
In most RCTs, mechanical CPR administration was performed prior to cardiac rhythm
assessment or delivery of the first shock [19,34–37]. Whether the delay of the first shock
affects the survival outcome of OHCA with shockable rhythm needs to be further explored.
However, selective use of mechanical CPR devices for patients with non-shockable rhythm
or performing manual CPR first, and then switching to mechanical CPR after delivering
the first shock may be a direction for further research.

In the subgroup analysis, we found that heterogeneity comes from the different study
designs, and the survival benefit from mechanical CPR on short-term outcomes was from
non-RCTs. There were several reasons for the synthesis of RCTs and non-RCTs for analysis.
First, non-specific description of randomization sequence was noticed, and the baseline
difference between groups could be identified in most cluster-RCTs [19,37,38]. Second,
in individual RCTs, the randomization process was carried out once cardiac arrest was
identified at the scene by the rescuers. The delay in applying mechanical CPR device
may be present during the randomization and may influence the survival outcome in
patients who were allocated to the mechanical CPR group [33,34,36]. Third, it is impossible
for rescuers to blind the methods of CPR. Fourth, for the included non-RCTs, except for
the unavoidable confounding bias, almost all considered observational studies were of
high quality with low RoB (Supplementary Table S3). The above findings make the RCTs
and non-RCTs comparable. Moreover, the statistical power was inadequate if only the
RCTs were enrolled. Hence, we merged the evidence from both RCTs and non-RCTs and
conducted a subgroup analysis according to the different study designs. Moreover, in the
GRADE assessment, we downgraded the RoB and presented the faithful CoE accordingly
(Table 3) [55].

This SRMA has several limitations. First, as mentioned for sufficient statistical power,
we had to synthesize RCTs and non-RCTs for analysis. This also occurred in the previous
SRMA. Instead, we downgraded the RoB in the GRADE assessment to carefully interpret
the findings. Second, there was noticeable heterogeneity. However, the heterogeneity
could be partially explained by the different study designs. There was still unobservable
between-study heterogeneity, especially in terms of long-term survival outcomes. Third,
post-arrest care is associated with long-term outcome [54,56]. However, the lack of post-
arrest management characteristics in most studies precluded further analysis. Fourth, our
meta-analysis did not demonstrate an association between complications and different
manners of CPR. A network meta-analysis by Khan et al. in 2018 showed that, compared
with mechanical CPR, manual CPR led to less pneumothorax and hematoma [46]. Our
study cannot assess the impact of CPR-related complications on survival outcomes.

5. Conclusions

This SRMA suggests that prehospital use of mechanical CPR devices may benefit adult
OHCA patients to achieve ROSC and survival to hospital admission. However, long-term
outcomes such as survival to discharge or discharge with favorable neurological status
remain inconclusive. Our finding provides the evidence and echoes the recommendations
in the latest guideline of adult advanced life support, which suggest use of mechanical CPR
device when high-quality manual CPR is not practical or compromises provider safety,
such as during transportation to hospital in an ambulance [57]. Owing to the between-
study heterogeneity and the evidence that mainly came from non-RCTs, it is necessary to
conduct large-scale, high-quality randomized studies and investigate the different effects
of mechanical CPR on OHCA with shockable and non-shockable rhythms.
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Abstract: Chest compressions during cardiopulmonary resuscitation (CPR) may be associated with
iatrogenic chest wall injuries. The extent to which these CPR-associated chest wall injuries con-
tribute to a delay in the respiratory recovery of cardiac arrest survivors has not been sufficiently
explored. In a single-center retrospective cohort study, surviving intensive care unit (ICU) patients,
who had undergone CPR due to medical reasons between 1 January 2018 and 30 June 2019, were
analyzed regarding CPR-associated chest wall injuries, detected by chest radiography and computed
tomography. Among 109 included patients, 38 (34.8%) presented with chest wall injuries, including
10 (9.2%) with flail chest. The multivariable logistic regression analysis identified flail chest to be
independently associated with the need for tracheostomy (OR 15.5; 95% CI 2.77–86.27; p = 0.002).
The linear regression analysis identified pneumonia (β 11.34; 95% CI 6.70–15.99; p < 0.001) and the
presence of rib fractures (β 5.97; 95% CI 1.01–10.93; p = 0.019) to be associated with an increase in
the length of ICU stay, whereas flail chest (β 10.45; 95% CI 3.57–17.33; p = 0.003) and pneumonia
(β 6.12; 95% CI 0.94–11.31; p = 0.021) were associated with a prolonged duration of mechanical
ventilation. Four patients with flail chest underwent surgical rib stabilization and were successfully
weaned from the ventilator. The results of this study suggest that CPR-associated chest wall injuries,
flail chest in particular, may impair the respiratory recovery of cardiac arrest survivors in the ICU.
A multidisciplinary assessment may help to identify patients who could benefit from a surgical
treatment approach.

Keywords: cardiopulmonary resuscitation; chest wall injury; flail chest; ventilator weaning; surgical
rib stabilization

1. Introduction

According to the current Advanced Life Support guidelines, cardiopulmonary resusci-
tation (CPR) requires a chest compression depth of 5–6 cm, at a rate of 100–120 compressions
per minute [1,2]. This may result in iatrogenic thoracic injuries, which have been com-
monly identified in studies of postmortem findings, whereas fatal injuries have not been
found [3–8].

The European Resuscitation Council guidelines for post-resuscitation care and the
European Society of Cardiology position paper on cardiac arrest centers do not give rec-
ommendations regarding the management of CPR-associated thoracic injuries, other than

J. Clin. Med. 2022, 11, 2071. https://doi.org/10.3390/jcm11082071 https://www.mdpi.com/journal/jcm56



J. Clin. Med. 2022, 11, 2071

to perform chest radiography to identify possible pneumothorax [2,9]. There are neither
studies to reveal whether thoracic injuries in CPR survivors influence the clinical course,
nor if the management of these injuries may lead to an improvement in weaning from
the ventilator.

Recently, several promising case series on the use of surgical stabilization of CPR-
associated rib fractures have been published [10–12]. To summarize our own experience,
and as a result of the paucity of reported data, this study aimed to analyze the consequences
of CPR-related thoracic injuries on the course of respiratory recovery, during intensive care
unit (ICU) treatment in CPR survivors.

2. Materials and Methods

In this study, ICU survivors of non-traumatic cardiac arrests were analyzed ret-
rospectively, based on the medical records of the University Hospital of Leipzig, Ger-
many. The analysis included patients who were treated in the medical ICU after CPR
between January 2018 and June 2019. The patients who died during their hospital stay
were excluded.

Demographic and clinical data were obtained from the patients’ charts and digital
health records. The chest radiography and computed tomography (CT) scans, performed
after CPR, were reassessed by a board-certified radiologist, with a focus on thoracic injuries
(MEDOS RIS version 9.3.3008, Nexus MagicWeb version VA60C_0115, Visage Imaging,
PACS: syngo.plaza, Siemens Healthcare, Erlangen, Germany). The taxonomy of chest
injuries was carried out according to the Chest Wall Injury Society collaborators [13].
“Flail segment” described three or more ribs fractured in two or more places. The term
“anterior flail segment” was used if a minimum of three rib or costal cartilage fractures
were detected on both sides, while “flail chest” described the paradoxical motion observed
during clinical examination.

The statistical analysis included tests for the normal distribution of metric variables,
such as the Shapiro–Wilk test. The metric data are presented either with mean and standard
deviation or with median and 25% and 75% quartiles, based on their distributions. The
metric data of the groups were compared with the Mann–Whitney U test, while the
categorical data were compared by means of the chi-square test and Fisher’s exact test. A
logistic regression analysis was performed to identify the independent predictors of the
need for tracheostomy, and a linear regression analysis with analysis of variance (ANOVA)
was conducted to identify the predictors of the length of ICU stay and the duration of
mechanical ventilation. Either odds ratios (ORs) or beta weights with 95% confidence
intervals (CIs) were provided, and a p-value < 0.05 was considered to be statistically
significant. The statistical analysis was performed using SPSS for Windows version 25
(IBM, Armonk, NY, USA).

3. Results

From a total of 316 patients who were treated in the medical ICU after CPR, 111 patients
met the inclusion criteria, of which 109 had complete data and were the subjects of the
study (Figure 1).

The demographic characteristics of the patients and the radiologically detected in-
juries are presented in Tables 1 and 2, respectively. Chest radiography was performed on
76 patients (69.7%), while a thoracic CT scan was performed on 44 patients (40.4%).

The median CPR duration was significantly longer among patients with out-of-hospital
cardiac arrest (OHCA) than among those with in-hospital cardiac arrest (IHCA) (14 vs.
2.5 min; p < 0.001). The mean number of rib fractures in the patients with at least one
detected fracture was 6.7 ± 3.7. Flail chest was detected in 10 patients (9.2%), while an
anterior flail segment was observed in 15 patients (16.5%). Pneumothorax was observed in
three patients, and there were no cases of hemothorax. Sternal fractures or an anterior flail
segment were more frequent among patients with OHCA, compared to those with IHCA
(p = 0.048).
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Figure 1. Study flowchart.

Table 1. Demographic characteristics of 109 patients with CPR-related chest injuries.

Variable Value

OHCA, n (%) 59 (54.1%)
Male, n (%) 67 (61.5%)
Age, years 69 (56–77)
Height, cm 173 (165–180)
Weight, kg 80 (71–85)

BMI, kg/m2 26.24 (23.60–29.31)
Heart failure, n (%) 44 (40.4%)

COPD, n (%) 15 (13.8%)
Pneumonia, n (%) 55 (50.5%)

eCPR, n (%) 2 (1.8%)
ACCD, n (%) 7 (6.4%)

CPR duration, min 5 (2.25–15)
ICU LOS, days 7 (3–18)

Mechanical ventilation, days 5 (2–14)
Tracheostomy, n (%) 21 (19.3%)

Data are presented as numbers (percentages) or medians (IQR). CPR, cardiopulmonary resuscitation; BMI, body
mass index; COPD, chronic obstructive pulmonary disease; eCPR, extracorporeal CPR; ACCD, automated chest
compression device; OHCA, out-of-hospital cardiac arrest; ICU LOS, intensive care unit length of stay.

Table 2. CPR-related thoracic injuries, detected by thoracic CT imaging or chest radiography.

Number (%)

Rib fractures 34 (31.2%)
Unilateral 9 (8.3%)
Bilateral 25 (22.9%)

Anterior flail segment 18 (16.5%)
Sternal fracture 15 (13.8%)

Hemothorax 0
Pneumothorax 3 (2.8%)

No relevant chest injuries 71 (65.1%)
CPR, cardiopulmonary resuscitation; CT, computed tomography.
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Seventy-six (69.7%) of the included patients were intubated (78% of the OHCA group)
and mechanically ventilated during CPR. Seventy-one patients (93.4%) were successfully
weaned from the ventilator during their ICU stay, while four patients remained mechan-
ically ventilated until they were transferred to a rehabilitation unit. Due to extubation
failure, 21 (19.3%) patients underwent percutaneous dilatational tracheostomy to facilitate
weaning from mechanical ventilation.

The patients with flail chest had a significantly longer CPR duration, longer length
of ICU stay, more days on mechanical ventilation, and higher rates of tracheostomy and
pneumonia (Table 3).

Table 3. Characteristics of patients with and without CPR-related flail chest.

Variable Flail Chest (n = 10) No Flail Chest (n = 99) p-Value

Male 9 (90%) 58 (58.6%) 0.048
Age, years 64.5 (61–68.25) 69 (55–77) 0.862
Height, cm 180 (170–185) 172 (165–180) 0.580
Weight, kg 80 (75–94.75) 79 (70–85) 0.236

BMI, kg/m2 26.86 (24.64–29.24) 26.24 (23.38–29.39) 0.702
Heart failure, n (%) 4 (40%) 40 (40.4%) 0.628

COPD, n (%) 1 (10%) 14 (14.1%) 0.586
Pneumonia, n (%) 10 (100%) 45 (45.5%) 0.001

eCPR, n (%) 1 (10%) 1 (1%) 0.176
ACCD, n (%) 1 (10%) 6 (6.1%) 0.500

CPR duration, min 19 [10–21] 5 (2–15) 0.009
ICU LOS, days 25 (19.5–33.75) 6 (3–15) <0.001

Mechanical ventilation, days 18.5 (14–28) 4 (2–10) 0.001
Tracheostomy, n (%) 8 (80%) 13 (13.1%) <0.001

Date are presented as numbers (percentages) or medians (IQR). BMI, body mass index; COPD, chronic obstructive
pulmonary disease; ACCD, automated chest compression device; CPR, cardiopulmonary resuscitation; eCPR,
extracorporeal CPR; ICU LOS, intensive care unit length of stay.

The multivariable logistic regression analysis (Nagelkerke R-squared 0.321; Hosmer–
Lemeshow p = 0.545) showed that flail chest was an independent predictor of the need for
tracheostomy (OR 15.5; 95% CI 2.77–86.72; p = 0.002) (Table 4).

Table 4. Associations with the need for tracheostomy in logistic regression analysis.

Variable
Univariable OR

(95% CI)
p-Value

Multivariable OR
(95% CI)

p-Value

Age 1.01 (0.97–1.04) 0.783
BMI 1.00 (0.93–1.07) 0.950

Heart failure 1.16 (0.42–2.99) 0.831
COPD 2.44 (0.73–8.01) 0.146

Pneumonia - 0.997
Flail chest 26.46 (5.05–138.56) <0.001 15.50 (2.77–86.72) 0.002

Duration of CPR 1.03 (1.00–1.06) 0.04 1.02 (0.98–1.05) 0.339
Rib fractures 5.19 (0.97–1.04) 0.001 0.36 (0.11–1.13) 0.080

Anterior flail segment 0.40 (0.13–1.22) 0.106

OR, odds ratio; CI, confidence interval; BMI, body mass index, COPD, chronic obstructive pulmonary disease;
CPR, cardiopulmonary resuscitation.

Furthermore, the multivariable linear regression analysis (ANOVA p < 0.001; adjusted
R-Square 0.363) showed that pneumonia (β 11.34; 95% CI 6.70–15.99; p < 0.001) or the
detection of multiple rib fractures (β 5.97; 95% CI 1.01–10.93; p = 0.019) independently
influenced the length of ICU stay (Table 5).

Another multivariable linear regression analysis (ANOVA p < 0.001; adjusted R-Square
0.290) showed that flail chest (β 10.45; 95% CI 3.57–17.33; p = 0.003) and pneumonia (β 6.12;
95% CI 0.94–11.31; p = 0.021) significantly prolonged the duration of mechanical ventilation
(Table 6).
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Table 5. Associations with the length of ICU stay in linear regression analysis.

Variable
Univariable β

(95% CI)
p-Value Multivariable β (95% CI) p-Value

Age −0.69 (3.57–17.33) 0.442
BMI 0.33 (0.94–11.31) 0.110

Heart failure 1.40 (−0.34–9.44) 0.604
COPD 7.46 (3.57–17.33) 0.050

Pneumonia 14.99 (0.94–11.31) <0.001 11.34 (6.70–15.99) <0.001
Flail chest 17.81 (−0.34–9.44) <0.001 7.85 (−0.59–15.76) 0.052

Duration of CPR 0.27 (3.57–17.33) 0.040 0.06 (−0.10–0.22) 0.489
Rib fractures 11.84 (0.94–11.31) <0.001 5.97 (1.01–10.93) 0.019

Anterior flail segment 6.09 (−0.34–9.44) 0.086

β, beta weight; CI, confidence interval; BMI, body mass index; COPD, chronic obstructive pulmonary disease;
CPR, cardiopulmonary resuscitation.

Table 6. Associations with mechanical ventilation in linear regression analysis.

Variable
Univariable β

(95% CI)
p-Value Multivariable β (95% CI) p-Value

Age 0.16 (−0.02–0.33) 0.750
BMI −0.09 (−0.53–0.35) 0.690

Heart failure −0.71 (−6.03–4.62) 0.791
COPD 3.30 (−3.68–10.27) 0.349

Pneumonia 9.17 (3.67–14.71) 0.01 6.12 (0.94–11.31) 0.021
Flail chest 14.58 (7.87–21.8) <0.001 10.45 (3.57–17.33) 0.003

Duration of CPR 0.10 (−0.07–0.27) 0.236
Rib fractures 8.35 (3.32–13.39) 0.001 4.55 (−0.34–9.44) 0.068

Anterior flail segment 2.44 (−3.70–8.58) 0.431

β, beta weight; CI, confidence interval; BMI, body mass index; COPD, chronic obstructive pulmonary disease;
CPR, cardiopulmonary resuscitation.

Four survivors failed to show adequate progression in weaning from the ventilator
after receiving a tracheostomy, for a number of reasons, including flail chest. In a case-by-
case decision, the treating physician, together with a thoracic surgeon, identified patients
who would undergo surgical stabilization of their rib fractures, who were eventually
weaned from mechanical ventilation (Table 7; Figure 2).

Table 7. Case characteristics of patients who underwent surgical rib fixation.

Variable Patient 1 Patient 2 Patient 3 Patient 4

Age 61 years 53 years 61 years 66 years
Sex male male male male

BMI [kg/m2] 24.7 24.7 29.2 22.5
Reason for CPR Pulmonary embolism Myocardial infarction Myocardial infarction Hypoxia

Relevant comorbidities Aspiration pneumonia Aspiration pneumonia
Influenza pneumonia

Acinetobacter
pneumonia

Aspiration pneumonia
Heart failure

COPD
Duration of CPR 65 min 20 min 15 min 21 min

Length of ICU stay 45 days 27 days 69 days 18 days
Mechanical ventilation 37 days 18 days 59 days 16 days

Number of
fractured ribs 9 ribs 8 ribs 7 ribs 14 ribs

Anterior flail segment Yes Yes Yes Yes

BMI, body mass index; CPR, cardiopulmonary resuscitation; ICU, intensive care unit; COPD, chronic obstructive
pulmonary disease.
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(a) (b) 

Figure 2. Chest CT reconstruction of a patient with multiple rib fractures and flail chest after 65 min of
CPR, including the use of extracorporeal CPR, due to massive pulmonary embolism. (a) The patient
underwent surgical rib fixation for stabilization (b) and was finally weaned from the ventilator after
37 days of mechanical ventilation.

4. Discussion

The results of this study suggest that the CPR-associated thoracic injury pattern
among survivors of non-traumatic cardiac arrest may prolong the weaning process from
the ventilator and ICU stay.

Rib fractures were the most frequently detected thoracic bone damage in our study.
Most previous studies on injuries after CPR utilized necropsy, postmortem CT scans, or
both, with the primary aim of demonstrating the differences between injuries caused
by manual chest compressions and automated chest compression devices [3,4,6,8]. A
recently published study, regarding CPR-associated thoracic injuries, included patients
after OHCA, who received chest CT imaging after CPR. The median number of rib fractures
was comparable with our results. An association between the detection of rib fractures and
a prolonged length of ICU stay was found in the patients, which supports our results [12].

The frequency of clinically detected flail chest in our cohort was almost twice as high as
that reported in a previous publication that was conducted almost half a century ago, which
could be the result of higher survival rates [14]. The patients with flail chest had a higher
rate of pneumonia, longer ICU stay and mechanical ventilation, and higher tracheostomy
rates, compared with patients without flail chest. On the other hand, pneumonia and the
detection of a rib fracture prolonged the overall length of ICU stay, while flail chest did not.
Taken together, rib fractures, and especially multiple rib fractures that lead to flail chest,
seem to influence post-resuscitation care in the ICU.

Regarding the treatment options after CPR-associated chest injuries, the present study
was not designed to confirm whether early surgical rib fixation could influence the outcome.
In this study, we present a series of four cases, in which surgical rib fractures might have
contributed to improved respiratory function.

Recent data have shown improvements in the numeric pain score of patients with
multiple rib fractures after surgical stabilization [15]. The Eastern Association for the
Surgery of Trauma recommends rib fixation in patients with flail chest, to reduce the need
for tracheostomy, increase the number of ventilator-free days, and reduce the length of
ICU and hospital stays [16]. Whether patients with traumatic flail chest clearly benefit
from surgical therapy remains controversial. Overall, surgical interventions have shown
promising long-term outcomes and low complication rates [17–19]. However, these data
refer to traumatic chest injuries and reflect a different patient cohort, in comparison to
survivors of cardiac arrest with specific patterns of injuries. In a study of 61 ventilator-
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dependent patients with flail chest (including 7 CPR survivors), surgical rib fixation was
associated with a shortened ICU stay and improved cost effectiveness [20].

Due to a considerable lack of data regarding the effect of surgical rib fixation on the
course of the weaning process, more research is urgently needed. Future research should
provide evidence of whether this procedure will remain a rare treatment option, or if it has
the potential to change clinical practice patterns. This could particularly affect hospitals
without cardiothoracic surgery departments, and the referral and capacity management of
certified cardiac arrest centers.

As a result of this study, we have introduced a multidisciplinary assessment of CPR
survivors with promising rehabilitation potential and a relevant probability of flail chest-
related weaning failure, and whether they might benefit from surgical rib fixation. This
assessment includes intensivists, respiratory therapists and thoracic surgeons.

Limitations

Retrospective single-center studies, with a limited number of patients, may result in
selection bias. Less than half of the included patients underwent chest CT after CPR, which
may have led to diagnostic bias, because the diagnostic accuracy of plane chest radiography
for bone lesions is lower than CT [21]. Furthermore, deceased patients were not included in
this study, who may have presented with other injury characteristics and different results.

5. Conclusions

Our results suggest that CPR-related injuries may impair the respiratory recovery
of cardiac arrest survivors. The presence of flail chest may be associated with the need
for tracheostomy, prolonged mechanical ventilation and pneumonia, whereas multiple
rib fractures and pneumonia may contribute to longer ICU stays. A multidisciplinary
assessment, including intensivists, respiratory therapists and thoracic surgeons, may help
to identify the patients who may benefit from surgical rib fixation and chest stabilization,
which has to be confirmed in future studies.
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Abstract: Survival and neurological outcomes after out-of-hospital cardiac arrest (OHCA) remain
low. The further development of prehospital extracorporeal resuscitation (ECPR) towards Controlled
Automated Reperfusion of the Whole Body (CARL) has the potential to improve survival and outcome
in these patients. In CARL therapy, pulsatile, high blood-flow reperfusion is performed combined
with several modified reperfusion parameters and adjusted defibrillation strategies. We aimed to
investigate whether pulsatile, high-flow reperfusion is feasible in refractory OHCA and whether the
CARL approach improves heart-rhythm control during ECPR. In a reality-based porcine model of
refractory OHCA, 20 pigs underwent prehospital CARL or conventional ECPR. Significantly higher
pulsatile blood-flow proved to be feasible, and critical hypotension was consistently prevented via
CARL. In the CARL group, spontaneous rhythm conversions were observed using a modified priming
solution. Applying potassium-induced secondary cardioplegia proved to be a safe and effective
method for sustained rhythm conversion. Moreover, significantly fewer defibrillation attempts were
needed, and cardiac arrhythmias were reduced during reperfusion via CARL. Prehospital CARL
therapy thus not only proved to be feasible after prolonged OHCA, but it turned out to be superior to
conventional ECPR regarding rhythm control.

Keywords: cardiopulmonary resuscitation; extracorporeal circulation; post-resuscitation care

1. Introduction

Sudden out-of-hospital cardiac arrest (OHCA) is one of the leading causes of death
in Europe and a major health care problem [1,2]. Its survival rate is still reported to
be poor, with a significant number of patients suffering from permanent neurological
disability [1,3–5]. In recent years, extracorporeal cardiopulmonary resuscitation (ECPR)
has shown promising results and consequentially found consideration in the guidelines as
a rescue therapy in refractory cardiac arrest (CA) for selected patients [6–8].

However, uncontrolled reperfusion leads to the development of so-called ischaemia-
reperfusion injury (IRI), causing further multi-organ damage [9,10]. The pathophysiologic
mechanisms of IRI include systemic inflammatory response, oxidative stress and microcircu-
latory deficits [9,11]. In particular, cardiac IRI often interferes with the aim of re-establishing
a regular heart rhythm. As a result, cardiac arrhythmias are frequently detected during
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ECPR. Early rhythm conversion and termination of these arrhythmias reduce myocar-
dial oxygen consumption and are essential to unloading the left ventricle [12,13]. As a
result, the exacerbation of myocardial ischaemic injury and potential side effects of cardiac
standstill during extracorporeal circulation (ECC), such as left ventricle distension or intra-
cardiac thrombus formation, can be prevented [14,15]. Early restoration of a regular cardiac
rhythm and preventing further cardiac arrhythmias should therefore be among the highest
priorities during ECPR.

To further improve the outcome after CA, a concept based on ECC has been developed,
called Controlled Automated Reperfusion of the Whole Body (CARL). CARL enables users
to treat and minimise IRI by controlling the initial reperfusion phase and applying basic
scientific principles. Its rationale has been reported [9,16–18]. In addition to acquiring
and modifying several reperfusion parameters, reperfusion with high, pulsatile blood
flow and high reperfusion pressures are key elements of CARL therapy. Based on this,
an adapted approach to rhythm conversion using cardiac surgery techniques such as
secondary cardioplegia (SC) is followed here [16,19,20].

Our first study aim was to investigate whether a pulsatile, high blood flow approach is
feasible despite expected hypovolemia and vasoplegia during refractory cardiopulmonary
resuscitation. Second, we wanted to investigate whether modified reperfusion targets when
applying CARL therapy have any effects on the rhythm conversion rate and heart rhythm
control in comparison to conventional ECPR.

2. Materials and Methods

This animal study protocol was approved by the local animal welfare committee
(Regierungspräsidium Freiburg, G-15/148). All experiments were carried out in accordance
with the regulations of the German animal protection law and animal care guidelines of
the European Community (2010/63/EU).

To create a reality-based porcine model of refractory OHCA, local response times for
OHCA were included in our study protocol. For this purpose, the experimental procedure
proceeded realistically in individual stages (see Figure 1), starting with a normothermic
whole-body ischaemic phase. In this stage, bystanders witness the collapse, CA is observed,
and the emergency medical services are dispatched (5 min). In the second stage, basic life
support is attempted via high quality chest compression and rescue breaths (8 min). When
the specialized rescue forces arrive, additional rescue attempts and advanced life support
are started (22 min).

Figure 1. Schematic presentation of the experimental protocol. CA Cardiac arrest, BLS Basic life
support, ALS Advanced life support, FiO2 Fraction of inspired oxygen, VT Tidal volume, C/V Chest
compression to ventilation ratio, BR Breathing rate.
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A total of 35 min after the CA onset, the therapy is escalated to one of the extracorporeal
systems (conventional ECPR versus CARL). The extracorporeal resuscitation phase was
further divided into two sections: a pre-hospital and an in-hospital section.

The preparations and realization of each phase according to the group’s allocation are
explained in detail below.

2.1. Anaesthesia and Surgical Procedures

In our experimental protocol, 20 Landrace-Hybrid pigs of 50–75 kg bodyweight were
premedicated with ketamine (20 mg/kg) and midazolam (5 mg/kg) intramuscularly. Anaes-
thesia was induced by injecting propofol (2–4 mg/kg) through a venous catheter placed
in the marginal ear vein. After neuromuscular relaxation with vecuronium (10 mg), endo-
tracheal intubation was performed with an endotracheal tube (size 7.0–8.0 mm). Volume-
controlled mechanical ventilation was provided to normalize pH, arterial partial pressure
of oxygen (PO2) and arterial partial pressure of carbon dioxide (PCO2). Anaesthesia was
maintained with inhaled isoflurane (2% Volume), fentanyl (1–5 μg/kg/h) and vecuro-
nium (0.2 mg/kg/h). Hypokalaemia and hypomagnesemia, as routinely observed in prior
experiments, were compensated accordingly with 5 mL potassium chloride 7.45% and
1 g magnesium. An antibiotic prophylaxis was provided with ceftriaxone (2 g). Ringer’s
solution (10 mL/kg/h) was used as primary fluid substitution to maintain euvolemia.
We employed a continuous intraoperative monitoring, which recorded heart rate, pulse
strength, oxygen saturation, ECG and blood pressure automatically (Siemens, SC 9000XL,
Washington, DC, USA). Body temperature was recorded via a nasopharyngeal tempera-
ture probe and kept constant in the physiological range until the experimental protocol
was started.

Animals were placed in a horizontal supine position on a specially designed resusci-
tation board with a built-in connection point for the mechanical resuscitation device [21].
The neck vessels were exposed by chirurgical dissection on the right side of the neck.
Two catheters were placed in the right common carotid artery to continuously record the
arterial blood pressure and collect arterial blood samples. Another catheter was placed in
the external jugular vein for venous blood sampling. Information on pulmonary arterial
and central venous pressures as well as cardiac output was obtained via a Swan–Ganz
catheter (Swan-Ganz Pacing-TD Catheter, Edwards Lifesciences, Irvine, CA, USA), which
was placed in the right subclavian vein. Coronary perfusion pressure was calculated as the
difference between the diastolic and central venous pressure [22]. The right femoral artery
and right external jugular vein were prepared for later cannulation.

At fixed time points during the experiment, blood samples were taken for arterial and
venous blood gas analyses.

2.2. Cardiac Arrest

Cardiac arrest was induced by electrical fibrillation using the pacing electrodes of the
Swan–Ganz catheter. The so induced cardiac arrest was kept for the next five minutes. At
the same time the animals were disconnected from mechanical ventilation. During this
phase, the supply of all drugs was stopped, and no resuscitation of any kind took place.

To prepare for extracorporeal circulation, a 22–24 F cannula was advanced in the
exposed right jugular vein for venous drainage, as was a 14–16 F cannula in the right
femoral artery for arterial inflow. Each cannula was flushed with saline and 5000 I.U. of
heparin to prevent clot formation; they remained clamped during the CA and CPR periods.

2.3. Basic Life Support

Basic life support (BLS) was provided for eight minutes in accordance with the BLS
algorithm of the European Resuscitation Council (ERC) [23]. Chest compressions were
performed using a mechanical chest compression device (LUCAS 2 Chest Compression
Device, Stryker Medical, Portage, MI, USA) at a frequency of 100 compressions per minute
and compression depth of 5–6 cm. The time ratio between compression and decompression
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was 50/50, and active decompression was applied. The animals were manually ventilated
with ambient air (21% oxygen) by connecting the endotracheal tube to a ventilation bag.
The chest compression to ventilation ratio was 30 to 2.

2.4. Advanced Life Support

In the subsequent advanced life support (ALS) phase, the inspiratory oxygen con-
centration was raised to 100% and chest compressions were no longer interrupted for
ventilation. Ventilation occurred at a rate of 14/min with a tidal volume of 10 mL/kg. In
accordance with ERC guidelines, each animal received 1 mg epinephrine (10 mL diluted
1:10 with NaCl 0.9%) every 4 min via intravenous access. Cumulatively, each animal
received 5 mg of epinephrine flushed with 20 mL of saline solution. Electrical or chemical
defibrillation attempts were not made throughout the duration of conventional CPR to
simulate refractory CA and prevent a premature return of spontaneous circulation (ROSC).
Anaesthesia was resumed with propofol (10–15 mg/kg/h), fentanyl (1–5 μg/kg/h) and
vecuronium (0.2 mg/kg/h) to prevent awareness.

2.5. Animal Groups

Following five minutes of normothermic CA and 30 min of conventional resuscitation,
ECC was established for 90 min according to a group-specific protocol. n = 10 pigs were
allocated to each group. In both groups, chest compressions were stopped after establishing
ECC, and rhythm conversion to a regular heart rhythm was attempted. Any cardiac
arrhythmias during reperfusion were treated when hemodynamically relevant.

2.5.1. Conventional Extracorporeal Cardiopulmonary Resuscitation (ECPR)

The selected reperfusion targets and settings in the group receiving conventional
ECPR were realized just as they are already practiced in OHCA in many places. ECC
was established using a diagonal pump (Deltastream DP3, Medos Medizintechnik AG,
Stolberg, Germany) and a commercially available reperfusion set (Medos Medizintechnik
AG, Stolberg, Germany). The system was primed with a total of 1.2 L crystalloid solution
(Jonosteril Infusion Solution, Fresenius Kabi Deutschland GmbH, Bad Homburg, Germany)
at room temperature and 15,000 I.U. heparin. Reperfusion was performed with a blood
flow of 50 mL/kg/min and sweep gas flow of 2.5–3.5 L/min with 100% oxygen supply
via the membrane oxygenator. The inspiratory oxygen concentration was set to 100% and
ventilation was continued with a tidal volume of 10 mL/kg/min.

Persistent shockable cardiac arrhythmias were treated in accordance with the ALS-
algorithm [6]. If defibrillation was indicated, up to three shocks were applied at an energy
of 200 J followed by an initial dose of amiodarone (10 mg/kg) if unsuccessful. A second
dose of amiodarone (5 mg/kg) was administered after the fifth shock, if needed. Persistent
shockable arrhythmias beyond that were subjected to subsequent shocks, along with 2 g
magnesium and 100 mg lidocaine. All defibrillation attempts were made with the animal
in antero-apical pad position.

Due to laminar blood flow induced by conventional ECC and the lack of invasive blood
pressure and blood gas measurements, no information regarding blood pressure and blood
gases were available in conventional ECPR during the first 60 min (prehospital situation).
Consequently, no vasoactive drugs were applied and no active modification of blood gas
parameters took place during the pre-hospital ECPR phase. In case of venous-cannula
suction events, a bolus of 300–500 mL crystalloid fluid was administered.

In the second, in-hospital section (60–90 min), hypotension was treated with nore-
pinephrine and crystalloid fluid administration to enable a mean arterial blood pressure
(MAP) > 65 mmHg [24]. Arterial acidosis was counteracted by injecting sodium bicarbonate
in order to achieve a pH greater than 7.2.
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2.5.2. Controlled Automated Reperfusion of the Whole Body (CARL)

In the CARL group, the CARL controller (Resuscitec GmbH, Freiburg, Germany)
was used for reperfusion, and CARL therapy was applied [16–18]. In accordance with
CARL therapy, more than 14 blood parameters and 4 specific reperfusion conditions
were modified [16,25]. Before use, the system was primed with 1.0 L specially devel-
oped priming solution (CARL Priming Solution, Dr. Franz Köhler Chemie GmbH, Ben-
sheim, Germany) [16]. Initial reperfusion was performed at a high, pulsatile blood flow of
80–100 mL/kg/min, and pulsatility was maintained for 45 min or until the heart regained
its own ejection. As provided, a fibreoptic catheter (CARL Arterial Pressure Sensor, Re-
suscitec GmbH, Freiburg, Germany) was placed in the ascending aorta via the integrated
connection site in the arterial line to monitor arterial pressure immediately after initiating
reperfusion. A MAP of 80–100 mmHg was targeted by injecting norepinephrine and fluids
(priming solution and crystalloid fluid). Immediate hypothermia up to 32 ◦C was induced
in the first 60 min followed by gradual rewarming to normothermic body temperature.
Mechanical ventilation was performed in a volume-controlled manner with one-third of
the tidal volume required before, and the inspiratory oxygen concentration was set to 30%
until the heart regained its own ejection. The sweep gas flow and oxygen supply via the
membrane oxygenator was adjusted to achieve the target values required in CARL therapy
(arterial PO2 100–200 mmHg, arterial PCO2 35–45 mmHg). By injecting sodium bicarbonate,
a physiologic pH was targeted form the 45th min onwards.

Shockable cardiac arrhythmias during the reperfusion process were managed by
injecting 40 mL potassium (7.45%) to evoke a transient asystole, and allow for a rhythm
conversation into an organized hearth rhythm. This form of potassium-induced secondary
cardioplegia was repeated once if the arrhythmia persisted before more conversion attempts
were made with repeated electrical defibrillations at 200 joules. After the first electrical
defibrillation, supportive 10 mg/kg amiodarone was administered via peripheral venous
access, followed by another dose of 5 mg/kg after the third shock. If ventricular fibrillation
persisted, additional 100 mg lidocaine and 2 g magnesium were applied. To further evaluate
the effect of SC beyond the CARL therapy, it was also applied in n = 4 animals in the ECPR
group showing refractory ventricular fibrillation (VF) at different time points.

2.6. Statistical Analyses

Statistics were analysed and data were visualised using the statistical software RStu-
dio (version 1.4.11) and R package ggplot2 [26,27]. Data were tested for normal distribu-
tion by Shapiro–Wilk test. Means and standard deviation (SD) or medians and ranges
were calculated as appropriate. Differences between groups were compared applying
Mann–Whitney rank sum test or t-Test as appropriate. The number of defibrillations re-
quired was tested in a generalised linear model using Poisson Regression. Analysis of
categorical data, such as cardiac arrhythmias, is limited to descriptive analysis due to small
subgroup size. Statistical analyses regarding blood pressure and haemoglobin concentra-
tion were conducted in a mixed-effects model for each phase of the experiment using the
R packages lme4 and lmerTest [28,29]. In this model, bodyweight, time of measurement
and group allocation were considered as fixed effects. A group size of n = 10 in each group
allowed the discrimination of differences with an effect size greater than 1.2, a power of 0.8
and a one-tailed significance value of 0.05.

3. Results

3.1. Haemoperfusion

In the CARL group, a mean blood flow of 5.26 ± 0.36 L/min was achieved compared
to 3.12 ± 0.36 L/min in the ECPR group (p < 0.001). This required significantly more fluid
administration in the CARL group over the entire reperfusion period than in the ECPR
group (Table 1, CARL: 1556 ± 687 mL, ECPR: 430 ± 286 mL, p < 0.01).
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Table 1. Norepinephrine and fluid use in reperfusion phase.

Mean ± SD

n Norepinephrine (μg/kg/min) Fluid (mL)

CARL 8 * 1.15 ± 0.70 1556 ± 687
ECPR 10 1.82 ± 1.33 430 ± 286

p-Value 0.22 0.002
* No information on drug application available for n = 2 pigs (loss of data).

The pulsatile blood flow generated by the CARL controller’s second diagonal pump
could be tracked in the abdominal aorta as well as in the common carotid artery (Figure 2).
As is standard with CARL therapy, we observed an amplitude of 15–20 mmHg in both
vessels at a 50/min pulse rate.

  
(a) (b) 

Figure 2. Pulsatile blood flow on ECC during CARL therapy: (a) Screenshot from real-time measure-
ments on the CARL controller during asystole reperfusion. A pulsatile blood pressure was observed
during extracorporeal circulation in the ascending aorta during asystole phase (red curve); (b) Screen-
shot of experimental monitoring during ECC. Despite asystole (green curve), a pulsatile blood flow
(red curve) is detected in the common carotid. Pulmonary artery (PA) pressure is displayed in yellow.

We observed no complications in relation to pulsatility or the high flow approach such
as aortic valve insufficiency or left ventricle distension.

3.2. Haemodynamics

Neither group differed significantly in MAP during baseline, ischaemia and mechani-
cal resuscitation (see Figure 3a). A trend towards decreasing blood pressure was observed
during the BLS and ALS phases, which was interrupted by repetitive peaks in the ALS
phase. These peaks corresponded to the repeated application of epinephrine. However,
this blood pressure-increasing effect exhibited a visibly decreasing course as the number of
applications rose. The effect of the fifth application, two minutes before the start of ECC,
coincided with the initial phase of reperfusion and contributed to a further blood pressure
peak after extracorporeal reperfusion in both groups.
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(a) (b) 

Figure 3. Longitudinal course of haemodynamic parameters: (a) Mean arterial blood pressure;
(b) Coronary perfusion pressure. Data are expressed as mean ± SD. BL Baseline, BLS Basic life
support, ALS Advanced life support. (*** p < 0.001).

This initial peak revealed a rapid decline in accordance with the half-life of epinephrine
(3–10 min) in the ECPR group. Due to the unavailability of prehospital arterial pressure
measurements, we could not respond appropriately to this drop, resulting in a critical
MAP less than 60 mmHg from the fifteenth minute on in all ten animals. At the beginning
of the in-hospital phase after 60 min of ECC, we were able to treat low arterial pressure
by injecting norepinephrine and fluids as in Table 1, resulting in a sufficient MAP of
72 ± 7 mmHg in the ECPR group.

The CARL group revealed a significantly higher MAP during the first 60 min of the
experiment (pre-hospital phase). The combination of catecholamine and fluid application
and the pulsatile, high flow approach resulted in a MAP of 87 ± 13 mmHg.

Concomitant with the CARL group’s higher MAP, they also achieved higher coronary
perfusion pressures (CPPs) during the first hour of ECC than did the ECPR group (see
Figure 3b, CARL: 69.3 ± 14.0 mmHg, ECPR: 36.8 ± 4.6 mmHg, p < 0.001). In the second
reperfusion phase, CPPs in both groups were similar with the CARL group tending towards
higher coronary pressures (CARL: 65.2 ± 12.5 mmHg, ECPR: 54.1 ± 8.7 mmHg, p = 0.10).
Although both groups required similar numbers of vasopressor applications, the CARL
group needed three times as much fluid.

As shown in Figure 4, the haemoglobin concentration rose significantly during chest
compressions compared to baseline (13.0 ± 0.7 g/dL vs. 9.3 ± 0.7 g/dL, p < 0.001),
indicating a relevant haemoconcentration caused by volume shift during cardiac arrest. We
detected no differences between the groups until the onset of reperfusion. After starting
reperfusion, we noted a complete return to baseline values in the CARL group, but the
ECPR group’s haemoglobin concentration did not entirely return to baseline values. Even
after a prolonged period of reperfusion, they still differed significantly from the CARL
group (p < 0.001). We found that animal body weight proved to be a significant confounder
for haemoglobin concentrations during reperfusion (p = 0.044) with higher haemoglobin
concentrations in heavier animals.
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Figure 4. Haemoglobin concentration’s longitudinal course in arterial blood. Data are expressed as
mean ± SD. BL Baseline, BLS Basic life support, ALS Advanced life support. (*** p < 0.001).

3.3. Arterial Blood Gases

Arterial blood gas analysis revealed no differences in baseline values and no differ-
ences at the end of the ALS phase between booth groups (see Table 2).

Arterial PO2 during ECC was higher in the ECPR group (p < 0.001), as well as arterial
PCO2 (p < 0.01) in the pre-hospital phase. No differences were seen in lactate and glucose
concentration between booth groups. Arterial pH showed a significant reduction in the
ECPR group 30 (p < 0.05) and 60 (p < 0.001) minutes after the onset of ECC.

Table 2. Arterial blood gas analysis.

ECPR CARL

BL ALS 3’ 30’ 60’ 90’ BL ALS 3’ 30’ 60’ 90’

pH 7.45
± 0.02

7.09
± 0.16

7.01
± 0.09

7.08 *
± 0.06

7.11 ***
± 0.08

7.29
± 0.05

7.45
± 0.02

7.07
± 0.10

7.01
± 0.05

7.17 *
± 0.08

7.29 ***
± 0.08

7.33
± 0.06

Base excess,
mmol/L

3.6
± 1.2

−14.4
± 2.9

−15.1 *
± 3.5

−13.5
± 1.9

−13.0 *
± 2.4

−5.8
± 1.2

3.8
± 1.3

−15.8
± 3.3

−18.4 *
± 1.6

−14.9
± 4.1

−9.1 *
± 4.2

−6.2
± 2.9

Arterial PO2,
mmHg

93
± 17

110
± 140

207
± 82

233 ***
± 71

255 ***
± 94

424 ***
± 104

91
± 7

71
± 30

224
± 64

118 ***
± 31

103 ***
± 29

115 ***
± 41

Arterial PCO2,
mmHg

40
± 1

56
± 24

64 **
± 9

58 ***
± 10

55 **
± 10

43
± 7

41
± 2

54
± 25

53 **
± 6

39 ***
± 7

37 **
± 8

38
± 5

Glucose, mg/dL 98
± 20

276
± 168

305
± 164

238
± 163

201
± 140

171
± 141

102
± 9

381
± 79

296
± 76

234
± 68

226
± 61

219
± 52

Lactate, mmol/L 1.6
± 0.4

10.7
± 2.5

12.0
± 2.1

12.0
± 1.2

12.1
± 1.6

14.7
± 1.7

1.5
± 0.5

10.9
± 1.6

10.2
± 1.2

11.4
± 1.6

13.2
± 1.7

14.0
± 1.7

Values are expressed as mean ± SE. BL Baseline, ALS End of advanced life support. (* p < 0.05, ** p < 0.01,
*** p < 0.001).

3.4. Effects on Rhythm Conversion and Cardiac Arrhythmias during Reperfusion
3.4.1. Termination of Ventricular Fibrillation

Following ALS, all pigs exhibited persistent VF. With the onset of ECC in the CARL
group, the reperfusion solution containing lidocaine and a high concentration of magne-
sium induced a transient asystole in all animals. Spontaneous rhythm conversion to sinus
rhythm was observed in n = 4 animals (see Table 3). In two of those animals (2/4), the sinus
rhythm proved to be stable until the end of the observation period. VF in the remaining
n = 8 pigs was managed by potassium-induced secondary cardioplegia (SC) as described
above. All animals receiving SC showed a transient asystole phase interrupted by either si-
nus rhythm or further cardiac arrhythmias. Sustained asystole after SC was not observed in
any animal. The sinus rhythm achieved in one pig (1/8) after SC appeared to be stable until
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the end of the observation period. A mean increase in serum potassium concentration of
0.8 ± 0.1 mmol/L per application was observed. The remaining pigs (7/10) with shockable
arrhythmias underwent further defibrillation attempts in accordance with the guidelines.

Table 3. Rhythm conversation procedure.

Spontaneous Rhythm Conversion Secondary Cardioplegia Electric Defibrillation

Group With Reperfusion (n) Sustained (n) Required (n)
Attempts Median

(min, max)
Required (n)

No. of Shocks
Median (min, max)

CARL 4/10 2/4 8/10 2 (1,2) 7/10 5 (1,8)
ECPR 0/10 0/0 4/10 1 (1,1) 10/10 8 (3,14)

To further evaluate the SC effect beyond CARL therapy, we also evaluated it in
n = 4 animals in the ECPR group suffering from refractory VF despite several defibrillations
(range 9–13 attempts) at different time points. SC was applied in n = 2 animals during the
pre-hospital phase with a MAP of 33 and 36 mmHg, respectively, during administration,
another n = 2 animals received SC during the in-hospital phase with a MAP of 58 and
87 mmHg during administration. All animals (4/4) showed a transient asystole followed
by persistent sinus rhythm until the end of the observation period. No further cardiac
arrhythmias were observed in those animals.

3.4.2. Number of Defibrillations

In the ECPR group, a median of 8 (range 3–14) electrical defibrillation attempts were
necessary to achieve sustained rhythm stability, compared to 5 (range 1–8) attempts in
the CARL group (see Figure 5). This difference was statistically significant (p < 0.01)
and remained significant even when considering the treatment attempts with secondary
cardioplegia (median CARL 6 (range 1–10), ECPR 8.5 (range 3–15), p < 0.05).

Figure 5. Number of shocks (200 J) delivered. Each point represents the number of electric defibrilla-
tions required per animal for sustained rhythm conversion to sinus rhythm (** p < 0.01).

3.4.3. Cardiac Arrhythmias

Wide QRS complex bradycardias were observed in both groups after initial VF con-
version (see Table 4). All bradycardias required therapeutic interventions, except for one
animal in the ECPR group. Internal over-pacing at a rate of 100–120/min via the implanted
pacemaker catheter was performed to maintain cardiac output.
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Table 4. Cardiac arrhythmias during reperfusion.

Bradyarrhythmia Tachyarrhythmia

Group n Therapy-Needed n Therapy-Needed

CARL 1/10 1/1 1/10 1/1
ECPR 4 */10 3/4 2 */10 1/2

* One animal exhibited bradyarrhythmia and tachyarrhythmia.

Tachycardiac arrhythmias were documented in two animals, including a bigeminus
rhythm in one pig and pulseless ventricular tachycardia (pVT) in two others. Defibrillation
was performed for pVT, and the bigeminus rhythm appeared to be self-limiting.

All documented cardiac arrythmias in the ECPR group occurred before the application
of secondary cardioplegia. We identified no significant differences in potassium levels
between animals with or without cardiac arrhythmias (arrhythmias: 5.22 ± 0.57 mmol/L,
no arrhythmias: 5.17 ± 0.93, p = 0.544).

4. Discussion

ECPR has been gaining increasing acceptance in the treatment of refractory cardiac
arrest. Prolonged low-flow as that accompanying conventional CPR prior to ECPR is
known to worsen the neurologic outcome after CA [30]. More and more pre-hospital ECPR
programs have been launched to minimise the duration of low-flow. Over the last few
decades, a concept specialized in pre-hospital ECPR named CARL was developed. By
recording and modifying the most important reperfusion parameters, clinicians aim to
achieve the greatest possible reduction in reperfusion damage using CARL [16–18,25].

The purpose of the present study was to investigate whether a pulsatile, high blood-
flow approach is feasible when applying CARL therapy, and whether any effects on
rhythm control appear in a reality-based porcine model of prolonged CPR. The rationale
of this approach and effects on heart rhythm control compared to conventional ECPR are
discussed below.

4.1. High Pressure and Pulsatile, High-Flow Reperfusion

It is well known that the cerebral no-reflow phenomenon is exacerbated in propor-
tion to the duration of ischaemia, and that it can be reversed by raising reperfusion
pressure [31,32]. Clinical studies have shown that high MAP and CPP are, together with
high systolic blood pressure, associated with lower mortality and better neurological out-
comes [33–35]. Moreover, dysfunctional cerebral autoregulation is often observed after
CA, necessitating higher perfusion pressures to ensure adequate perfusion of all regions in
the central nervous system [36]. Due to the unavailability of pre-hospital blood pressure
monitoring on ECC, we observed relevant hypotension in the ECPR group. As shown
in a systematic review by Bhate et al., the presence of hypotensive phases after ROSC
is associated with increased mortality [35]. We detected no hypotensive phases in our
CARL group, a finding that again highlights the importance of monitoring key reperfusion
parameters including blood pressure as early as possible.

Higher perfusion pressures are also achievable especially on ECC by increasing blood
flow. Together with pulsatile blood flow, beneficial effects on survival and neurological
outcome have been described in conjunction with CARL therapy before [18]. In the present
study we observed that even when using comparatively small cannulas, the pulsatility
generated by the CARL controller can be maintained in the vascular system downstream
in the smaller blood vessels. Despite the extreme haemoconcentration that occurs after
prolonged cardiac arrest, we found this pulsatile, high-flow, high-pressure approach to
be feasible.

Haemoconcentration occurs as a result of blood plasma redistributed from the intravas-
cular to the extravascular space due to failure of the energy-dependent sodium–potassium
pump combined with enhanced cell permeability and increased intracellular osmolarity [37].
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Beyond that, the compression of upper abdominal organs during chest compression con-
tributes to the rise in the haemoglobin concentration. However, haemoconcentration and
accompanying increased blood viscosity have been proven to trigger impaired cerebral
circulation after ischaemia [32]. As our experiments showed, a haemoconcentrated state
raises the fluid demand, which was adequately fulfilled in the CARL group. More research
is needed to determine whether additional haemodilution beyond baseline values reveals
beneficial effects regarding cerebral blood flow and functional outcome in conjunction with
CARL therapy.

4.2. Impact on Rhythm Conversion and Cardiac Arrhythmias

As mentioned above, CARL therapy takes a modified approach for rhythm conversion
in shockable arrhythmias via established cardiac surgery techniques [16,19,20]. The combi-
nation of lidocaine–magnesium-induced and potassium-induced cardiac standstill led to
sustained rhythm conversion in 30% of all animals not requiring any electrical defibrillation,
encouraging evidence in light of the potential harmful side effects of defibrillations such as
electrical and contractile dysfunction [38–40]. Even when cardioplegia failed, thus requiring
defibrillation, we observed that the number of defibrillations required was significantly
reduced using CARL. There is ample evidence of the positive effects of high MAP and
CPP on the efficacy of defibrillation and survival [33,34]. It is thus likely that the effects
we observed can be at least partially attributed to the CARL group’s higher CPP. In their
study, Lee et al. also demonstrated a decrease in the number of countershocks required
after potassium-induced cardiac standstill. Interestingly, their groups’ MAP and CPP were
similar, suggesting a CPP-independent effect [41]. Furthermore, defibrillation and rhythm
stability may be facilitated by a more rapid recovery of the acid–base balance as well as the
more physiologic oxygen and carbon dioxide partial pressures during CARL therapy.

As our findings suggest, potassium-induced secondary cardioplegia is effective re-
gardless of CARL therapy, as indicated by its efficacy in four ECPR-group animals. As
shown in two animals, SC’s anti-arrhythmic effect remains intact even at lower perfusion
pressures close to those at the end of the ALS phase, which raises the question of SC’s
role and effectiveness in conventional CPR. Lee et al. demonstrated beneficial effects of
potassium and potassium–lidocaine-induced cardiac standstill even in conventional CPR
without employing ECC [41,42]. In their study, animals receiving potassium required fewer
countershocks, smaller doses of adrenaline, and their CPR was of shorter duration [41].
However, it is well known that inducing cardiac standstill in the clinical routine, regardless
of how it is implemented, should only be performed when stable circulatory support is
available via extracorporeal circulation.

It should also be noted that repeated applications of secondary cardioplegia are known
to raise the concentration of serum potassium. This may become relevant when considering
hyperkalaemia as an accompanying consequence or even possible cause of CA [6]. In
this situation, the additional administration of potassium could be associated with an
increase in potentially harmful bradyarrhythmias and, thus, worsen CA outcome. We
observed no increase in bradyarrhythmias in our study despite repeated applications of
potassium-induced cardioplegia. On the contrary, applying CARL therapy, we detected a
decrease in cardiac arrhythmias. Moreover, employing a point-of-care blood gas analyser
or the CARL controller with its integrated arterial blood gas analyser enables patient-
specific therapy due to the immediate availability of electrolyte measurements. This in turn
enables diagnosis of pre-existing hyperkalaemia and immediate treatment after the onset
of reperfusion. Potassium-induced secondary cardioplegia should be avoided in this case.

4.3. Limitations

Our study has several limitations. In our model, CA was induced electrically and not
by any organic pathology. Moreover, to prevent premature ROSC, no amiodarone and no
defibrillations were allowed during conventional CPR.
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For logistical reasons, as we were unable to extend the observation period, the ECC
phase, especially, turned out to be rather short. Longer observation periods are obviously
needed to assess long-term cardiac effects. Furthermore, we only investigated myocardial
factors in this study, whereas the limitation of neurological damage needs to be investigated
in further studies.

Moreover, cardiac IRI occurs as a result of multiple mechanisms impacting rhythm
conversion and provoking cardiac arrhythmias. Most of these mechanisms, such as inflam-
matory response or microcirculatory deficits, were not considered in this study; although,
it is well known that they play a crucial role in the development of cardiac IRI.

5. Conclusions

Our results indicate that despite the dramatically excessive haemoconcentration that
occurs during cardiac arrest, CARL therapy makes high-pressure, pulsatile, high-flow
reperfusion feasible. Life-threatening hypotension can be prevented during the pre-hospital
phase of extracorporeal resuscitation by applying CARL. Moreover, controlling the heart
rhythm via CARL reperfusion proved to be effective by minimizing defibrillation attempts
and cardiac arrhythmias. Even spontaneous rhythm conversions were observed during
CARL therapy. This suggests CARL therapy’s potential benefit in alleviating refractory
OHCA, thus improving the outcomes of patients undergoing ECPR.
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Abstract: Background: Guidelines recommend that relatives be present during cardiopulmonary
resuscitation (CPR). This randomised trial investigated the effects of two different behaviour patterns
of relatives on rescuers’ perceived stress and quality of CPR. Material and methods: Teams of three
to four physicians were randomised to perform CPR in the presence of no relatives (control group),
a withdrawn relative, or an agitated relative, played by actors according to a scripted role, and
to three different models of leadership (randomly determined by the team or tutor or left open).
The scenarios were video-recorded. Hands-on time was primary, and the secondary outcomes
comprised compliance to CPR algorithms, perceived workload, and the influence of leadership.
Results: 1229 physicians randomised to 366 teams took part. The presence of a relative did not affect
hands-on time (91% [87–93] vs. 92% [88–94] for “withdrawn” and 92 [88–93] for “agitated” relatives;
p = 0.15). The teams interacted significantly less with a “withdrawn” than with an “agitated” relative
(11 [7–16]% vs. 23 [15–30]% of the time spent for resuscitation, p < 0.01). The teams confronted with an
“agitated” relative showed more unsafe defibrillations, higher ventilation rates, and a delay in starting
CPR (all p < 0.05 vs. control). The presence of a relative increased frustration, effort, and perceived
temporal demands (all <0.05 compared to control); in addition, an “agitated” relative increased
mental demands and total task load (both p < 0.05 compared to “withdrawn” and control group).
The type of leadership condition did not show any effects. Conclusions: Interaction with a relative
accounted for up to 25% of resuscitation time. Whereas the presence of a relative per se increased the
task load in different domains, only the presence of an “agitated” relative had a marginal detrimental
effect on CPR quality (GERMAN study registers number DRKS00024761).

Keywords: cardiopulmonary resuscitation; team performance; randomised controlled trial; family
presence; simulation; NASA task load index

1. Introduction

Discussing the presence of a relative during cardiopulmonary resuscitation (CPR)
dates back to the 1980s and has been a controversial issue since [1–4]. Current guidelines
recommend that resuscitation teams should offer family members of cardiac arrest (CA)
patients the opportunity to be present during the resuscitation attempt in cases where
this opportunity can be provided safely, and a member of the team can be allocated to
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provide support to the patient’s family [5–7]. Data on the effects of the different behaviour
patterns of relatives (e.g., from withdrawn to agitated) on the quality of CPR and on the
psychological impact on rescuers are sparse [8], and this trial aims at closing this gap.

Resuscitation per se is a stressful task [9]. Studies addressing the additional stress
inflicted by family presence showed conflicting results covering an extent of no perceived
additional strain to a sensed significant impairment of own activity due to family pres-
ence [1,4,10–13]. Regarding the quality of CPR, real-life studies and simulations have
repeatedly shown high variability in CPR provision and sub-optimal compliance with
guideline algorithms [14–18], but until now, however, no data reporting negative effects on
patient outcomes have been published from institutions allowing relatives to be present
during resuscitation [19,20]. Moreover, the presence of a “normally” behaving “unobtru-
sive” relative during simulated CA increased task load and frustration but did not impair
the quality of CPR [13]. However, not all relatives can be expected to behave “normally”
during the CPR of a loved one. Overtly aggressive or disruptive relatives or relatives who
are withdrawn may well have a different impact on rescuers’ stress levels and the quality of
CPR. It is mostly unknown if leadership (if any) may alleviate any impact of added strain
caused by the presence of a relative.

Analysing the effect of a family member’s presence on the quality of resuscitation
in a randomised controlled trial and under controlled conditions is quite challenging in
reality, as the causes of cardiac arrest may vary from case to case. Simulations allow
team performance to be studied in a realistic and standardised way [21], both overall and
in individual subtasks, and performance metrics in simulation-based trials show a high
level of consistency with resuscitation results. The object of our randomised, controlled,
and prospective study was, therefore, to analyse the impact of family attendance with
a withdrawn or agitated relative on the rescuer’s felt task burden as well as to assess
leadership designation in this setting on the quality of CPR.

2. Materials and Methods

2.1. Participants

The Working Group on Intensive Care Medicine, Arnsberg, Germany (http://www.
aim-arnsberg.de, assessed on 18 April 2022), arranges postgraduate educational, medical
courses for physicians from Germany and German-speaking countries, mainly residents
in the 2nd to 3rd year in internal medicine, Anaesthesiology, or surgery, who work in
emergency and intensive care medicine. Attendees were offered participation in optional
simulator-based training and were notified that the simulations would be video-recorded
for scientific purposes. Physicians not willing to participate were offered identical work-
shops, but these were not filmed. The study was conducted according to the rules of the
Declaration of Helsinki and authorised by the Ethics Committee of the Medical Association
of Westphalia-Lippe (amendment to 2016-558-f-N, dated 6 September 2017), which waived
the requirement to provide informed consent. The trial was registered with the German
Clinical Trials Registry (www.drks.de, assessed on 18 April 2022; DRKS00024761) and is
reported here according to the extensions of the CONSORT statements of the Reporting
Guidelines for Health Care Simulation Research [22].

2.2. Study Design

This was a prospective, randomised, single-blind trial. The randomisations were
carried out using computer-generated numbers. The participants were randomly assigned
to teams of three to five physicians. The teams were then randomly allocated to perform
CPR under three conditions: (1) no relative present, (2) “withdrawn” relative present, and
(3) agitated relative present. A detailed description of the role can be found in the Appendix.
In addition, the teams were randomly assigned so that either no leader was designated
(no intervention), the team itself designated a leader (the rescue team received the mission
of designating leadership before the scenario began), or the tutor designated a leader
(leadership was attributed to a haphazardly selected group member by the tutor before the
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start of the scenario). The nominated leaders wore a coloured waistcoat and could thus
be clearly recognised from the recordings. Aside from the attendance of a relative and
allocated leadership, the requirements and conditions were the same for the teams.

2.3. Simulator and Scenario

The Ambu Man Wireless manikin (Ambu GmbH, Bad Nauheim, Germany) was
employed. Attendants underwent a standardised implementation of the workshop, the
manikin and the available CPR equipment. All members of the team were then briefed that
their part during the subsequent setting was either that of an in- or out-of-hospital rescue
team called to an unwitnessed cardiac arrest. The patient found (manikin) was pulseless,
apnoeic, and had a Glasgow Coma Score of 3 (unresponsive, comatose). Once attached,
ventricular fibrillation could be monitored on the defibrillator. The investigation period
began when the first participant entered the room and stopped after the third defibrillation.
The resuscitation manikins were served by trained tutors who were briefed not to perform
any interventions until the investigation period ended.

2.4. Family Member Presence

A total of four actors were instructed to display two types of the patient’s relatives
following scripted roles (see Appendix A). The attributes included quiet crying, mourning,
and quiet observation for the “withdrawn” relative and loud crying or mourning as well as
walking around the room worried and upset for the “agitated” relative. In order to ensure
consistent quality in the course of the study, the video recordings were repeatedly discussed
with all of the actors in the presence of an auditor. The teams assigned to the “relatives”
groups met the relative at the scene of the incident beside the patient. The relative reported
that the patient had collapsed in his presence and was unresponsive.

2.5. NASA Task Load Index

Subsequent to concluding the simulation, attendants were invited to fill out the NASA
Task load index (NASA-TLX). The NASA-TLX was designed to evaluate the workload
throughout or after a task. Six areas were rated after being assessed on visual analogue
scales (0 to 100): Mental, Physical, and Time Demand, Frustration, Effort, and Own Perfor-
mance [23]. It has been comprehensively ratified, is easily used and is comprehensively
applied in various fields such as driving, teamwork, flying, and medicine [24,25].

2.6. Data Analysis

The data analysis was conducted by A.O., T.S. and S.M. using video recordings that
were taken during the simulations. The starting point for the timing of all of the events was
the first contact with the patient by one of the attendants.

2.7. Statistical Analysis

The primary outcome measure was the percentage of hands-on time, specified as the
time of de facto chest compressions (CC), depicted as a fraction (in percent) of the total
time available for CC. A power analysis adapted from pilot experiment data showed that
it was necessary to study around 100 teams per study arm to identify a 10% difference
between the groups in the primary outcome measure with a significance level of 0.05
(two-sided tested) and a power of 80%. Therefore, we determined to stop the trial once a
minimum of 100 videotapes of adequate quality were available for each study arm. Due to
organisational causes, the number of accessible video files of satisfactory quality could not
be determined until the completion of the respective training course.

The secondary outcome measures involved the level of interaction with the relative,
NASA TLX data, and compliance with different aspects of national and international
guidelines on CPR. Additionally, the impact of the appointed leader was evaluated as a
secondary outcome measure.
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The complete data were scored on an intention-to-treat basis. The data are presented
as medians [IQR (inter-quartile range)] unless otherwise reported. Statistical analysis was
conducted using SPSS (version 25). Non-parametric ANOVA (Kruskal–Wallis test) was
used for analysing the numerical data, subsequently followed by Mann–Whitney-U tests for
independent samples where necessary. To obtain the estimates for differences between the
medians and their approximate confidence intervals, the Hodges–Lehmann estimation was
applied. The effect of leadership and the interactive term leadership × relative on outcomes
was assessed using SPSS’s general linear model procedure with leadership assignment and
relative assignment (i.e., study group) as fixed factors. The chi-square test was used for
testing categorical data. A p < 0.05 (two-tailed) was considered statistically significant.

3. Results

3.1. Participants

After allocation and follow-up, the data of 335 teams (113 control, 117 “agitated”, and
105 “withdrawn”) were analysed (CONSORT flow chart, Figure 1). The teams consisted
of 3 [3–4] physicians with no significant difference (p = 0.16) between the study groups.
Verbal interactions with the “withdrawn” relative took place during a total of 11 [7–16]% of
the study time and with the “agitated” relative in 23 [15–30]% (Difference 11% 95% CI 8–13;
p < 0.01). Leadership had no influence on the allocation of interaction time (p = 0.54).

 

Figure 1. CONSORT flow chart.

3.2. Primary Outcomes

Hands-on time was 91% [87–93] in the control group, 92% [88–94] in the “withdrawn”
relative group, and 92% [88–93] in the “agitated” relative group (p = 0.15; Figure 2). As-
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signed leadership positions (p = 0.65) had no effect on hands-on time, and there was no
significant relationship between hands-on and absolute (p = 0.64) or percentage of time
(p = 0.54) spent verbally interacting with the relative.

Figure 2. Primary outcome parameter (“Hands-on time”). Box and whisker plot of the percentage
hands-on time. Boxes represent medians and interquartile range; whiskers delineate the 10th and
90th percentile, respectively; circles denote values outside the range from 10th to 90th percentile.
There was no significant difference between the groups.

3.3. Secondary Outcomes

The secondary outcomes are presented in Table 1. There were no differences between
the control group and the withdrawn relative group for any quality marker of CPR. By
contrast, compared to the control group, we observed a later start of resuscitation, more
unsafe defibrillations, and higher ventilation rates in the agitated relative group. Leadership
assignments showed no significant effect on the quality of CPR.

Table 1. Secondary outcome parameters.

No Relative (Control)
(n = 113)

Withdrawn Relative
(n = 105)

Agitated Relative
(n = 117)

Chest compression
Time interval to CPR start (s) 14 [12–19] 17 [13–21] 18 [14–24] *
Start of CPR with CC (teams) 112/113 102/105 114/117

CC rates (strokes/min) 118 [112–125] 121 [112–126] 120 [111–127]
CC < 100/min (teams) 6/113 3/105 4/117

Change-overs per 2 min CPR (n) 1.4 [0.9–1.6] 1.5 [1.0–1.8] 1.3 [0.9–1.7]

Defibrillation
Time to 1st defibrillation (s) 75 [55–102] 71 [52–103] 71 [53–106]

Shock with adequate (≥150 J) energy (teams) 113/113 105/105 117/117
VF not recognised ≥ once (teams) 4/113 2/105 4/117

Unsafe defibrillation ≥ once (teams) 30/113 31/105 54/117 *

Airway Management
Advanced Airway Management (teams) 111/113 100/105 111/117

Time to Advanced Airway Management (s) 142 [95–194] 140 [111–205] 150 [105–214]
Advance airway position confirmed by

capnography (teams) 89/111 85/100 90/111

Ventilation rate (b/min) 12 [4–10] 13 [8–19] 15 [10–20] *
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Table 1. Cont.

No Relative (Control)
(n = 113)

Withdrawn Relative
(n = 105)

Agitated Relative
(n = 117)

Medication
Time to i.v. line insertion (s) 112 [77–146] 93 [66–132] 111 [70–163]

Epinephrine administered (teams) 80/113 68/105 71/111
Correct dose (1 mg) administered (teams) 80/80 68/68 71/71

2nd dose after 3–5 min (teams) 2/6 0/6 2/5
Amiodarone administered (teams) 79/113 75/105 79/117

Correct dose (300 mg) administered (teams) 79/79 75/75 79/79
Administered after epinephrine AND 3rd

shock (teams) 41/79 41/75 43/117

False ACLS drug administered (teams) 0/113 0/105 0/117

CC = chest compressions; ACLS = advanced cardiac life support; Data are medians [IQR] or proportions. Unsafe
defibrillation was defined as not explicitly announcing the release of an electroshock or defibrillating while the
patient was touched by a team member or a relative. Incorrect ACLS drugs are all drugs administered other than
epinephrine and amiodarone. * = p < 0.05 vs. Control group.

The NASA-TLX findings are summarised in Table 2 and Figure 3. Regardless of the
relatives’ behaviour, the presence of a family member was related to higher scores for
the domains temporal demand, effort, and frustration. In addition, “agitated” relatives
increased the overall perceived task load and mental demand. The effects of leadership are
summarised in Table 3.

Table 2. NASA Task load findings– single components.

No Relative
(Control)
(n = 407)

Withdrawn Relative
(n = 403)

Agitated Relative
(n = 419)

Task Load 63 [54–71] 64 [59–73] 69 [61–73] *,†

Mental demand 70 [50–80] 70 [55–85] 75 [60–85] *,†

Physical demand 50 [30–70] 55 [40–75] 55 [35–70]
Temporal demand 70 [55–80] 75 [60–90] * 80 [65–90] *

Performance 55 [35–70] 55 [35–70] 55 [35–70]
Effort 65 [50–75] 70 [55–75] * 75 [60–85] *,†

Frustration 50 [30–70] 60 [45–75] * 65 [45–80] *,†

Data are medians [IQR]. Ratings are based on visual analogue scales ranging from 0 (minimum) to 100 (maximum).
* = p < 0.05 vs. Control group; † = p < 0.05 vs. Withdrawn family member presence group.

 

Figure 3. NASA TLX—weight average of components (according to [24]). Box and whisker plot of
the perceived overall weighted task load. Boxes depict medians and interquartile range; whiskers
outline the 10th and 90th percentile accordingly; circles denote values outside the range from 10th to
90th percentile. Ratings underlying the calculation of the task load are based on visual analogue
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scales ranging from 0 (minimum) to 100 (maximum). � In the agitated relative group, the task
load was significantly higher than in the control group (p < 0.001) and the withdrawn relative
group (p = 0.008). The difference between control and withdrawn relative group was of borderline
significance (p = 0.058).

Table 3. Effects of leadership assignment.

Effect of
Leadership
Assignment

Effect of
Relative

Assignment

Interactive Term
Leadership × Relative

Chest compression
Hands-on time 0.65 0.55 0.09

Time interval to start of CPR 0.46 0.015 0.92
Start of CPR with massage 0.99 0.99 0.92
Chest compression rates 0.70 0.34 0.83

Compression rates < 100/min 0.92 0.83 0.89
Change-overs per 2 min CPR 0.43 0.08 0.67

Defibrillation
Time to 1st defibrillation 0.38 0.52 0.017

VF not recognised ≥ once 0.99 0.99 0.98
Unsafe defibrillation ≥ once 0.31 0.03 0.62

Airway Management
Advanced Airway

Management 0.99 0.99 0.82

Time to Advanced Airway
Management 0.45 0.59 0.31

Capnography to confirm
airway position 0.87 0.67 0.20

Ventilation rate 0.72 0.06 0.16

Medication
Time to i.v. line insertion 0.60 0.12 0.31

Time to epinephrine
administration 0.46 0.12 0.60

Epinephrine administered 0.15 0.25 0.23
Amiodarone administered 0.46 0.79 0.36

Administered after
epinephrine AND 3rd shock 0.25 0.82 0.94

NASA Taskload
Task Load 0.98 0.001 0.31

Mental demand 0.35 0.007 0.29
Physical demand 0.60 0.08 0.74

Temporal demand 0.48 0.001 0.30
Performance 0.20 0.65 0.003

Effort 0.46 0.001 0.30
Frustration 0.09 0.001 0.09

Data are p values obtained from SPSS’s general linear model procedure with outcomes listed as dependent vari-
ables and leadership assignment and relative assignment (i.e., study group) as fixed factors. Unsafe defibrillation
was defined as not explicitly announcing the release of an electroshock or defibrillating while the patient was
touched by a team member or a relative. The significant interactive term for “time to 1st defibrillation” relates
to swifter defibrillation in teams led by a tutor-designated leader in the agitated relative group; the significant
interactive term for “performance” relates to higher ratings in teams without a designated leader in the agitated
relative group. Bold: highlight the statistical significance.

4. Discussion

The present study demonstrates that regardless of their behaviour, the presence of
family members during CPR increased rescuers’ perceived task load in several domains.
While withdrawn relatives had no impact on the quality of CPR, the presence of an agitated
relative was associated with minor effects on the start of CPR and defibrillation patterns.
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Although family member presence during CPR is still a discussed and controversial
issue [1–4], there is not yet sufficient evidence of the impact of the intervention on the
outcome for the patient or family, and concerns about a performance effect exist among
professionals and family members [7]. Data for relatives, who are belligerent or hinder CPR
activities, are even more scarce [1,10,11]. As far as we know, this is the first study to quantify
the burden of a rescue team during CPR dealing with a withdrawn or agitated relative.

4.1. Primary Outcome

By reemphasising the importance of high-quality chest compressions in the current
guidelines, we selected hands-on time as the primary outcome variable [5]. We were
unable to demonstrate a negative effect on hands-on time, which is in line with prior
findings [13]. Interestingly, none of the papers on relatives’ presence during CPR quoted
here commented on CPR quality itself [1–4,10]. Observational studies of facilities that allow
relatives to be present during CPR found no obvious differences in patient outcomes after
changing their protocols [20,26,27]. So far, there is only limited moderate to low-quality
evidence suggesting that the presence of family members does not affect paediatric or
adult CPR outcomes. The generalisation of these results beyond the out-of-hospital and
emergency department setting is restricted owing to the lack of studies in alternative areas
of health care [28]. A follow-up review appealing for further integration of relatives again
describes no effects on CPR quality [29]. Although the controversial discussion regarding
the presence of relatives during CPR may not be conclusively resolved, our present results
show that at least CPR quality is not hampered and thus not a valid argument against
their presence.

4.2. Secondary Outcomes

Honarmand and Crowley recently described a set of ACLS guideline deviations and
their impact on outcomes from in-hospital cardiac arrest [30,31]. Selecting these deviations
as secondary outcomes for the present trial, we observed no significant effect due to
the presence of a “withdrawn” relative. For groups dealing with “agitated” relatives,
statistically significant but clinically small effects were found for more unsafe defibrillations
and higher ventilation rates as well as delays in starting CPR. These results are consistent
with two previous trials where the attendance of a relative led to deferred defibrillation and
fewer defibrillation attempts [11,13]. The observable slight delay in the onset of CPR could
be a very subtle signal of initial distraction. However, as these findings are of little, if at
all, medical relevance, we deduce that the physical attendance of a relative has no relevant
negative influence on resuscitation quality.

4.3. NASA TLX

Emergency department personnel were reporting aggravated stress due to the atten-
dance of relatives throughout resuscitation, and six out of twenty interviewees claimed
to be hindered in their work [1,4]. In a post-incident survey offering options to answer
‘true’, ‘false’, or ‘I don’t know’, no difference in stress scores was found in relation to the
attendance of relatives in a large clinical study [10]. Confirming the results of a prior
trial with “normally” behaving family presence [13], the present trial found that family
presence is associated with increased perceived temporal and mental demands and frustra-
tion of the rescuers involved. This effect is even more pronounced if confronted with an
“agitated” relative.

In contrast to previous studies [10], our participants were able to provide more specific
answers using the Likert scale of the validated NASA TLX [24]. In addition, it is rather
uncommon for medical professionals to describe themselves as “stressed” in a dichotomous
way, as this admission could give the impression of being weak or not resilient [13].
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4.4. Strengths and Limitations

The identical conditions for all teams at all times in a large sample, together with the
detailed evaluation of a large number of CPR tasks and subtasks right from the beginning
of the scenario, are strengths of our simulation study. In contrast, there are often mentioned
limitations in the context of a simulation study, such as the lack of real patients and—in
the present study—also real family members. Due to the study centre and location, teams
in the trial presented here comprised only physicians, so the results cannot necessarily be
transferred to other team compositions.

5. Conclusions

Regardless of their behaviour, relatives present during CPR of a next of kin increase
the perceived task load of rescuers involved. The presence of withdrawn relatives has no
effect on CPR quality, while the presence of agitated relatives results in minor deviations
only. Thus, the CPR quality is not an argument against family presence per se. In the case
of massive disruption by agitated family members, teams might consider removing them
from the setting to increase patient safety.
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Appendix A

Scripts for the roles of relatives (“withdrawn” vs. “agitated”) Adapted from [12].
Setting:
Emergency team is summoned to an in- or out-of-hospital unobserved cardiac arrest.

A relative (actor) is present when the team arrives.
Attributes of the “withdrawn” relative:

– quiet crying/mourning
– quietly observes what is happening
– does not talk directly to the participants; except when asked by the doctors
– does not touch the patient or the participants
– asks to stay with the relative in case the participants want to expel him/her from the room

Attributes of the “agitated” relative:

– loud crying/mourning
– walks around the room worried and upset
– tries to touch the patient once or twice
– During resuscitation, asks the participants questions about the measures performed,

the further procedure and the patient’s chances of survival
– vehemently insists on staying with his relative in case the participants want to expel

him from the room.

No details of the patient’s medical history should be given by the actor!
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Abstract: Introduction: Communication and teamwork are critical for ensuring patient safety, partic-
ularly during prehospital cardiopulmonary resuscitation (CPR). The Team Emergency Assessment
Measure (TEAM) is a tool applicable to such situations. This study aimed to validate the TEAM
efficiency as a suitable tool even in prehospital CPR. Methods: A multi-centric observational study
was conducted using the data of all non-traumatic out-of-hospital cardiac arrest patients aged over
18 years who were treated using video communication-based medical direction in 2018. From the ex-
tracted data of 1494 eligible patients, 67 sample cases were randomly selected. Two experienced raters
were assigned to each case. Each rater reviewed 13 or 14 videos and scored the TEAM items for each
field cardiopulmonary resuscitation performance. The internal consistency, concurrent validity, and
inter-rater reliability were measured. Results: The TEAM showed high reliability with a Cronbach’s
alpha value of 0.939, with a mean interitem correlation of 0.584. The mean item–total correlation was
0.789, indicating significant associations. The mean correlation coefficient between each item and the
global score range was 0.682, indicating good concurrent validity. The mean intra-class correlation
coefficient was 0.804, indicating excellent agreement. Discussion: The TEAM can be a valid and
reliable tool to evaluate the non-technical skills of a team of paramedics performing CPR.

Keywords: Team Emergency Assessment Measure (TEAM); prehospital cardiopulmonary resuscitation
(CPR); out-of-hospital cardiac arrest (OHCA)

1. Introduction

Teamwork and leadership are known to be important non-technical skills (NTSs) in
healthcare [1]. NTS are defined as “the cognitive, social, and personal resource skills that
complement technical skills and contribute to safe and efficient task performance” [2]. NTSs
include situational awareness, decision making, communication, teamwork, leadership,
stress management, and coping with fatigue [3]. These are important for preventing
medical errors and ensuring patient safety [4]. Moreover, in many studies, NTSs were
correlated with the high clinical performance of the team.

Teamwork plays an important role in the prevention of adverse events [5]. A large-
scale survey by the UK National Health Service reported that efficient teams had lower
levels of patient mortality and sickness absence [6]. In another study, the implementation
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of a team training program reduced the surgical mortality rate of inpatients by 18% [7].
Since CPR is performed in a team, there is evidence suggesting that it affects NTS and
CPR results [8]. A study showed a clear difference in leadership and task distribution
between the team that succeeded in CPR and the team that failed [9]. Hunziker et al. found
significant differences in the chest compression start time, the total chest compression time,
and the chest compression speed when the technique training group and the leadership
training group were compared [10].

Currently, there are no randomized controlled trials in which teamwork is evaluated
in association with patient outcomes after a cardiac arrest [11]. Teamwork and leadership
are recognized as important aspects of medicine [12]. Resuscitation efforts are delivered
using complex, high-risk, and dynamic methods and require efficient interprofessional
team coordination and collaboration to deliver safe and high-quality care. Leadership and
teamwork training involves building a team of high-performing healthcare professionals
from a group of highly skilled clinicians to provide efficient resuscitation to improve
patient outcomes. The 2015 European Resuscitation Council guidelines highlighted that
NTS training, including training in teamwork, leadership, and structured communication
skills, are essential adjuncts to skills training, especially for those expected to perform
cardiopulmonary resuscitation (CPR) [13].

Paramedics are responsible for initiating advanced life support during an out-of-
hospital cardiac arrest (OHCA), which is a vital link in the chain of survival. Prehospital
resuscitation is more difficult than in-hospital resuscitation. During OHCA, personnel with
varying degrees of technical skills and NTSs form an improvised team to participate in CPR.
In addition, stress, fatigue, and the frequent switching of positions are common factors
that may threaten the teamwork of paramedics [14]. Further, the prehospital resuscitation
procedure lacks human and material resources, is prone to litigation, and is often criticized
by medical institutions and guardians, which puts the paramedics in a mentally vulnerable
state [15]. Therefore, strong leadership and teamwork skills are needed, especially during
prehospital resuscitations [16].

The standard measures of prehospital team performance are lacking, which makes
it difficult to quantitatively assess the team performance of emergency medical services
(EMS) [17]. This may be because, in critical, real-life situations, there are not enough re-
sources to treat patients; hence, there are no experts to participate in the objective evaluation.
As a result, most prehospital research is based on simulation training [11].

Therefore, this study aimed to evaluate the TEAM [18], which is considered to be
the most promising approach in CPR situations among the currently known teamwork
evaluation tools [19], to prehospital situations, and confirm its suitability in prehospital
CPR performed by the EMS.

2. Materials and Methods

2.1. Patients Selection

This was a multi-centric observational study. Teamwork was evaluated by experts
using the video data recorded from the Smart Advanced Life Support (SALS) registry.
SALS is a method of advanced resuscitation performed by paramedics under a video
communication-based direction for patients older than 18 years with OHCA of non-
traumatic causes in South Korea [20]. After arriving at the field, the paramedics used
a mobile application to request medical direction from an emergency physician through
video call, after which the on-site performance of the paramedics and the doctor’s medical
guidance were recorded. If using the application was not possible, the medical direction
was provided via video or voice calls.

2.2. Intervention

From 1 January 2018 to 31 December 2018, among the 2536 cases that were recorded in
the SALS registry, 1725 cases for which the application was used were selected. Further,
1339 of the selected cases were extracted by excluding the cases in which it was difficult
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to evaluate teamwork due to poor audio and video conditions and short on-site CPR
time (<10 min). To ensure the representativeness of the sample, 5% of the population was
selected through simple randomization [21]. Finally, 67 cases were analyzed.

Ten experts participated in the video evaluation. The expert group consisted of
emergency physicians who conducted direct medical directions. The median age was 41
years, and males accounted for 81.8% of all the experts. They had 15 years of experience
as an emergency physician and 48 months as medical directors for SALS (Table 1). Two
experts were assigned to evaluate the teamwork for each case according to a predetermined
sequence. Each expert reviewed 13 or 14 videos and evaluated the prehospital teamwork
of each team (Figure 1).

Table 1. Demographic characteristics of experts (n = 10).

Characteristics n (%) or Median (IQR)

Age 41 (38–43)
Sex, male 9 (81.8)

Career of clinical physician (years) 15 (12–18)
Career of medical director by videophone (months) 48 (24–61)

IQR, interquartile range.

Figure 1. Flowchart of selection of eligible cases and allocation to raters. Abbreviations: OHCA,
out-of-hospital cardiac arrest; SALS, Smart Advanced Life Support; CPR, cardiopulmonary resuscita-
tion; TEAM, Team Emergency Assessment Measure.

2.3. Instrument

The TEAM developed by Cooper et al. was used as a tool for prehospital teamwork
evaluation [18]. It consists of 11 items in 3 categories: leadership, teamwork, and task
management. These items were rated on a 5-point Likert scale (‘0’ = never to ‘4’ = always)
with a total score ranging from 0 to 44. The overall performance was rated on a global
rating scale, ranging from 1 to 10. The original English version of the TEAM was translated
into Korean according to World Health Organization guidelines [22]. Following forward
translation, expert-panel back-translation, pretesting, and cognitive interviewing, the final
version was completed, which was approved for use by the developer.
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The raters participating in this study were emergency physicians directing medical
interventions through video and consisted of advanced life support training managers for
paramedics. The training course is based on a scenario in which a video-based medical
direction is received during resuscitation. Therefore, the selected raters thoroughly un-
derstood the gap between the video performance and the actual situation. All the raters
completed a 30-minute theoretical tutorial on the TEAM before evaluation and agreed
upon the scoring level through trial evaluations of three sample cases. The evaluations
were conducted in separate spaces to prevent the raters from sharing their results with
each other.

2.4. Ethical Approval

This study was approved by the relevant Institutional Review Board of the Hallym
University Dongtan Sacred Heart Hospital (approval number: HDT 2019-12-011). Written
informed consent was obtained from all the participants of this study.

2.5. Statistical Analysis

All analyses were performed using SPSS v. 25 (IBM, New York, NY, USA). The
baseline participant and event characteristics of the OHCAs are reported as numbers and
percentages for qualitative variables and median and interquartile ranges for continuous
variables. The measurement properties of the TEAM were evaluated for internal consistency,
concurrent validity, inter-rater reliability, and floor/ceiling effect.

The internal consistency was examined using the mean interitem and item–total corre-
lations and Cronbach’s alpha coefficient. An item–total correlation of >0.40 and Cronbach’s
alpha >0.70 were considered satisfactory [23]. The concurrent validity was evaluated
through the correlation of item scores with global ratings. The inter-rater reliability was
measured using the intraclass correlation coefficient (ICC) with a 95% confidence interval.
An ICC value of less than 0.4 was regarded as poor agreement [24]. The floor effect includes
the proportion of observations with the lowest possible scores, whereas the ceiling effect
represents observations with the highest possible score. The floor and ceiling effects of less
than 15% of the observations were considered adequate [23].

3. Results

3.1. Characteristics of Clinical Cases

Table 2 shows the characteristics of the cardiac arrest cases used for evaluation. The
median age of the patients was 61 years. Men accounted for 65.7% of the patients, cardiac
arrest was witnessed in 64.2% of the patients, and 31.3% of the cases had an initial shockable
rhythm. The median scene time for prehospital management was 21 minutes, and 50.7% of
the patients had a prehospital return of spontaneous circulation (ROSC).

Table 2. Characteristics of patients and events (n = 67).

Characteristics n (%)

Age, years, median (IQR) 61 (50–71)
Sex, male 44 (65.7)
Witnessed 43 (64.2)

Initial rhythm
Shockable 21 (31.3)

Non-shockable 46 (68.7)
Scene time interval, min 21 (19–28)

Prehospital ROSC 34 (50.7)
IQR, interquartile range; ROSC, return of spontaneous circulation.

3.2. Measurement Properties

The TEAM showed high reliability with a Cronbach’s alpha value of 0.939, and
Cronbach’s alpha values for each item of leadership, teamwork, and task management were
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0.828, 0.913, and 0.895, respectively. The interitem correlation ranged from 0.463 to 0.811,
and the mean interitem correlation was 0.584. The mean item–total correlation was 0.789
(r = 0.708–0.822), which indicates significant item–total score associations (Table 3).

Table 3. The TEAM outcomes (67 clinical cases, 134 observations).

Median (IQR) Score Range *
Item–Total
Correlation

p-Value

Q1. The team leader let the team know what was expected
of them through direction and command. 2 (2–3) 0–4 0.759 <0.001

Q2. The team leader maintained a global perspective 2 (1–3) 0–4 0.807 <0.001
Q3. The team communicated effectively. 2 (1–3) 0–4 0.793 <0.001

Q4. The team worked together to complete
tasks in a timely manner. 2 (2–3) 0–4 0.765 <0.001

Q5. The team acted with composure and control. 3 (2–3) 1–4 0.708 <0.001
Q6. The team morale was positive. 2 (2–3) 1–4 0.800 <0.001

Q7. The team adapted to changing situations. 2 (1–3) 0–4 0.814 <0.001
Q8. The team monitored and reassessed the situation. 2 (1–3) 0–4 0.797 <0.001

Q9. The team anticipated potential situations. 2 (1–3) 0–4 0.822 <0.001
Q10. The team prioritized tasks. 2 (2–3) 0–4 0.806 <0.001

Q11. The team followed approved standards/guidelines 2 (2–3) 0–4 0.803 <0.001
Total mean. 25 (18–30)

TEAM, Team Emergency Assessment Measure; SD, standard deviation. * Score range: 0 = never or hardly ever;
1 = seldom; 2 = about as often as not; 3 = very often; 4 = always/nearly always.

The median score for the single-item global rating was 6 (IQR, 4–7), and the median
TEAM was 24.50 (IQR, 17.75–30.25). The mean correlation coefficient between each item
and the global score range was 0.682 (r = 0.595 to 0.741, all p < 0.001), indicating good
concurrent validity. The mean intraclass correlation coefficient (ICC) was 0.804, with
excellent agreement between the raters. However, in 1 of the 67 clinical events, the ICC
was 0.323, indicating poor agreement.

The distribution of the lowest and highest scores was within 15% of all the items,
which showed no floor or ceiling effects (Figure 2).

Figure 2. Distribution of the results of the TEAM. Abbreviation: TEAM, Team Emergency
Assessment Measure.

4. Discussion

To the best of our knowledge, this is the first study to investigate the validity of a
tool that evaluates teamwork during a prehospital cardiac arrest situation rather than a
simulation. In this study, the feasibility of the evaluation of teamwork was also suggested
even in prehospital OHCA situations.
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Although the importance of teamwork in the prehospital stage is sufficiently recog-
nized, only a few studies were conducted due to the lack of data sources. This is because it
is challenging to evaluate leadership and communication skills, which are the elements of
NTS, only with paper records. Digital technology, such as video records, can be used as a
reliable source for situational evaluation in the prehospital stage [25].

To determine the effectiveness of intervention programs to improve team performance,
a valid and reliable tool is required. The Clinical Teamwork Scale [26], Observational
Skill-based Clinical Assessment Tool for Resuscitation [27], Modified Non-Technical Skills
Scale for Trauma [28], and TEAM [18] are well-known tools applicable to critical situations.
Among these tools, the TEAM has shown validity in clinical settings and among staff and
trainees. It is considered the most promising tool given its measurement of evidence [19].
However, no teamwork evaluation tool, including the TEAM, has been verified in actual
prehospital clinical settings. Therefore, this study evaluated whether the TEAM is the most
reliable measurement that can be used in prehospital CPR situations.

The mean score for each item in the TEAM was 1.99–2.43, which was lower than
that of a previous study (2.69–3.30) in the in-hospital situation. The mean total score was
24.26, which was very different from 34.65 in that previous study [28]. The scores of the
leadership category were lower in the in-hospital resuscitation situation [28], but the scores
for responding to a changing situation and re-evaluating the situation were low during
prehospital resuscitation. These results reflect the characteristics of prehospital situations.
Compared with the in-hospital cardiac arrest patients, the OHCA patients were remarkably
similar in demographics and most comorbidities, but they had low ROSC and survival
rates [29]. In Korea, when a cardiac arrest occurs, a two-tiered EMS system is operated,
i.e., two teams are immediately merged to form one team. The EMS that arrives first must
respond in an early stage with two or three paramedics. However, during an unrecognized
cardiac arrest, the activation of the second EMS team is delayed, making it more difficult to
deal with manpower [15]. In addition, there is a lack of facilities and equipment, and it is
also affected by the weather and location of the patient. Insufficient human and material
resources and several unpredictable factors impede situational adaptation and assessment.

In our study, the internal consistency of prehospital resuscitations was high, with a
Cronbach’s alpha value of 0.939, which was similar to that in the previous study (Cronbach’s
alpha = 0.94) that evaluated in-hospital resuscitation situations [30]. In addition, the mean
interitem and item–total correlations in our study were strongly significant at 0.584 and
0.789, respectively, which were similar to those of the in-hospital resuscitations (mean
interitem correlation, (r = 0.60); mean item–total correlation (r = 0.795)) [30].

In the concurrent validity evaluation, the item ratings were significantly associated
with the global ratings (r = 0.682); however, this correlation was low compared with that
of the evaluation conducted using video records of simulations (r = 0.80 to 0.94) [31] and
the French version of the simulation study (r = 0.78) [32]. The mean ICC of the 11 TEAM
items showed a high agreement rate of 0.804, with the exception of one case that showed
poor agreement. The video of this case was reviewed by the authors, and it was observed
that the performance of the paramedics was very poor; therefore, both raters gave 0 or
1 point for all the items. The ICC should be interpreted with caution, as it is affected by the
range of measurements in the study population. For example, if the measured values of the
study group were all high, and the range was small, the interindividual variation would be
smaller than the intraindividual variation, and the ICC would be low.

This study has several limitations. First, we did not conduct evaluations in real time
during the resuscitation. We analyzed and evaluated video records. Moreover, it was
difficult to evaluate the leader’s situational awareness, decision-making ability, or skills by
simply observing their behavior. To reduce the error caused by this, only the expert group
of video-guided medical directors were designated as the raters in this study. Second, we
could not calculate the test–retest reliability. The videos used for analysis were stored on
a secure server to protect patient privacy and could only be reviewed on a designated
computer after prior approval. Due to this, it was difficult to perform retesting. Hence, for
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the various case reviews in this study, two raters were assigned to each case to calculate the
inter-rater reliability. Third, because the video data could not be processed, the raters could
not check whether the patient had an on-site ROSC. It is possible that the patient’s outcome,
along with the performance of the paramedics, may have affected the TEAM score.

5. Conclusions

NTSs in the prehospital stage should be appropriately evaluated for patient safety.
The TEAM can be a valid and reliable tool to evaluate the efficiency of a team of healthcare
workers during real-life CPR situations.
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Abstract: Background: Guidelines of cardiopulmonary resuscitation (CPR) recommend the use of
personal protective equipment (PPE) during the resuscitation of COVID-19 patients. Data on the
effects of PPE on rescuers’ stress level and quality of CPR are sparse and conflicting. This trial
investigated the effects of PPE on team performance in simulated cardiac arrests. Methods: During the
pandemic period, 198 teams (689 participants) performed CPR with PPE in simulated cardiac arrests
(PPE group) and were compared with 423 (1451 participants) performing in identical scenarios in the
pre-pandemic period (control group). Video recordings were used for data analysis. The primary
endpoint was hands-on time. Secondary endpoints included a further performance of CPR and the
perceived task load assessed by the NASA task-load index. Results: Hands-on times were lower in
PPE teams than in the control group (86% (83–89) vs. 90% (87–93); difference 3, 95% CI for difference
3–4, p < 0.0001). Moreover, PPE teams made fewer change-overs and delayed defibrillation and
administration of drugs. PPE teams perceived higher task loads (57 (44–67) vs. 63 (53–71); difference
6, 95% CI for difference 5–8, p < 0.0001) and scored higher in the domains physical and temporal
demand, performance, and effort. Leadership allocation had no effect on primary and secondary
endpoints. Conclusions: Having to wear PPE during CPR is an additional burden in an already
demanding task. PPE is associated with an increase in perceived task load, lower hands-on times,
fewer change-overs, and delays in defibrillation and the administration of drugs. (German study
register number DRKS00023184).

Keywords: COVID-19; personal protective equipment; cardiopulmonary resuscitation; simulation;
controlled trial

1. Introduction

The current European Resuscitation Council COVID-19 guidelines recommend the use
of personal protective equipment (PPE) during the cardiopulmonary resuscitation (CPR) of
a suspected COVID-19 victim [1,2]. These recommendations are based on considerations
of potential droplet and airborne transmission from the victim to the rescuer during CPR.
In addition, international and national recommendations regarding a hygienic faultless
dressing (“donning”) and removal (“doffing”) of PPE have also been published in order
to further minimise the risk of contagion [3]. Data concerning CPR during COVID-19 is
still limited and the outcome seems worse in comparison to non-COVID-19 patients [4,5].
Two large studies including over 6300 COVID-19 patients reported no survival [6] and 3%
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survival in patients aged > 79 years, respectively [7]. The authors of both studies advocate
the need for further studies of CPR in COVID-19 and claim that strategies are needed to
further optimize CPR for COVID-19, including the use of PPE [6,7]. Current data on the
impact of PPE on CPR mostly relate to small studies investigating the quality of chest
compressions of single rescuers‘ in simulated arrests [8–15]. Results are conflicting with
studies reporting no effect of PPE [11,12] or negative effects [8,13–16].

The beneficial effects of PPE include counteracting aerosol or droplet transmission-
induced infection rates [1–3]. Delays by “donning” PPE in COVID-19 CPR has been
discussed [2], but published data preferentially did not show any relevant delay during
life-saving procedures in various populations [11,17]. CPR is a stressful task in itself [18]
and the need to wear PPE may add supplementary cognitive and emotional demands.
Finally, there are no data, though important in CPR teams [19,20], on whether leadership is
able to mitigate the effects of additional stress, as may be caused by PPE.

Investigating the impact of PPE on the quality of CPR in COVID-19 patients in large
randomized trials would be difficult in real cases for a variety of reasons. Simulation allows
the investigation of team performance both globally and in specific subtasks in a realistic
and standardized manner [21]. A particular advantage of simulation is the possibility of
recording data right from the start. Accordingly, the aim of this trial was to investigate the
effects of PPE on rescuers’ perceived task load and the quality of CPR, and the mitigating
effects of team leadership, if any, in simulated cardiac arrests.

2. Material and Methods

2.1. Participants

The Working Group on Intensive Care Medicine, Arnsberg, Germany (http://www.
aim-arnsberg.de; assessed on 19 August 2022), organizes educational courses for physicians,
mainly residents in their 2nd to 3rd year of postgraduate medical education in internal
medicine, anaesthesia, or surgery, from Germany and German-speaking countries working
in intensive care and emergency medicine. Participants of the courses were offered to
attend voluntary simulator-based CPR workshops and were informed that simulations
were video-taped for scientific reasons. Identical workshops were offered to physicians
wishing to participate without being filmed. To capture the actual level of training of
the course participants, a specific theoretical instruction on their knowledge of CPR was
omitted. The updates in international CPR guidelines (AHA in 2020; ERC in 2021) did
not affect the primary and secondary outcomes of the present trial. The trial was carried
out following the rules of the Declaration of Helsinki and was approved by the Ethics
Committee of “Aerztekammer Westfalen-Lippe” (2020-602-f-S) that waived the obligation to
obtain consent. The study is registered at the German Clinical Trial Registry (www.drks.de;
assessed on 19 August 2022; DRKS-ID: DRKS00023184) and reported herein according to
the extensions to the CONSORT statements of the Reporting Guidelines for Health Care
Simulation Research [22].

2.2. Study Design

This is a prospective comparative trial of two cohorts: during the pandemic years
2020 and 2021, all participants of our workshops performed CPR with PPE (PPE group),
while a cohort of participants of pre-pandemic workshops of 2016 to 2019 [23–25] served as
the control group. Apart from the need to wear PPE, the conditions and settings for both
cohorts were identical.

Using computer-generated numbers, participants from single workshops were ran-
domly assigned to teams of three to five physicians. Teams were randomly allocated 1:1:1 to
no designated leadership (no intervention), designated leadership by the team (team was
given the task to designate a leader prior to the start of the scenario), or designated leader-
ship by a tutor (leader was assigned to a randomly chosen team member by the tutor prior
to the start of the scenario). The designated leaders wore a coloured scrub cap and could
thus be identified on video-recordings.
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2.3. Simulator and Scenario

The mannequin Ambu Man Wireless (Ambu GmbH, Bad Nauheim, Germany) was
used. All participants received a standardized introduction to the workshop, the man-
nequins, and the resuscitation equipment available. Subsequently, all team members were
informed that their role during the following scenario was that of a resuscitation team
summoned to an unwitnessed cardiac arrest. The victim of the arrest (mannequin) was
handed over to the team. Ventricular fibrillation was displayed on the manual defibrilla-
tor simulator (ALSI isimulate, iSimulate, LLC, Albany, NY, USA) once the patches were
attached. The study period started with the first touch of the patient by one of the partici-
pants and ended after the third defibrillation with the return of spontaneous circulation
during the following two minutes of CPR. After handing over the victim, tutors, who were
instructed to refrain from any intervention until the end of the study period, operated the
resuscitation mannequins. The further course of the scenario was at the discretion of the
tutor who, after the simulated scenario, gave educational feedback to the teams.

2.4. Personal Protective Equipment (PPE)

The teams were instructed that, like in the real world, they had to put on complete
PPE prior to any patient contact. Due to a strict hygiene protocol, N95 masks had to be
worn all the time throughout the course. Further PPE consisting of gloves, glasses, gowns,
and scrub caps was displayed in sufficient number and different sizes on a table in the
scenario room. This made sure that participants were aware that, after “donning”, they had
to deal with a medical emergency. The time needed for “donning” was defined as the
interval between the first touch of PPE equipment by any team member and the first touch
of the patient by any team member.

2.5. NASA Task Load Index

Immediately after the completion of their simulation, participants were asked to fill
in the NASA task load index (NASA-TLX) questionnaire. The NASA-TLX assesses six
domains on visual analogue scales (which range from 0 to 100): mental demand, physical
demand, temporal demand, own performance, effort, and frustration [26]. The NASA-TLX
has been extensively validated, is easy to administer, and widely used in different domains
like flying, driving, teamwork, and medicine [26,27]. Using the unweighted (or “raw”)
NASA-TLX, values reach from “0” (minimum) to “100” (maximum), with higher values
indicating a higher workload.

2.6. Data Analysis

Data analysis was performed using the video recordings obtained during the simula-
tions. The study period started with the first touch of the patient by one of the participants
and ended after the third defibrillation. The first touch of the patient by one of the partici-
pants was defined to be the starting point for the timing of all events.

2.7. Statistical Analysis

The primary endpoint was the percentage of hands-on time, defined as the time of
actual chest compressions divided by the total time interval of the study period. Secondary
outcomes included the time of “donning” PPE, adherence to the CPR guidelines, and the
NASA-TLX data. The effect of designated leadership was assessed as a secondary outcome
for all outcomes analysed.

Data are expressed as medians [IQR], unless otherwise stated. Statistical analysis was
performed using SPSS (version 28). Numerical data were analysed by a non-parametric
ANOVA, followed by a Mann–Whitney test, if appropriate. The estimates for differences
between the medians and their approximate confidence intervals were obtained by the
Hodges–Lehmann estimation. Categorical data were analysed using the chi-square test.
A p < 0.05 (two-tailed) was considered to represent a statistical significance.
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3. Results

3.1. Participants

One hundred and ninety-eight PPE teams (689 participants, 354 male) were compared
with 423 control teams (1451 participants). The gender of the leaders was equally distributed
between the control groups and the PPE teams (p = 0.31). The PPE teams needed 62 (50–78) s
for “donning”.

3.2. Primary Outcome

The hands-on times were lower in the PPE group than in the control group (86%
(83–89) vs. 90% (87–93); difference 3, 95% CI for difference 3–4, p < 0.0001). Leadership
allocation had no effect on the hands-on times (p = 0.77). For more information, please see
Figure 1.

Figure 1. Box and whisker plot of the percentage hands-on time. Boxes represent medians and
interquartile range; whiskers delineate the 5th and 95th percentile respectively. Outlier markers
indicate teams performing outside the 5th and 95th percentile. White box = control group (no PPE);
grey box = group performing CPR with PPE. Hands-on times differed significantly between the
groups (p < 0.0001).

3.3. Secondary Outcomes

The performance metrics of CPR are displayed in Table 1. The PPE teams made
fewer change-overs and delayed defibrillation and the administration of drugs. Leadership
allocation had no effect on any performance marker (Table 2).

Table 1. Performance metrics of CPR.

Control Group
(n = 423)

PPE Group
(n = 198)

Difference
(95% CI)

p

Start cardiac massage (s) 12 (8–16) 12 (8–16) 0 (−1–1) 0.49

Chest compression rate (strokes/min) 118 (108–127) 119 (112–124) 1(−3–1) 0.46

Change-overs per 2 min (n) 1.3 (1.3–1.7) 0.4 (0.3–0.6) 0.9 (0.9–1.0) 0.0001

AAM completed (CPR cycle) 2 (1–2) 2 (2–2) 0 (0–0) 0.30

Ventilatory rate (breaths/min) 20 (13–28) 18 (12–25) 2 (0–4) 0.28

Time to 1st defibrillation (s) 67 (48–102) 86 (67–119) 19(13–25) 0.001

Time to epinephrine administration (s) 268 (190–312) 319 (282–371) 66 (48–86) 0.001

Time to amiodarone administration (s) 302 (270–340) 423 (388–465) 121 (109–131) 0.0001

Data are medians [IQR]. Estimates for differences between medians and their approximate confidence intervals
were obtained by the Hodges–Lehmann estimation. PPE = personal protective equipment; change over = change
of the person performing chest compressions (as CPR guidelines recommend a change over every two minutes a
value of 1.0 represents perfect adherence); and AAM = advanced airway management.
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Table 2. Effects of leadership on primary and secondary outcomes.

No Designated
Leadership

Designated Leadership
by Team

Designated Leadership
by Tutor

p

Hands-on time (%) Control 90 (86–93) 90 (87–92) 90 (87–92) 0.77

PPE 87 (82–91) 87 (84–89) 85 (82–89)

Start cardiac massage
(s) Control 13 (7–16) 12 (7–16) 12 (9–16) 0.84

PPE 12 (8–16) 12 (9–16) 11 (7–14)

Chest compression
rate (strokes/min) Control 118 (108–129) 118 (106–126) 117 (110–129) 0.38

PPE 121 (115–121) 119 (112–125) 116 (111–122)

Change-overs per
2 min (n) Control 1.3 (1.3–1.7) 1.4 (1.2–1.7) 1.3 (1.3–1.7) 0.31

PPE 0.5 (0.3–0.6) 0.4 (0.3–0.6) 0.4 (0.3–0.6)

AAM completed
(CPR cycle) Control 2 (2–2) 2 (1–2) 2 (2–3) 0.14

PPE 2 (1–2) 2 (2–2) 2 (2–2)

Ventilatory rate
(breaths/min) Control 19 (13–29) 20 (12–29) 20 (15–27) 0.88

PPE 20 (12–29) 19 (13–27) 17 (9–21)

Time to 1st
defibrillation (s) Control 66 (50–101) 68 (48–99) 67 (47–107) 0.16

PPE 86 (65–119) 80 (67–116) 96 (74–121)

Time to epinephrine
administration (s) Control 264 (201–312) 263 (185–307) 276 (190–317) 0.82

PPE 324 (283–348) 326 (277–392) 299 (284–373)

Time to amiodarone
administration (s) Control 298 (262–339) 301 (276–324) 306 (276–359) 0.42

PPE 418 (380–448) 430 (392–476) 419 (385–465)

Total task load Control 56 (46–70) 58 (45–69) 58 (46–68) 0.63

PPE 63 (56–71) 62 (51–72) 63 (52–69)

Mental demand Control 75 (60–85) 70 (55–85) 70 (55–80) 0.30

PPE 73 (55–85) 70 (50–85) 70 (55–85)

Physical demand Control 60 (40–75) 55 (35–75) 60 (35–75) 0.55

PPE 60 (35–85) 65 (45–75) 60 (30–75)

Temporal demand Control 70 (55–85) 70 (50–85) 70 (50–80) 0.41

PPE 75 (55–85) 70 (50–85) 75 (55–85)

Performance Control 60 (35–75) 55 (35–75) 60 (40–80) 0.35

PPE 68 (45–85) 65 (45–75) 65 (45–75)

Effort Control 65 (50–80) 65 (50–80) 65 (50–80) 0.64

PPE 70 (55–80) 70 (50–80) 65 (50–75)

Frustration Control 55 (30–75) 55 (35–75) 55 (30–70) 0.53

PPE 48 (25–70) 50 (25–70) 50 (35–70)

Data are medians [IQR] and were analysed using 2-factor ANOVA with group (control or PPE) and leadership
allocation as independent between-subject factors. The P-value indicates the effect of the factor leadership. For all
outcomes the interactive term group leadership was statistically not significant. PPE = personal protective equipment.
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The PPE teams perceived higher task loads than the control group teams (57 (44–67)
vs. 63 (53–71); difference 6, 95% CI for difference 5–8, p < 0.0001) and scored higher in the
domains physical and temporal demand, performance, and effort (Table 3). Leadership
allocation had no effect on the overall task load (p = 0.63) nor on any of the six domains
(Table 2).

Table 3. NASA task load index questionnaire data.

Control Group
(n = 1451)

PPE Group
(n = 689)

Difference
(95% CI)

p

Total task load 57 (44–67) 63 (53–71) 6 (5–8) 0.0001

Mental demand 70 (50–80) 70 (55–85) 0 (0–5) 0.073

Physical demand 55 (35–75) 60 (35–80) 5 (0–5) 0.005

Temporal demand 65 (50–80) 70 (50–85) 5 (5–10) 0.001

Performance 60 (35–75) 65 (45–80) 5 (5–10) 0.001

Effort 60 (50–75) 65 (50–80) 5 (0–5) 0.001

Frustration 50 (30–70) 50 (25–70) 0 (0–5) 0.87
Data are medians [IQR]. Estimates for differences between medians and their approximate confidence intervals
were obtained by the Hodges–Lehmann estimation.

4. Discussion

This prospective comparative trial demonstrates that wearing PPE while performing
CPR increased the rescuers’ task-load and resulted in lower hands-on times, too few change-
overs, and delays in defibrillation and the administration of drugs. Designated leadership
did not mitigate the additional burden imposed by PPE.

To the best of our knowledge, this is the first large-scale trial on the effects of PPE in
CPR teams. Simulator-based cross-over studies from the pre-COVID-19 area reported a
significant deterioration in chest compression performance in participants wearing level-C
PPE [8,13,14]. Studies conducted during the COVID-19 pandemic show conflicting results:
in a simulator-based randomized study involving 36 residents, no significant effect of
PPE on both depth and rate of chest compressions, and time for drugs preparation and
administration was detected [11]; likewise, a simulator-based randomized cross-over study
involving 32 BLS providers reported no negative effect of PPE on the quality of chest com-
pressions [12]; as well as in another randomized controlled non-inferiority triple-crossover
study with a total of 48 participants, in which no negative influence of PPE (specifically N95
+/− expiration valve) was found [28]. By contrast, a simulator-based randomized study
involving 80 participants (23 physicians, 57 nurses) reported that compared to wearing
a surgical mask, wearing an N95 mask increases a rescuer’s fatigue and decreases the
chest compression quality during CPR [15]. In simulator-based randomized cross-over
studisssses with participants dressed in full PPE during the pandemic, an automated
chest compression device proved to be superior over manual chest compressions in both
35 students after the successful completion of an ACLS course [10] and 67 paramedics [9].
Of note, all above mentioned studies assessed the quality of performance of single rescuers
only and only one [15] included data on hands-on time, the primary outcome of our trial.

In keeping with our findings of increased physical demand, performance, and effort in
PPE teams, Chen et al. reported that rescuers’ increases in heart rate, mean arterial pressure,
and subjective fatigue scores were significantly more obvious with the use of PPE, which
was associated with a significant decrease in effective chest compressions [8]. By contrast,
Kienbacher et al. were able to demonstrate increased attention when performing basic
life support while attention and dexterity were not inferior when wearing PPE, including
N95 masks [29]. However, in light of a PPE-related gradual decrease in effective chest
compressions resulting from increased rescuers’ fatigue, our finding of too few change-
overs in PPE teams is worrisome.
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As far as we know, this is the first trial investigating leadership in the context of CPR
teams equipped with PPE. Our results indicate that designated leadership is not able to
mitigate the additional burden imposed by PPE.

Strengths of this trial include the large sample size and the perfectly identical condi-
tions for all teams. Limitations include the non-randomized design and the absence of real
patients. However, randomized trials on PPE in real COVID-19 cases are difficult to con-
duct. Moreover, simulation is increasingly regarded as an accepted tool for evaluation [21]
and performance markers in simulator-based studies show a high agreement with findings
in real cases.

Our study population consisted of physicians in their 2nd to 3rd year of residency
that, at the time of the study, acted as potential first responders for cardiac arrests in their
hospitals. In addition, we refrained from using special teaching, special PPE protocols,
or habituation with repetitive exposure prior to testing our participants in the simulated
scenario. As such, our results reflect the actual state of our participants’ knowledge and
skills and can be extrapolated to real-world settings. Unfortunately, chest compression
depth, a benchmark for fatigue during CPR described in previous studies, could not be
assessed with our mannequin due to technical limitations.

Clinical studies have established that deviations from CPR algorithms are associated
with decreased rates of return of spontaneous circulation and survival to discharge [30,31].
The present experiment observed several shortcomings and deviations from CPR algo-
rithms associated with PPE. While the negative impact of PPE on any single CPR perfor-
mance marker may be regarded as small, their aggregated effect in combination with the
initial delay of CPR due to “donning” may well be of clinical relevance and contribute to
poor outcomes of CPR in COVID-19 patients [5–7].

Our results indicate that training CPR under the conditions which require PPE is
warranted and may be a suitable countermeasure against shortcomings and delays. As first
responders have to potentially act under various circumstances requiring PPE, PPE sessions
should be integrated in regular teaching and training regardless of the current pandemic
situation. The participants should be made aware of potential PPE-related increases in
rescuers’ fatigue and advised to frequently change-over.

5. Conclusions

Having to wear PPE during CPR is an additional burden for rescuers involved in an
already demanding task. PPE is associated with an increase in perceived task load and lower
hands-on times, fewer change-overs, and delays in defibrillation and the administration of
drugs. These findings should be considered in future resuscitation training.
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Abstract: This review focuses on current developments in post-resuscitation care for adults with an
out-of-hospital cardiac arrest (OHCA). As the incidence of OHCA is high and with a low percentage
of survival, it remains a challenge to treat those who survive the initial phase and regain spontaneous
circulation. Early titration of oxygen in the out-of-hospital phase is not associated with increased
survival and should be avoided. Once the patient is admitted, the oxygen fraction can be reduced. To
maintain an adequate blood pressure and urine output, noradrenaline is the preferred agent over
adrenaline. A higher blood pressure target is not associated with higher rates of good neurological
survival. Early neuro-prognostication remains a challenge, and prognostication bundles should be
used. Established bundles could be extended by novel biomarkers and methods in the upcoming
years. Whole blood transcriptome analysis has shown to reliably predict neurological survival in two
feasibility studies. This needs further investigation in larger cohorts.

Keywords: post-resuscitation care; out-of-hospital cardiac arrest; resuscitation; intensive care

1. Introduction

Out-of-hospital cardiac arrest (OHCA) remains a high burden for society and care-
givers, with an annual incidence between 67 and 170 per 100,000 inhabitants in Europe,
whereas the percentage of survival is reported to be 8% [1,2]. Studies focusing on specific
treatments and populations achieve higher survival rates, which might not reflect the true
rates in these countries. Rates of good neurological outcome vary between 3% and 8% for
national registries [3,4].

Post-resuscitation care for OHCA has been continually improved over the last few years,
with the aim of improving survival with favorable neurological outcomes, according to the cere-
bral performance category (CPC) or modified ranking scale (mRS). The return of spontaneous
circulation (ROSC) is dependent on known factors, such as: shockable rhythm [5,6], preexisting
conditions [7], bystander cardiopulmonary resuscitation (CPR) [8,9] and early defibrillation [10].
Early recognition and call for help in patients with typical chest pain is still the main link in
the chain of survival [11]. This is easier said than done, as it takes education to recognize a
critically ill person and a system to receive the emergency call, send adequate help, give
first aid advice and perform telephone-CPR if necessary [12]. If this link is missing, the
chances of survival diminish.

Early restoration of circulation, whether spontaneous or assisted via extracorporeal
cardiopulmonary resuscitation (eCPR), is one cornerstone to initiate post-resuscitation care
in OHCA [13]. Prediction scores for ROSC [14] can help determine which patients might be
suitable for eCPR strategies if conventional measures fail at a certain timepoint. A recent
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evaluation of a prediction score for good neurological outcomes after OHCA identified
variables to be of relevance only until admission of the patient [15], indicating that initial
circumstances and prehospital therapy are the main drivers of good neurological outcomes.

This review highlights important studies assessing the treatment strategies for post-
resuscitation care in patients with OHCA.

Narrative Review

We selected articles cited by recent guidelines on post-resuscitation care [16] and used
backwards and forwards reference searching to identify relevant articles. No systematic
review was conducted. Articles were considered eligible if they were published within the
last couple of years, without applying a strict cut off. No restrictions regarding language,
country or type of study (e.g., observational vs. randomized) were made. Studies assessing
only in-hospital cardiac arrest were not considered to be eligible for this review.

2. Post-Resuscitation Care—Changes from 2015 to 2021

In 2021, the current joint guideline from the European Resuscitation Council (ERC)
and European Society of Intensive Care Medicine (ESICM) for post-resuscitation care in an
intensive care unit (ICU) was released [16]. Several changes and novelties were introduced;
these are herein summarized and put into context with the current literature.

For the first time, ERC and ESICM are emphasizing on the admission of patients with
non-traumatic OHCA to a dedicated cardiac arrest center (CAC) [17]. This is expected to
ultimately reduce morbidity and mortality. Due to the logistics of CAC, early percutaneous
coronary intervention (PCI), temperature management and computer tomography should
be achieved.

In 2015, the guideline recommended a mean arterial pressure (MAP) to achieve a
urine output of 1 mL/kg/h and normal or decreasing lactate levels. This changed to the
avoidance of hypotension (MAP < 65 mm Hg), urine output of >0.5 mL/kg/h and normal
or decreasing lactate levels in the 2021 guidelines. Further, individualized MAP targets
should be considered to enable adequate organ perfusion.

Temperature control between 32 ◦C and 36 ◦C was specified to be constant for at least
24 h. In addition, avoidance of fever for at least 72 h was explicitly recommended. A routine
use of prophylactic antibiotics was not recommended. As for prognostication, neuron-
specific enolase (NSE) was further specified with a predefined cut-off value of >60 μg/L at
48 h and 72 h, indicating a poor neurological outcome.

2.1. Oxygenation/Ventilation

After ROSC, it is recommended that patients maintain normoxaemia with an SpO2
of 94–98% or PaO2 of 75 to 100 mm Hg [16]. Early titration of oxygen saturation was
investigated in patients with prehospital ROSC transported by paramedics [18]. Herein,
425 patients were randomized to the intervention group, which targeted a SpO2 of 90% to
94%. Patients in the control group were targeted to a SpO2 of 98% to 100%. The primary
outcome was survival to hospital discharge, and there were nine secondary outcomes such
as hypoxia or survival with a CPC score of 1–2. Out of 647 eligible patients, 425 were
included in the final analysis. The main proportion of patients were male with a median
age of 66 and 64 years in the intervention and control groups, respectively.

Both groups had high rates of bystander-witnessed arrests, bystander CPR and shock-
able rhythm. Survival to hospital discharge was lower in the intervention group, touching
the level of significance (odds ratio (OR) 0.68 [95% confidence interval [CI] 0.46 to 1.00];
p = 0.05). Secondary analysis showed a significantly higher odds ratio (OR) of hypoxic
(SpO2 < 90%) episodes prior to ICU admission in the interventions group (OR 2.37 [95%CI
1.49 to 3.79]); however, the rates of rearrests and good neurological outcomes were similar.
This study indicates that an SpO2 between 90% and 94% in patients with OHCA and ROSC
can decrease survival rates.
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In a different study, investigating how different oxygenation strategies in adults with
OHCA and ROSC admitted to the ICU can have an impact, Schmidt et al. conducted a
randomized controlled trial (RCT) [19]. These patients were randomized to receive either a
restrictive (68 to 75 mm Hg) or liberal (98 to 105 mm Hg) oxygenation strategy for up to
5 days. A total of 789 patients were included in the final analysis. Baseline characteristics
did not differ between the two groups. A higher proportion of men were included, with a
mean age of 62 years, and with high rates of shockable rhythm (85%) and bystander CPR
(89%). The primary outcome was death at 90 days or hospital discharge with a CPC score
of 3–5, where no differences between both groups were found. Survival rates were 70%
across both groups with a median CPC score of 1, indicating an a priori selected group of
patients with a good probability of favorable neurological survival. Hypoxic events were
not reported.

Early titration with lower targeted SpO2 values may decrease the chances of survival
with good neurological outcomes, whereas in an ICU setting, a restrictive oxygenation
strategy can be chosen without compromising the chances of survival. Mortality in corre-
lation to PaO2 levels in critical ill patients have a U-shaped distribution [20]. Robba et al.
performed a secondary analysis of the TTM2 trial, investigating the effects of hypo- and
hyperoxemia within the first 72 h of admission on mortality and neurological status at
6 months. This multivariate Cox regression also showed a U-shaped distribution for PaO2
with an increased risk for mortality below 69 mm Hg (hypoxemia) and above 195 mm Hg
(hyperoxemia); however, it found no correlation for poor neurological outcomes [21]. PaO2
was significantly lower in non-survivors for up to 32 h after ICU admission. In a different
trial, the presence of hyperoxemia (PaO2 > 300 mm Hg) for a 1 h period increased the risk
of poor neurological outcomes by 3% (relative risk 1.03 [95% CI 1.02 to 1.05]) [22].

Clinical trials investigating different oxygen levels in OHCA were conducted within
the “safe” range of the curve, thus questioning if this U-shaped curve is still of relevance [23].
Several observational studies investigated the association between severe hyperoxemia
(PaO2 > 300 mm Hg) and mortality or neurological outcomes. La Via et al. performed
a meta-analysis across 13 observational studies and found that severe hyperoxemia is
associated with a poor neurological outcome (OR 1.37 [95% CI 1.01 to 1.86]) and higher
mortality (OR 1.32 [95% CI 1.11 to 1.57]) [24]. Furthermore, hyperoxemia during the first
36 h of ICU admission showed higher OR for poor neurological outcomes and mortality
with 1.52 (95% CI 1.12 to 2.08) and 1.40 (95% CI 1.18 to 1.66), respectively.

Carbon dioxide is recommended to be kept from 35 to 45 mm Hg in patients requiring
mechanical ventilation after ROSC. In a retrospective cohort study in Japan, normocapnia
(35 to 45 mm Hg) and mild hypercapnia (45 to 55 mm Hg) during the first 24 h after ROSC
were associated with a better neurological outcome [25]. This analysis was adjusted for
multiple covariates which are known to influence outcomes in patients with OHCA. This
study is in line with the guideline recommendations and further emphasizes the avoidance
of hypocapnia in patients with ROSC. However, mechanical ventilation during CPR has
shown to be unreliable as the overall deviation of the predetermined tidal volume was
−21% [26]. This can result in higher PaCO2 levels after ROSC and should be closely moni-
tored. Further, tidal volumes during chest compressions should be assessed if mechanical
ventilation is used. An increase in the respiratory rate during OHCA does not seem to
have an effect on PCO2, pH and ROSC rates [27]. Patients suffering from OHCA which
achieved sustained ROSC and ICU admission receiving TTM were assessed for impacts of
ventilator settings in the initial 72 h on mortality and neurological outcomes [28]. Analyzing
ventilator parameters in 1848 patients, a higher respiratory rate was identified as being
associated with a higher mortality rate and worse neurological outcomes.

2.2. Circulation/Vasopressors

As per the guideline recommendation, hypotension (MAP < 65 mm Hg) should be
avoided. However, there is no clear definition on a MAP target above 65 mm Hg. To
test the hypothesis of whether a higher MAP impacts the rate of all-cause mortality or

108



J. Clin. Med. 2023, 12, 3009

CPC score 3–4, Kjaergaard et al. conducted a randomized controlled trial comparing two
different MAP targets, 63 vs. 77 mm Hg in comatose adults after OHCA [29]. The baseline
characteristics are described above in the study by Schmidt et al. To maintain the study’s
specific MAP target, volume resuscitation, noradrenaline and dobutamine were used. No
difference in mortality or unfavorable neurological outcomes between these two groups
(32% vs. 34%, p = 0.56) was found. Secondary endpoints also showed no differences
between the two groups, indicating that a higher MAP target does not improve overall
survival and good neurological outcomes until 90 days.

To achieve and maintain this target, different medications can be used. In a multi-
center observational study, 766 patients were included with post-ROSC shock. Of those,
481 received noradrenaline and 285 adrenaline to maintain an adequate MAP. Both groups
had high rates of witnessed arrests (90%) and bystander CPR before EMS arrival (71%),
with half of the patients having initial shockable rhythm.

Propensity score analysis and adjusted logistic regression found higher OR for all-
cause mortality with 2.1 (95% CI 1.1 to 4) and 2.6 (95% CI 1.4 to 4.7), respectively. Unfavor-
able neurological outcomes (CPC 3-5) at discharge for patients receiving adrenaline had
ORs of 4.3 (95% CI 2.2 to 8.3) and 5.5 (95% CI 3 to 10.3), respectively [30]. Although obser-
vational trials have certain biases, this finding impacts the further treatment of patients
with hypotension after ROSC and supports the guideline recommendations on the usage
of noradrenaline.

2.3. Glucose

As hyperglycemia is often observed after OHCA [31], the American Diabetes Associa-
tion recommended a range from 140 to 180 mg/dL for critically ill patients, respectively,
such as those admitted to an ICU after OHCA [32]. In order manage hyperglycemia, a
continuous insulin infusion is favored over repetitive applications [16]. As hypoglycemia
(<70 mg/dL) is harmful, blood glucose levels should be monitored closely [33].

2.4. Percutaneous Coronary Intervention

After stabilization of the patient, PCI should be performed in all patients with pre-
sumed or obvious cardiac causes of cardiac arrest [16]. This has shown to be beneficial
in all patients with ECG changes in line with occlusion myocardial infarction (OMI). In
patients with ROSC after OHCA without ST-segment elevation, Desch et al. investigated if
an immediate PCI strategy would provide a benefit over a delayed PCI strategy [34]. This
study investigated death from any cause at 30 days as the primary outcome and survival
with severe neurological deficit as a secondary endpoint. In total, 554 patients were random-
ized to either an immediate or delayed angiography. With similar baseline characteristics,
angiography was performed 2.9 h or 46.9 h after OHCA, respectively. This study found
no benefit for an immediate angiography, as the primary endpoint was reached in 54% of
the immediate group and 46% of the delayed group (hazard ratio [HR] 1.28 [95% CI 1.00
to 1.63]). This finding corroborates other trials that have failed to show survival benefits
for an early coronary angiography strategy in patients after OHCA without ST-segment
elevation [35–37]. In contrast to these RCTs, observational studies showed results in favor
of early angiography [38].

Therefore, the current guidelines recommend early angiography to patients with
hemodynamic instability or those of high suspicion for a cardiac cause [39,40].

2.5. Temperature Management/Fever Prevention

Temperature control has been discussed over the last two decades. The initial trials
have shown a benefit when patients are initially cooled between 32 ◦C and 34 ◦C [41];
however, recent trials have found no difference in survival [42]. This is further corroborated
by two meta-analyses from Aneman et al. and Sanfilippo et al. [43,44]. Aneman et al.
conducted a Bayesian meta-analysis across seven RCTs, which identified no significant
risk ratio (RR) for mortality (RR 0.96 [95%CI 0.82 to 1.04]) and unfavorable neurological
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outcomes (RR 0.93 [95%CI 0.84 to 1.02]) [43]. Sanfilippo et al. included eight RCTs which
compared TTM to either actively controlled or uncontrolled hypothermia [44]. In the overall
study group and actively controlled subgroup, no significant differences for mortality were
found, with RRs of 1.06 (95% CI 0.94 to 1.20) and 0.97 (95% CI 0.90 to 1.04), respectively. In
the passively controlled normothermia subgroup, a significant difference for mortality was
observed (RR 1.31 [95% CI 1.07 to 1.59]). Temperature control to 32–34 ◦C did not influence
neurological outcomes, with an overall RR of 1.17 (95% CI 0.97 to 1.41).

While there is a constant debate about patient selection and the time until hypothermia
was initiated in those studies, current guidelines recommend the temperature control to
be between 32 ◦C and 36 ◦C for at least 24 h, and further prevention of fever for 72 h.
To understand if a longer TTM strategy after the initial 24 h is beneficial, Hassager et al.
conducted a randomized controlled trial. In this study, patients after OHCA who remained
comatose were randomized to receive TTM either 12 or 48 h after the initial 24 h. No
difference was found in the composite outcome of death or CPC score 3–4 at 90 days (HR
0.99 [95% CI 0.77 to 1.26], p = 0.70) [45].

2.6. Antibiotics/Further Medications

Many patients aspirate during cardiac arrest and undergo mechanical ventilation during
the initial course of ICU therapy. Due to temperature management and prevention of fever,
clinical signs of infection can be missed. Current guidelines do not support the routine
administration of antibiotics in patients with ROSC. If clinical signs of an infection persist
after OHCA, these patients benefit from an antibiotic treatment. Patients requiring mechanical
ventilation after OHCA are at risk of ventilator-associated pneumonia (VAP). Therefore, a
preventive strategy with short-term antibiotic therapy was assessed by Francois et al. [46].
Patients with initial shockable rhythm receiving temperature management between 32 ◦C
and 34 ◦C were randomized to either amoxicillin-clavulanate or placebo. This trial included
194 patients in both groups and resulted in a lower incidence of early VAP in the intervention
group (19% vs. 34%). These results were mirrored in the significant reduction in VAP at any
timepoint (23% vs. 39%). However, due to the small sample size, this did not impact mortality
rates at day 28 (41% vs. 37%) or ICU length of stay. Even if this trial included only patients
with shockable rhythm, these findings can be generalized to patients with non-shockable
rhythm, as post-resuscitation care is similar between those groups.

A meta-analysis on prophylactic antibiotic use after OHCA did not show a significant
increase in overall survival (OR 1.16 [95% CI 0.97 to 1.40]) or survival with good neurological
outcomes (OR 2.25 [95% CI 0.93 to 5.45]) [47].

The usage of stress ulcer prophylaxis is recommended, even if it does not reduce
mortality in ICU patients [48]. As patients after OHCA often are treated with antiplatelet
and anticoagulant medication [49], they are at a higher risk of gastrointestinal (GI) bleeding.
The usage of ulcer prophylaxis has shown to reduce the rates of GI bleeding in high-risk
ICU patients [50].

2.7. Prognostication

Prognostication can already be started during advanced life support (ALS) using near-
infrared spectroscopy (NIRS) to assess cerebral oximetry (rSO2). During CPR, increasing
rSO2 values might be indicative of ROSC [51]. In an analysis of 52 patients with OHCA,
initial rSO2 values were undetectable (<15%) and increased rapidly with near-normalization
in patients who achieved ROSC. Patients with ROSC had a higher maximum value at 47%
vs. 31% in those without ROSC [52]. Patients undergoing eCPR with a pre-cannulation
rSO2 between 41% and 60% had the highest chance of good neurological survival (CPC 1
to 2) with almost 40% [53], while patients with a pre-cannulation rSO2 between 17% and
40% and above 60% had just over 20% good neurological survival. Besides rSO2, a rise in
etCO2 was also found to be of prognostic value. Keeping in mind that etCO2 is prone to
confounders such as respiratory rate, tidal volume and the type of airway device, the major
limitation is that that an advanced airway must be applied.
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After initial ICU treatment, the prognostication of neurological outcomes is one cor-
nerstone in the early post-resuscitation care phase. This remains a challenge in post-
resuscitation care as the false positive rate for the prediction of poor neurological outcomes
should be 0%. Consequently, the reliable identification of patients who will not bene-
fit from early invasive treatment strategies can be the main consequence of those tests.
An inappropriate withdraw of life support must be avoided; this occurs due to a self-
fulfilling prophecy bias [54,55]. Therefore, current guidelines recommend the investigation
of prognostic biomarkers to be blinded. Withholding results from blood samples can be
cumbersome and unethical in daily practice. To minimize these biases, an assessment
of neurological outcomes is recommended to be performed at three-to-six months after
OHCA [16].

Regarding biomarkers, NSE in combination with other tests is recommended to be the
biomarker for neurological prognostication. A sole biomarker has substantial limitations
for predictions, failing to safely identify patients with unfavorable neurological outcomes.

NSE is reported to decrease after 24 h in patients with good neurological outcomes
and increase in those with unfavorable neurological outcomes between 48 and 96 h. This
highlights that a single NSE value should be interpreted with caution; rather, its trend over
the first few days is important. Further, hemolysis must be measured in order to detect
false high NSE values [56]. Hemolysis was observed in more than half of the patients in
up to 4 h after eCPR initiation; this rate decreased to approximately 10% after 24 h. In
a retrospective cohort study of patients with OHCA and prehospital eCPR undergoing
temperature management, there was a significant difference in NSE at 4 h between those
with favorable neurological outcomes and those who died [57]. At 48 h, NSE could reliably
distinguish between those with favorable and unfavorable neurological survival; this is
while extracorporeal membrane oxygenation was still ongoing. The early withdraw of life
support solely based on biomarkers is not recommended and should be avoided.

As a multi-modal approach, electroencephalogram (EEG) and cranial computed to-
mography (cCT)—besides others—are recommended. EEG has been thoroughly studied to
predict brain function and prognosis after cardiac arrest [58]. It is described that EEG is
suppressed immediately after OHCA and returns to normal voltage within 24 h in patients
with good neurological outcomes [59]. CCT is used to evaluate the ratio between grey
and white matter densities (grey–white ratio; GWR); this quantifies the degree of cerebral
oedema. It is reported that a 100% specificity for unfavorable neurological outcomes was
achieved between 1 h [60] and up to 72 h [61–63] after ROSC.

This bundle of prognostication can be extended by other biomarkers that are currently
not recommended such as tau protein, neurofilament light chain, glial fibrillary acidic
protein and ubiquitin C-terminal hydrolase-L1, which have recently been described to
discriminate between favorable and unfavorable neurological outcomes [64].

In addition to the above-mentioned known and established neurological prognostic
options, there is the possibility of whole blood transcriptome analysis [65,66]. One study
was able to identify three biomarkers associated with poor neurological outcomes: MAPK3,
BCL2 and AKT1 [65]. MAPK3 was significantly up-regulated in patients with poor neuro-
logical outcomes. This was further corroborated by multivariate logistic regression, where
MAPK3 was the strongest independent predictor for poor neurological outcomes (OR 1.2
[95% CI 1.1 to 16.7]).

Tissier et al. found that HLA family genes were decreased in the group with poor
neurological survival [66]. Here, logistic regression was able to predict clinical survival
better compared to known person- and setting-specific factors with an area under the curve
of 0.94 vs. 0.83, respectively [15]. Organ-specific damage can be assessed using cell-free
DNA. This method enables the possibility to assess the potential damage to vital organs
such as the brain, heart and lungs. Even if there are no trials in patients with OHCA to
date, this method can be used in the future. A limitation can be the availability of expertise
to carry out such tests; centralizing these analyses to specialized centers can help overcome
this limitation.
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These promising first results of additional biomarkers should be studied in future
trials, investigating the early prediction of functional neurological outcomes and identifying
patients that can benefit from early invasive strategies.

3. Discussion

This review assesses the current literature in post-resuscitation care in patients with
OHCA. Herein, novel therapy strategies are highlighted and put into the perspective
of current guidelines. Different strategies on oxygen and blood pressure levels did not
improve survival. Oxygen titration in the initial ROSC phase can be harmful and should be
avoided. Beside recent RCTs, observational trials and secondary analyses have shown that
hyperoxemia is harmful and associated with an increased mortality rate, especially if PaO2
exceeds 300 mm Hg. In patients with reliable pulse oximeter values, the titration of oxygen
can be safe if SpO2 is >99%, keeping in mind that these patients might deteriorate faster
compared to other ventilated patients. Prehospital blood gas analysis can be beneficial in
the early phase of ROSC, starting preliminary goal-directed treatment. With the prehospital
availability of diagnostic tools, one must not forget that the overarching goal is still to admit
the patient to an ICU or emergency department as soon as possible after OHCA. Different
aspects of ventilation strategies have been discussed, where a secondary analysis found
significantly higher OR for mortality in patients with a higher respiratory rate. Although
emerging from a large cohort, these findings should still be interpreted with caution as
these data are observational and the original trial focused on TTM [28,42]. Ventilation
during OHCA needs further research, especially with respect to different respirators,
airway devices and chest compression devices available. These possibilities also include
manual chest compression and bag mask ventilation. Whether mild hypercapnia (PaCO2
50–55 mm Hg) within the first 24 h after OHCA is associated with a favorable neurological
survival after six months is currently being investigated in the Targeted Therapeutic Mild
Hypercapnia after Resuscitated Cardiac Arrest (TAME) trial [67]. These findings can impact
future initial ICU treatment and are awaited to be published in June 2023.

The usage of noradrenaline in post-ROSC shock is corroborated, as a matched cohort
study showed worse outcomes in patients receiving adrenaline infusion. As this study was
not randomized or blinded, whether these results would change in a randomized study
must be critically assessed. Further trials might not be impactful. The guidelines currently
do not cover the aspect of return of circulation (ROC). As eCPR programs, in-hospital
or pre-hospital are currently established around the globe, this challenge must be faced
and recommendations for immediate post-ROC treatment are needed. Future studies can
address a targeted MAP in the early phase of patients with eCPR.

PCI remains the primary strategy for patients with ST elevation myocardial infarc-
tion and in those with hemodynamic instability despite the lack of ST elevations. These
recommendations are based on RCTs and have a good certainty of evidence (CoE).

Fever prevention remains critical and is one of the cornerstones in post-resuscitation
care, whereas prophylactic antibiotic use does not increase favorable neurological outcomes.
Temperature management between 32 and 34 ◦C was not associated with an increase in
favorable neurological outcomes.

Neuroprognostication is made at the patient’s peril, as conformation bias affects our
judgement. Therefore, the limitations of current methods should be considered when
interpretating biomarkers and rSO2. Most of the studies were either retrospective studies,
observational trials or secondary analyses, limiting the CoE. Although it may be tempting
to start prognosis as early as during the prehospital phase, this underlies certain limitations.
RSO2 is independent from motion artefacts, making it valid during CPR; however, cerebral
blood flow is controlled by PaCO2 in patients after OHCA [51].

Novel biomarkers and methods will emerge in the upcoming years and should be
considered if feasibility is given outside of clinical studies. Further, a better understanding
of their predictive value is needed.
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4. Conclusions

“Normo, normo, normo” is the main goal in post-resuscitation care. Being above the
normal ranges has been shown to be harmful in recent studies, especially regarding oxy-
genation, ventilation and temperature. Strategies to reduce early harm in the treatment of
patients with ROSC have yet to be found. Prognostication is still a multi-modal approach,
using both technical resources and biomarkers combined.
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Abstract: Background: Out-of-hospital cardiac arrest (OHCA) has a high prevalence of obstructive
coronary artery disease and total coronary occlusion. Consequently, these patients are frequently
loaded with antiplatelets and anticoagulants before hospital arrival. However, OHCA patients have
multiple non-cardiac causes and high susceptibility for bleeding. In brief, there is a gap in the evidence
for loading in OHCA patients. Objective: The current analysis stratified the outcome of patients with
OHCA according to pre-clinical loading. Material and Methods: In a retrospective analysis of an
all-comer OHCA registry, patients were stratified by loading with aspirin (ASA) and unfractionated
heparin (UFH). Bleeding rate, survival to hospital discharge and favorable neurological outcomes
were measured. Results: Overall, 272 patients were included, of whom 142 were loaded. Acute
coronary syndrome was diagnosed in 103 patients. One-third of STEMIs were not loaded. Conversely,
54% with OHCA from non-ischemic causes were pretreated. Loading was associated with increased
survival to hospital discharge (56.3 vs. 40.3%, p = 0.008) and a more favorable neurological outcome
(80.7 vs. 62.6% p = 0.003). Prevalence of bleeding was comparable (26.8 vs. 31.5%, p = 0.740).
Conclusions: Pre-clinical loading did not increase bleeding rates and was associated with favorable
survival. Overtreatment of OHCA with non-ischemic origin, but also undertreatment of STEMI-
OHCA were documented. Loading without definite diagnosis of sustained ischemia is debatable in
the absence of reliable randomized controlled data.

Keywords: OHCA; aspirin; heparin; NSTE-ACS; STEMI

1. Introduction

Out-of-hospital cardiac arrest (OHCA) affects 67 to 170 per 100,000 Europeans per
year [1–3]. It is the third leading cause of death in Europe, and prognosis remains poor
despite continual efforts to improve treatment algorithms [1,4]. Only 7–11% of patients
in all-comer cohorts survive until hospital discharge, and of these, only few have a fa-
vorable neurological outcome [1,2,5,6]. Sudden cardiac death remains the main cause of
OHCA and is predominantly driven by atherosclerotic coronary artery disease (CAD) [7].
Recent analyses demonstrated that early coronary angiography in all-comer OHCA co-
horts without ST-segment elevation is not superior to a delayed strategy [8–10]. However,
obstructive CAD is a common finding in OHCA patients, and approximately 20% have
acute total coronary artery occlusion [11]. In patients with presumed ongoing ischemia,
immediate coronary angiography is still recommended [12–14], but identification of is-
chemia in these comatose patients might be challenging in pre-clinical settings. In cases of
return of spontaneous circulation (ROSC) and ST-segment elevation myocardial infarction
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(STEMI), ischemia detection is feasible with high confidence and diagnostic certainty us-
ing electrocardiogram (ECG). In acute coronary syndrome without ST-segment elevation
(NSTE-ACS), specific clinical criteria are missing. Chest pain is a suggestive symptom,
but is non-specific with multiple non-cardiac causes [11,15,16]. Pre-hospital measurement
of troponin is technically feasible but not routinely established yet [17,18]. Consequently,
pre-clinical suspected diagnosis of NSTE-ACS is often false positive, and patients are at risk
for overtreatment [19,20]. In Germany, patients with suspected NSTE-ACS are frequently
pretreated by pre-hospital application of aspirin (ASA) and/or unfractionated heparin
(UFH)—so called “loading” [19–21]. There is a gap in the evidence for loading in OHCA
patients with high prevalence of obstructive CAD, but also other potential causes of cardiac
arrest, with high susceptibility for bleeding.

The current analysis aimed to stratify the outcome of patients with OHCA from a
single cardiac arrest center according to pre-clinical loading decision.

2. Material and Methods

This retrospective, single-center study is based on a registry of consecutive OHCA
patients treated at our cardiac arrest center located in the department of cardiology in a
tertiary hospital. The registry generally included all-cause OHCA patients treated at our
cardiac arrest center between January 2014 and November 2021, and the vast majority was
treated at the department of cardiology. Of these, the majority suffer from OHCA of cardiac
origin, as emergency medical services frequently allocate these patients to our hospital to
provide extracorporeal cardiopulmonary resuscitation (eCPR). Patients with pre-hospital
ROSC, but also under ongoing manual or mechanical CPR, were considered. Adult patients
with non-traumatic cardiac arrest and complete information on pre-clinical loading and
in-hospital course were eligible for this analysis.

2.1. Treatment Algorithm

Our cardiac arrest center is located in a metropolitan area with approximately 1.1 million
inhabitants. The contributing emergency medical service (EMS) covers a 400 km2 area. In
case of pre-hospital cardiac arrest, EMS personnel will be supported by a specialized and
trained German emergency physician (EP) leading resuscitation. During ongoing resuscita-
tion, the EP decides whether to stay on scene and continuing pre-clinical treatment until
ROSC or termination of cardiopulmonary resuscitation (CPR), or to transport the patient
using mechanical CPR (mCPR) devices. According to our local protocol [22], patients with
non-traumatic OHCA from presumed cardiac origin are immediately transferred to the
catheterization laboratory. Adjudication of cardiac origin is at the discretion of the treating
EP after consultation of a cardiologist by phone. In patients with ROSC, the need for urgent
coronary angiography is evaluated versus direct transfer to an intensive care unit (ICU). In
refractory cardiac arrest or intermittent ROSC, patients will be evaluated by an interdisci-
plinary heart team for implementation of eCPR or mechanical circulatory support (MCS).
Patients with non-cardiac OHCA (e.g., hypothermia, drowning, intoxication) are trans-
ferred to the emergency department for further evaluation and are subsequently treated at
the ICU. Loading with ASA and UFH, and dosage were at treating EP’s discretion.

2.2. Measured Data and Investigated Outcomes

Baseline characteristics were extracted from patient records, including age and gen-
der, data on pre-emergency status, detailed information on resuscitation and pre-hospital
treatment, in-hospital outcome data and reasons for cardiac arrest. Arterial blood gas mea-
surements and partial thromboplastin time (PTT) were also extracted. Patients were then
stratified according to pre-clinical treatment with ASA and UFH. Additionally, subgroup
analysis of STEMI patients was performed, as STEMI guidelines recommend immediate
use of antithrombotics and anticoagulants at the time of diagnosis even in pre-clinical
settings [13]. Measured outcomes were survival at hospital discharge and favorable neu-
rological outcome at hospital discharge (defined by the Glasgow–Pittsburgh cerebral per-
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formance categories (CPC) Score ≤ 2), bleeding complications (defined as a composite of
need for red blood cell [RBC] transfusion and intracranial bleeding), ICU and hospital stay.
Ethical approval was not necessary in this retrospective, non-interventional analysis of the
local OHCA registry.

2.3. Statistical Analysis

Data were described using mean values (±standard deviation), or frequencies and
percentages. Student’s t-test, Fisher’s exact test and chi-squared test were used for statistical
analyses according to metric or categorial variables. All reported p-values were two-sided,
and p-values less than 0.05 were considered statistically significant. Statistical analyses
were performed using SPSS Statistics Version 27.0.0 (IBM Corp., Armonk, NY, USA).

3. Results

3.1. Overall Analysis

Overall, 272 patients were included in the registry analysis (Figure 1). Patients had a
mean age of 62.7 years and were more frequently male (n = 196) (Table 1). Cardiac arrest
was witnessed in 211 (77.6%) patients, and 170 (62.5%) received prompt bystander CPR.
Shockable rhythm was present in 174 (64%) patients, and they required a mean of 3 shocks.
ROSC could be achieved in 245 (90%) patients, and mean time until ROSC was 26.7 min.
mCPR was implemented on-scene or during transport in 75 (27.6%) patients. Immediate
coronary angiography was performed in 229 (84.2%) patients, and 48 (17.6%) patients
required MCS.

Figure 1. Patient cohort. Abbreviations: ASA: aspirin, UFH: unfractionated heparin.
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Table 1. Patient characteristics total cohort.

Total Cohort
N = 272

Pre-Clinical
Loading
N = 142

No Loading
N = 130

p-Value *

Age, mean [SD] 62.7 [±15.5] 61.5 [±14.9] 64.1 [±16.4] 0.168

Gender male (%) 196 (72.1) 108 (76) 88 (67.7) 0.125

Pre-emergency status (%) 0.255

No prior diseases 50 (18.4) 31 (21.8) 19 (14.6)

Diseases without limitations in daily living 134 (49.3) 72 (50.7) 62 (47.7)

Diseases with limitation in daily living 41 (15.1) 17 (12) 24 (18.5)

No independent daily living 4 (1.5) 1 (0.7) 3 (2.3)

Unknown status 43 (15.8) 21 (14.8) 22 (16.9)

Pre-hospital characteristics

Witnessed arrest 211 116 95 0.037

Bystander CPR 170 (62.5) 97 (68.3) 73 (56.2) 0.039

No-flow time, min 2.2 [±4] 2.1 [±4.1] 2.4 [±4] 0.624

Shockable rhythm 174 99 75 0.114

Shocks, n 2.99 [±3.5] 3.1 [±3.7] 2.9 [±3.3] 0.649

Epinephrine use, n 214 109 105 0.460

Amiodarone use, n 108 49 59 0.008

Achieving ROSC before hospital arrival § 190 100 90
0.914Achieving ROSC after hospital arrival § 55 28 27

Never ROSC achieved § 25 14 11

Time until ROSC, min 26.7 [±22.9] 26.4 [±25.5] 27.2 [±19.8] 0.795

EMS transport with mechanical
cardiopulmonary resuscitation device 75 40 35 0.854

Presenting arterial blood gases, means

Initial arterial O2, mm Hg 182.5 [±106.5] 176 [±88.3] 190.4 [±125.7] 0.419

Initial arterial CO2, mm Hg 59.8 [±27.9] 58.7 [±25.2] 60.6 [±88.3] 0.829

Initial lactate, mmol/L 7.98 [±6] 7.36 [±5.9] 8.67 [±6.0] 0.073

Initial pH 7.15 [±0.2] 7.17 [±0.2] 7.12 [±0.2] 0.166

Initial hemoglobin g/dL 14.3 [±2.9] 15.1 [±2.3] 13.5 [±3.3] 0.135

In-hospital treatment

Coronary angiography performed (%) 229 (84.2) 129 (90.8) 100 (76.9) 0.002

Mechanical circulatory support implantation (%)

ECMO 33 (12.1) 16 (11.3) 17 (13.1) 0.631

Axial flow pump (Impella©) 8 (2.9) 6 (4.2) 2 (1.5) 0.286

IABP 7 (2.6) 4 (2.8) 3 (2.3) 1.000

Target temperature management 89 (32.7) 48 (33.8) 41 (31.5) 0.691

PTT, s 50.2 [±31.7] 57 [±31.4] 45.1 [±31.1] 0.014

Aspiration pneumonia, n 110 55 55 0.565

Hypoxic ischemic encephalopathy (%) 64 (23.5) 24 (16.9) 40 (30.8) 0.007

Ejection fraction, EF (%) 0.101
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Table 1. Cont.

Total Cohort
N = 272

Pre-Clinical
Loading
N = 142

No Loading
N = 130

p-Value *

Preserved EF (≥50%) 83 (30.5) 42 (29.6) 41 (31.5)

Mildly reduced EF (41 to 49%) 42 (15.4) 27 (19) 15 (11.5)

Reduced EF (≤40%) 86 (31.7) 48 (33.8) 38 (29.2)

Not estimated 61 (22.5) 25 (17.6) 36 (27.7)

Cause of non-traumatic cardiac arrest (%) 0.019

Acute coronary syndrome
- STEMI

- NSTE-ACS

103 (37.9)
60
43

65 (45.8) #

40
25

38 (29.2) #

20
18

0.005 #

Arrhythmia 76 (27.9) 32 (22.5) 44 (33.8)

Asphyxia 28 (10.3) 11 (7.7) 17 (13.1)

Other 65 (23.9) 34 (23.9) 31 (23.9)

* Chi-square test/Fisher’s exact test in categorical variables and t-test in metric variables. [] Standard deviation,
() Percentages. # ACS vs. non-ACS. § missing Data: n = 2. Abbreviations: ACS: acute coronary syndrome;
CPR: cardiopulmonary resuscitation; ECMO: extracorporeal membrane oxygenation; EF: ejection fraction; EMS:
emergency medical service; IABP: intra-aortic balloon pump; NSTE-ACS: non-ST-segment elevation acute coronary
syndrome; PTT: partial thromboplastin time; ROSC: return of spontaneous circulation, STEMI: ST-segment
elevation myocardial infarction.

Cardiac etiology was the main reason for OHCA. In detail, 103 (37.9%)) patients were
classified as having acute coronary syndrome (ACS), 60 presented with STEMI and 43 with
NSTE-ACS. Arrhythmia (n = 76, 27.9%) was the second leading cause of OHCA, followed
by asphyxia (n = 28, 10.3%). The remaining 65 (23.9%) patients represented a heterogeneous
group mainly suffering from distributive, hypovolemic or obstructive shock.

3.2. Loading Status

ASA and/or UFH was used in 142 patients, and 130 did not receive loading before
hospital admission (Figure 1). Dosage of aspirin varied between 125 mg and 725 mg.
UFH was administered at 5000 or 10,000 units, except in one case in which the EP used
24,000 units.

Patients in the loading group more often had witnessed arrest, were more often treated
with bystander CPR, more frequently had ACS and subsequently had a higher proportion
of coronary angiography (Table 1). Amiodarone use was more often documented in patients
without pre-hospital loading. All other characteristics were distributed evenly between
the groups.

Safety analysis showed comparable incidence of bleeding events (26.8 vs. 31.5%,
p = 0.740) between the groups. This event rate was mainly driven by RBC transfusion
(25.4 vs. 28.5%, Table 2). Intracranial bleeding was detected in 2.8% and 5.4% patients by
computed tomography (p = 0.553).

Both groups had comparable duration of ICU stay, but patients in the loading group
showed a trend towards longer overall hospital stay (14.0 vs. 11.1 days, p = 0.07).

Patients in the loading group had a significantly higher rate of survival to hospital
discharge (56.3 vs. 40.3%, p = 0.008). They additionally had a more favorable neurological
outcome (80.7 vs. 62.6% p = 0.003) compared to patients without loading.
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Table 2. Outcome of patients stratified by loading.

Pre-Clinical Loading
N = 142

No Loading
N = 130

p-Value *

Patients with bleeding complication, n (%) 38 (26.8) 41 (31.5) 0.740

RBC transfusion, n patients (%)
Mean number of RBC transfusion

36 (25.4)
2.4 [±7]

37 (28.5)
2.7 [±7]

0.587
0.722

Intracranial bleeding, n 4 7 0.553

ICU stay, mean 6.3 [±5.5] 7 [±5.8] 0.557

Hospital stay, mean 14 [±14.5] 11.1 [±10.8] 0.07

Survival to hospital discharge, % total group 56.3 40.3 0.008

Favorable neurological outcome at hospital
discharge, % of survivors 80.7 62.6 0.003

Abbreviations: RBC: red blood cell; ICU: intensive care unit. * Chi-square test/Fisher’s exact test in categorical
variables and t-test in metric variables.

3.3. STEMI Subgroup Analysis

Grouping of STEMI patients according to loading status resulted in 40 patients with
pre-clinical loading and 20 patients without pretreatment. Patients in the loading group
had numerically lower incidence of bleeding events (25 vs. 55%, p = 0.212), and especially
decreased need for RBC transfusion (Table 3). These observations showed no statistically
significant differences. Rate of survival to hospital discharge (77.5% vs. 60%) or favorable
neurological outcome (94.1% vs. 82.4%) and hospital or ICU stay were more favorable in
the loading group, but were not statistically different.

Table 3. Outcome of STEMI patients stratified by loading.

Pre-Clinical Loading
N = 40

No Loading
N = 20

p-Value *

Patients with bleeding complication, n (%) 10 (25) 11 (55) 0.212

RBC transfusion, n patients
Mean number of RBC transfusion

10 (25)
2 [±6.1]

10 (50)
4.8 [±8.1]

0.053
0.139

Intracranial bleeding, n 0 1 0.429

ICU stay, mean 6.8 [±3.3] 12.2 [±9.8] 0.327

Hospital stay, mean 13.9 [±9.4] 14.9 [±12.7] 0.725

Survival to hospital discharge, % 77.5 60 0.156

Favorable neurological outcome at hospital
discharge, % of survivors 94.1 82.4 0.318

Abbreviations: STEMI: ST-segment elevation myocardial infarction; RBC: red blood cell; ICU: intensive care unit.
* Chi-square test/Fisher’s exact test in categorical variables and t-test in metric variables.

4. Discussion

To our knowledge, this is the first systematic evaluation of pre-hospital loading with
aspirin and heparin in OHCA. These are the main and novel findings:

In highly selected patients with mainly cardiac origin,

� loading was associated with increased survival to hospital discharge and a more
favorable neurological outcome,

� the rates for RBC transfusion and intracranial bleeding were not affected by pre-
clinical loading,

� a considerable number of STEMI patients (33%) were not loaded on scene,
� 54% of patients in the loading group had OHCA from non-ischemic cause and had no

expected benefit from pretreatment, retrospectively.
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Patients in the loading group had an advantageous survival and neurological outcome.
Given the non-randomized, uncontrolled registry design, these observations need to be
interpreted with caution. The study group represents a highly selected cohort. Rates
of witnessed cardiac arrest, bystander CPR and shockable rhythm were high compared
to an all-comer cohort [1,3,23]. The majority of patients were male. EMS was activated
and CPR was started in each patient. All patients were transported to a hospital, and
ROSC could be achieved in a considerable number of patients. Moreover, patients were
young and the cohort had a high prevalence of ACS. These are all well-known favorable
prognostic factors in OHCA [1,5–7,24], and might have contributed to observed favorable
survival and neurological outcome rates in both groups. The groups were not balanced
in these important characteristics. Hence, advantageous outcome of the loading group is
attributable to the increased rate of witnessed arrest, high percentage of bystander CPR
and higher prevalence of ACS than to loading itself.

4.1. Bleeding

Bleeding rates were similar between the groups. Notably, the registry design under-
estimates the true prevalence of bleeding complications by assessing only RBC transfu-
sion and intracranial bleeding. In the literature, intracranial bleeding has a prevalence
of 3.5 to 11.5% in OHCA patients [25–27], and intracranial hemorrhage itself can be the
cause of OHCA [25,28]. Overall bleeding complications in OHCA range from 15–20%,
and increase to 31–32% in patients treated with eCPR or MCS [29–32]. Mechanical CPR
and MCS themselves are associated with increased bleeding risk, and in MCS, access-site
bleeding is a frequent complication [33,34]. Current registry data are in line with prior
publications, but one should bear in mind that RBC transfusion is an unspecific bleeding
event and OHCA patients are at increased bleeding risk even in the absence of antithrom-
botic/anticoagulatory pretreatment. Future evaluation of loading harm should ideally
address all entities of bleeding.

4.2. Undertreatment of STEMI

One-third of STEMI patients were not treated with ASA or UFH in the current registry,
even though current guidelines recommend immediate loading at the time of diagnosis [13].
In STEMI patients—in whom coronary artery occlusion is likely—pre-hospital administra-
tion of heparin did not affect clinical outcomes in prior analyses. Heparin use led to fewer
coronary artery occlusions, but major adverse cardiac events or 30 day survival were not
affected [35–37]. In accordance, the current analysis did not reveal clinically significant
differences between loaded and non-pretreated STEMI group. At the patient level, the
reasoning for withholding ASA and UFH in STEMI remains unclear, but some factors
could be involved. First, simple misdiagnosis of ST-segment elevation in pre-hospital
settings is a possible explanation. Notably, even extracardiac pathologies like intracranial
hemorrhage can mimic transient ischemic ECG patterns like ST-segment elevation and
might be misleading [38]. Misjudgment of STEMI equivalents (e.g., posterior infarction) or
misinterpretation of bundle branch blockade or paced rhythms are also potential factors.
Electrolyte imbalances, conduction disturbances or use of antiarrhythmic drugs might have
contributed to bizarre ECG presentations. Of note, Baldi et al. demonstrated that immediate
ECG following ROSC can be misleading, showing both false negative or false positive
STEMI results [39]. Consequently, these authors recommend delayed ECG acquisition for
eight minutes following ROSC to minimize systematic diagnostic errors [39].

4.3. Overtreatment of Non-STEMI OHCA

More than 50% of patients in the loading group had a non-ischemic cause of OHCA.
One might assume that loading was not beneficial in these patients, even though the current
study was not designed to demonstrate such difference.

In subjects with preclinically unknown intracavitary bleeding or aortic dissection, the
administration of antiplatelets or anticoagulants might cause severe harm. Patient selection
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for pre-treatment is of utmost interest. Current guidelines on NSTE-ACS or resuscitation
do not explicitly address pre-hospital loading. To date, only position papers are available.
A position paper from the Acute Cardiovascular Care Association of the European Society
of Cardiology recommends pre-hospital loading with aspirin and heparin in STEMI and
NSTE-ACS with immediate invasive strategy (coronary angiography < 2 h) [40]. The
authors point out that there is no scientific evidence for pre-hospital loading in NSTE-ACS
patients, overall. Specific recommendations for OHCA are also missing.

Given this vacuum, STEMI and NSTE-ACS guidelines should be considered in OHCA
with presumed cardiac cause [13,14]. The European guideline on NSTE-ACS recommends
the use of aspirin, and the administration of UFH at the time of diagnosis [14,41]. Troponin
measurement is a cornerstone in NSTE-ACS diagnosis [14], but it is not routinely used on
scene in daily practice [17,18]. As a consequence, NSTE-ACS remains solely a suspected
diagnosis in OHCA patients on scene, but this judgment affects upcoming treatment
steps in the chain of survival. The paradigm shift from immediate to delayed coronary
angiography in hemodynamic stable NSTE-ACS-OHCA patients currently translates to
daily routine [8–10]. Identification and discrimination of patients with total coronary
artery occlusion is challenging but crucial. One might speculate that these patients still
require immediate coronary angiography including percutaneous coronary intervention.
Guidelines recommend immediate angiography in patients with infarct-related cardiogenic
shock with hemodynamic instability, ongoing chest pain, life threatening arrhythmias
or mechanical infarct complication, but diagnostic modalities are limited in pre-hospital
settings [14]. EPs need to assess the individuals’ probability of ischemia on clinical criteria.
Spirito et al. recently showed that hemodynamic instability does not automatically indicate
vessel occlusion [11]. Instead, shockable rhythm and presence of chest pain demonstrated
a predictive value for coronary artery occlusion [11]. However, chest pain is not reliably
assessable in comatose patients, especially in patients with non-witnessed collapse. In
all-comer chest pain cohorts, non-ischemic and even non-cardiac are the most prevalent
causes [15,16]. The retrospective data from Spirito and colleagues must be weighed against
this non-specific character of chest pain. Diagnostic error remains the Achilles heel of
optimized OHCA patient management, and medical history and evidence of chest pain
might contribute to decision making, but prospectively validated criteria are missing.

We observed heterogeneity in loading of OHCA patients with both under- and
overtreatment. Nescience and uncertainty of EPs are potential mechanisms. In the absence
of reliable randomized controlled data, use of pre-hospital antithrombotic and anticoagu-
latory pretreatment without ischemic cardiac cause of OHCA remains debatable. Future
studies should address clinically measurable factors to overcome these gaps in the evidence.
These could possibly change the current strategy from unselected to individualized, selected
loading strategies in OHCA patients with considerable risk for coronary artery occlusion.

4.4. Limitations

The current analysis followed a non-controlled design in a relatively small cohort.
Hence, selection and performance bias are inherent limitations and restrict generalizability.
As previously mentioned, the current cohort had a high prevalence of favorable prognostic
factors and the majority of patients suffered from ACS. The performance bias was mainly
based on loading decision. Administration of ASA and UFH was solely at the treating EP’s
discretion. Especially in STEMI patients without loading, individual reasoning remains
uncertain, but might reflect uncertainty of the EP. As our registry does not regularly include
all entities of bleeding events, we decided to only report the routinely measured data (RBC
transfusion, intracranial hemorrhage). In doing so, we numerically underestimated bleed-
ing rates of missing events like gastrointestinal, parenchymatous, intrathoracic, abdominal
or access-site bleeding. The relatively small sample size restricts statistical power.
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5. Conclusions

In this non-traumatic OHCA registry including mainly patients with cardiac cause pre-
clinical loading was neither associated with increased intracranial bleeding, nor resulted in
higher requirement of red blood cell transfusion. Overtreatment with aspirin and heparin
could be documented in 54% of patients presenting with OHCA of non-ischemic origin.
One-third of STEMI-OHCA were not loaded, but this undertreatment did not translate to
worse survival. The administration of anticoagulatory and antithrombotic pretreatment
in OHCA without definite diagnosis of sustained ischemia is debatable in the absence of
reliable randomized controlled data. Future prospective studies should address the loading
dilemma and evaluate benefit and harm of pre-hospital loading in comatose patients.
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Abstract: (1) Birth asphyxia is a major cause of delivery room resuscitation. Subsequent organ
failure and hypoxic–ischemic encephalopathy (HIE) account for 25% of all early postnatal deaths.
The neonatal sequential organ failure assessment (nSOFA) considers platelet count and respira-
tory and cardiovascular dysfunction in neonates with sepsis. To evaluate whether nSOFA is also a
useful predictor for in-hospital mortality in neonates (≥36 + 0 weeks of gestation (GA)) following
asphyxia with HIE and therapeutic hypothermia (TH), (2) nSOFA was documented at ≤6 h of life.
(3) A total of 65 infants fulfilled inclusion criteria for TH. All but one infant received cardiopul-
monary resuscitation and/or respiratory support at birth. nSOFA was lower in survivors (median 0
[IQR 0–2]; n = 56, median GA 39 + 3, female n = 28 (50%)) than in non-survivors (median 10 [4–12],
p < 0.001; n = 9, median GA 38 + 6, n = 4 (44.4%)). This was also observed for the respiratory (p < 0.001),
cardiovascular (p < 0.001), and hematologic sub-scores (p = 0.003). The odds ratio for mortality was
1.6 [95% CI = 1.2–2.1] per one-point increase in nSOFA. The optimal cut-off value of nSOFA to predict
mortality was 3.5 (sensitivity 100.0%, specificity 83.9%). (4) Since early accurate prognosis following
asphyxia with HIE and TH is essential to guide decision making, nSOFA (≤6 h of life) offers the
possibility of identifying infants at risk of mortality.

Keywords: birth asphyxia; nSOFA; outcome prediction; neonate; hypoxic–ischemic encephalopathy
(HIE); therapeutic hypothermia; resuscitation; organ dysfunction; critical illness assessment; mortality

1. Introduction

The essential component to neonatal adaptation after birth is the initiation of adequate
respiratory effort. Approximately 10–15% of newborns require support for respiratory
transition at birth, 3% require positive pressure ventilation by mask, 2% intubation, and
only <1% cardiopulmonary resuscitation with chest compressions or epinephrine to es-
tablish cardiorespiratory function [1,2]. The major cause for delivery room cardiopul-
monary resuscitation is birth asphyxia, a condition of insufficient oxygen supply to vital
organs that results in hypoxia, hypercarbia, and metabolic acidosis and, if prolonged, may
progress to multiorgan failure, including the developing brain, which is then referred to as
hypoxic–ischemic encephalopathy [3,4]. Asphyxia may originate from prenatal, perinatal
or postnatal pathology. Prenatal maternal pathologies that increase the risk for birth as-
phyxia include diabetes mellitus or gestational diabetes, arterial hypertension, placental
insufficiency, pregnancy toxemia, eclamptic seizure, infections, or drugs. Perinatal risk
factors are, e.g., placental abruption, fetomaternal hemorrhage, amniotic fluid embolism,
umbilical cord compression (knot or prolapse), insertio velamentosa of the umbilical cord,
placenta previa, or shoulder dystocia. Postnatal causes of birth asphyxia are fetal anemia
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due to twin-to-twin transfusion in monochoriotic twins or fetal isoimmunization, airway
anomalies, neurologic disorders, severe cardiopulmonary disease, infections, congenital
malformations, intrauterine growth retardation, or medication effects.

Hypoxic–ischemic encephalopathy is a form of brain dysfunction (i.e., following
brain injury) that occurs due to insufficient blood flow to the brain and/or insufficient
oxygenation. The pattern of damage in hypoxic–ischemic encephalopathy depends on the
severity, duration, and reoccurrence of hypoxia–ischemia and may result in involvement of
the deep gray matter (basal ganglia and thalami), brainstem, and/or brain white matter
in various combinations [5]. Hypoxic–ischemic encephalopathy is classified into three
severity grades, according to Sarnat et al., based on clinical symptoms. For the diagnosis
of moderate or severe hypoxic–ischemic encephalopathy (grade II and III), at least three
of the six categories (e.g., vigilance, activity, reflexes, muscle tone, or apnea), i.e., a Sarnat
Score ≥ 5, must be met [6]. While the Sarnat score is broadly used today, other scores, e.g.,
the Thompson score, with comparable clinical signs, exist.

Birth asphyxia accounts for 900,000 neonatal deaths worldwide annually and hypoxic–
ischemic encephalopathy is estimated to cause up to a quarter of all postnatal deaths [7–9].
In developed countries, birth asphyxia occurs in 1.5–2.5 per 1000 live births and is one of
the major causes for the development of cerebral palsy [10].

Therapeutic hypothermia is the only evidence-based neuroprotective therapeutic
intervention currently available and is the standard of care in high income countries for
moderate and severe hypoxic–ischemic encephalopathy (grade II and III) [11].

Therapeutic hypothermia improved the prognosis significantly: lower incidences of
death and less severe cerebral palsy and epilepsy were reported in major randomized
controlled trials on hypothermia [12–15]. However, mortality rates and the prevalence of
severe disability are still high at 28% and 16–30%, respectively [11,16,17].

In severe hypoxic–ischemic encephalopathy, early prognosis is essential for parental
counseling and treatment decisions, such as withdrawal of care. Currently available
biomarkers and clinical parameters have in common that they require high personnel
and technical resources. Furthermore, applicability and validity are limited in the first
hours of life [18]. In a situation of a life-threatening illness, as severe hypoxic–ischemic
encephalopathy, accurate and reliable determination of organ dysfunction and mortality
risk is urgently needed.

The sepsis-related organ failure assessment (SOFA) score was designed to quantify
organ dysfunction and mortality risk in adult intensive care patients with sepsis [19–21].
In recent years, its use is no longer limited to sepsis and the acronym is sometimes trans-
lated into sequential organ failure assessment, reflecting the broad dissemination of the
SOFA score.

The neonatal modification of the SOFA (nSOFA) was proposed to address the need for a
consensus definition of neonatal sepsis in 2020 [22]. nSOFA uses three objective and broadly
available clinical parameters to quantify organ dysfunction: respiratory, cardiovascular,
and hematological scores (total scores range from 0 to 15).

It was previously used for predicting mortality and severe morbidity in preterm
infants [23], preterm infants with late onset sepsis [24], respiratory distress syndrome
(RDS) [25], and neonates with proven sepsis [22,26]. Thus, the score was already shown to
be predictive independent of the cause of organ dysfunction in the first 24 and 72 h.

The aim of the present study was to evaluate the accuracy of the nSOFA for predicting
in-hospital mortality (sensitivity, specificity) following hypoxic–ischemic encephalopathy
and therapeutic hypothermia.

2. Materials and Methods

2.1. Participants

For this retrospective study, the charts of all neonates with a gestational age of ≥36 + 0
weeks were reviewed who had received therapeutic hypothermia for hypoxic–ischemic
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encephalopathy following birth asphyxia at the level III NICU of the University Hospital
Essen, Germany, between 1st December 2007 and 31st January 2023.

Therapeutic hypothermia was initiated based on clinical and laboratory criteria de-
rived from large, randomized trials [12–15]. Therapeutic hypothermia after birth asphyxia
was officially recommended by the American Heart Association in 2010, followed by the
German Guidelines in 2013.

The eligibility criteria for therapeutic hypothermia at our institution did not change
substantially in the evaluated time period and were as follows:

Birth asphyxia defined by at least one of the following criteria (block 1):

(a) documented severe acidosis with a pH ≤ 7.00;
(b) base excess of ≤ −16 mmol/l (blood from umbilical cord or neonate within the first

60 min of life);
(c) Apgar score ≤ 5 at 10 min of life;
(d) prolonged cardiorespiratory support (at least 10 min), consisting of chest compres-

sions, epinephrine, intubation, bag and mask ventilation, or continuous positive
airway pressure (CPAP).

In addition to moderate to severe hypoxic–ischemic encephalopathy defined by at
least one of the following (block 2):

(a) encephalopathy (lethargy, stupor, coma) plus at least one of the following signs: (a1)
muscular hypotonia, (a2) abnormal reflexes, or (a3) clinical seizures;

(b) post-2020 modified Sarnat score ≥ 5 (hypoxic–ischemic encephalopathy grade II
and III);

(c) clinical seizures;
(d) pathologic amplitude integrates electroencephalogram (aEEG, discontinuous normal

voltage, low voltage, burst-suppression, flat trace, or electroencephalographic seizures).

For inclusion in this retrospective study, a reconstruction of the Sarnat score was
possible: five points for moderate encephalopathy was already present with invasive
ventilation and a clinical neurological sign, such as muscular hypotonia.

Contraindications for therapeutic hypothermia were life-threatening congenital mal-
formation (e.g., diaphragmatic hernia, cerebral malformation), suspected metabolic disease,
coagulopathy with active bleeding, cerebral hemorrhage, cerebral venous thrombosis,
hemorrhagic infarction, small for gestational age with birth weight < 1800 g, or severe
pulmonary hypertension.

2.2. Therapeutic Hypothermia

Therapeutic hypothermia was delivered following a standardized protocol. Whole
body hypothermia was initiated as early postnatally as possible but within 6 h after birth
(TECOtherm® tcmatt Neo, Tec Com Medizintechnik GmbH, Kabelsketal, Germany). A
target temperature of 33.5 to 34.5 ◦C was monitored via a continuous rectal probe. It was
sustained for 72 h followed by a rewarming phase. The temperature was increased 0.5 ◦C
per hour until 37.0 ◦C was reached. Until 2015, this was performed manually; however,
post-2015, a servo-controlled cooling mattress has been used.

2.3. Calculation of nSOFA

The nSOFA is calculated from 3 subcategories for respiratory, cardiovascular, and
hematological status (Table 1). The respiratory category takes the status of mechanical
ventilation, oxygen saturation (SpO2), and a fraction of inspired oxygen (FiO2) into account
(score range 0–8). Cardiovascular status analyses the number of vasoactive drugs necessary
to maintain normal blood pressure, including the use of corticosteroids (score range 0–4).
The hematologic score is based on the presence and severity of thrombocytopenia (score
range 0–3). The total score can therefore range from 0 (best) to 15 (worst) [22]. Data to cal-
culate nSOFA in our cohort were derived from the patient charts, choosing the worst score
value from the first 6 h of life, both values from the delivery room and after admission were
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included. Monitoring included continuous amplitude-integrated electroencephalogram
(aEEG), a Thompson score (not standardized in time), and 1–2 hourly vital signs, including
changes in ventilator settings. A complete blood count was included in the initial blood
work on admission.

Table 1. Neonatal sequential organ failure assessment (nSOFA) [22].

Component nSOFA Scores

Respiratory
score

0 2 4 6 8
Not intubated
or intubated
SpO2/FiO2
ratio ≥ 300

Intubated
SpO2/FiO2
ratio < 300

Intubated
SpO2/FiO2
ratio < 200

Intubated
SpO2/FiO2
ratio < 150

Intubated
SpO2/FiO2
ratio < 100

Cardiovascular
score

0 1 2 3 4

No systemic
corticosteroids

and no
inotropes

Systemic
corticosteroid
treatment but
no inotropes

1 inotrope and
no systemic

corticosteroids

≥2 inotropes
or

1 inotrope and
systemic

corticosteroids

≥2 inotropes
and systemic

corticosteroids

Hematologic
score

0 1 2 3
Platelet count
≥150/nL

Platelet count
100–149/nL

Platelet count
<100/nL

Platelet count
<50/nL

Notes: FiO2 = fraction of inspired oxygen; SpO2 = oxygen saturation as measured by pulse oximetry. Medications
considered as inotropes (or vasoactive) = dopamine, dobutamine, epinephrine, norepinephrine, vasopressin,
and milrinone.

2.4. Endpoint: Death

The endpoint of the study was death. The timepoint of death and causes of death
were taken from the medical records and/or death certificates. The decision to withdraw
or limit care was based on a combination of clinical considerations—mainly the lack of
respiratory effort in ventilated infants, severe CNS injury identified via Magnetic resonance
imaging (MRI) or sonography, and severe organ dysfunction. If infants did not show
respiratory effort after the cessation of mechanical ventilation, they were not reintubated
and palliative care was initiated in the form of adequate analgesia, sedation, and/or
weaning of cardiovascular support while maintaining enteral nutrition and warming
for comfort.

2.5. Statistical Analysis

Analyses were performed using SPSS 29 (IBM Corp., New York, NY, USA). Patient
demographics, clinical characteristics, and nSOFA scores are presented as medians and
ranges or interquartile ranges for continuous variables and for categorical variables as
counts and category percentages. Mann–Whitney U-tests and Fisher’s exact test were used
to compare continuous and non-continuous data, respectively. Two-sided p-values < 0.05
were considered statistically significant. The Kaplan–Meier curve was used to visualize
time to death and discharge.

Logistic regression was performed to calculate the odds ratio for in-hospital mortality
with the nSOFA score as regressor. A receiver operating characteristics curve (ROC) was
generated to plot true positive rate (sensitivity) against false positive rate (1—specificity)
across varying threshold settings and areas under the receiver operating characteristic
curves (AUCs) were calculated. An optimal cut-off value for odds of in-hospital mortality
by nSOFA was determined using the Youden index and closest top-left methods. Positive
and negative predictive values were calculated.

3. Results

Out of the 6016 infants screened, 79 infants received therapeutic hypothermia due
to hypoxic–ischemic encephalopathy (Figure 1). One infant, at 37 + 0 weeks of gestation,
was included although the birth weight was 1745 g (contrary to recommendations of the
American Heart Association) based on an individual treatment decision. We excluded
four infants from the analysis because of a baseline condition with influences on organ
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function or mortality other than hypoxic–ischemic encephalopathy: two infants with
blood culture-proven early onset sepsis, one infant with congenital malformation, and
one infant with chromosomal abnormality. Two infants had life-threatening congenital
malformations, so they were excluded. Two infants were excluded, since they did not
suffer from birth asphyxia but required resuscitation later than in the delivery room. A
total of 45 of 79 infants were inborn. Outborn infants were transferred to our institution
and therapeutic hypothermia was begun within the first 6 h of life. Of these, Three infants
were born outside of a hospital, which led to missing data in one case. Seven additional
cases of outborn infants had to be excluded, because data to calculate nSOFA were not
sufficient. This led to a final cohort of 65 infants with 21 outborn infants (survival cohort n
= 16; non-survival cohort n = 5) (Figure 1).

Figure 1. Inclusion and exclusion criteria. Notes: NICU = neonatal intensive care unit.

All neonates fulfilled at least one of the criteria for birth asphyxia (block 1), 26.2% of
infants presented with two criteria, and 64.6% with more than two criteria (Table 2).

All infants had at least moderate hypoxic–ischemic encephalopathy as indication for
therapeutic hypothermia (block 2). A total of 47.7% infants presented with two criteria
and 38.8% with more than two criteria. Clinical signs of hypoxic–ischemic encephalopathy
according to criteria (a) were fulfilled by 60 infants; in 13 infants, the Sarnat score was
available; and in 21 cases, the Sarnat score was reconstructed (invasive ventilation plus
muscular hypotonia). Clinical seizures or pathological aEEG were valid for three and forty
infants, respectively.

3.1. Clinical Characteristics

Survivors (n = 56) and non-survivors (n = 9) were similar with respect to gestational
age, birth weight, small for gestational age, head circumference, child sex, umbilical cord
pH, umbilical base excess (BE), and seizures before and during hypothermia treatment
(Table 3). Maternal platelets in blood sample closest to birth showed no group differences
(survivor group median 223 [119–385]/nL, non-survivor group median 197 [137–302]/nL).
The platelets were less than 160/nL in three cases of each group. There was no platelet
count of less than 100/nL. Neither pregnancy-associated nor immunological diseases were
present in these mothers. In one case, an amniotic infection syndrome was present.
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Table 2. Eligibility criteria for therapeutic hypothermia (number (%)).

Infants (n = 65)

Block 1
Birth asphyxia criteria
(a) Severe acidosis, pH ≤ 7.00 a 56 (91.8) c

(b) Base excess ≤ −16 mmol/L a 42 (68.9) c

(c) Apgar 10 min ≤ 5 22 (34.4) d

(d) Prolonged delivery room resuscitation b 59 (96.7) c

Number of criteria block 1:
One 6
Two 17
>two 42

Block 2
Hypoxic–ischemic encephalopathy criteria
(a) Encephalopathy (lethargy, stupor, coma) plus 60 (92.3)

(a1) Muscular hypotonia 51 (78.5)
(a2) Abnormal reflexes 58 (89.2)
(a3) Clinical seizures 3 (4.6)

(b) Sarnat score ≥ 5 34 (52.3)
(c) Clinical seizures 3 (4.6)
(d) Pathologic aEEG 40 (70.0) e

Number of criteria block 2:
One 15
Two 31
>two 20

Notes: a pH und base excess: Infant’s first blood sample was obtained arterial, venous, or capillary and derived
either from cord blood or was drawn at admission to the NICU within the first hour of life. b Cardiopulmonary
resuscitation of at least 10 min includes respiratory support, chest compressions, and Epinephrine. Descriptive
statistics are based on c n = 61, d n = 64, and e n = 58, otherwise n = 65 infants.

Non-survivors had lower pH and BE in the infant blood gas analysis during the first
hour of life and lower Apgar scores at 1, 5, and 10 min. Non-survivors were more often
born via c-section or emergency c-section (Table 3). A comparison of complete Sarnat
scores was not possible due to the small number of cases. One surviving infant was born
as a twin, but there were no multiple births in the non-survival cohort. All but one infant
received cardiopulmonary resuscitation (chest compression and/or epinephrine) and/or
respiratory support during transition after birth. Non-survivors were more likely to have
received delivery room resuscitation and epinephrine during postnatal care. There was
the need for respiratory support in both groups. However, there were more intubations
in the non-surviving group while temporary mask ventilation via T-piece was sufficient
for stabilization in the group of survivors (Table 3). Death occurred within the first 24 h
in five neonates and before 48 h of life in another two neonates. Two infants died later on
days 6 and 8 (Figure 2, Table 3). Causes of death were lack of respiratory effort in four
cases, multi-organ dysfunction in four cases, and circulatory failure in one case. Four of the
non-surviving infants received MRI. In survivors, the median length of hospital stay was
11.3 days with a wide range (Figure 2, Table 3).

3.2. nSOFA Scores in Survivors and Non-Survivors

nSOFA sum scores were lower in survivors than in non-survivors (Mann–Whitney
U-test, p < 0.001) (Figure 3, Table 4). This also held true for respiratory (p < 0.001), cardio-
vascular (p < 0.001), and hematologic sub-scores (p = 0.003), respectively (Figure 3, Table 4).
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Table 3. Clinical characteristics of survivors and non-survivors.

Survivors
(n = 56)

Non-Survivors
(n = 9)

Gestational age, weeks 39 + 3 [36 + 0–41 + 4] 38 + 6 [37 + 2–41 + 2]
Weight at birth, grams 3170 [1745–4400] 3380 [2600–4400]
SGA, n (%) 12 (21.4) 1 (11.1)
Height at birth, cm 50.0 [42.0–58.0] 52.5 [50.0–56.0] f

Head circumference at birth, cm 34.0 [30.0–38.0] g 34.8 [31.5–38.0] f

Female, n (%) 28 (50.0) 4 (44.4)
Multiple birth, n (%) 1 (1.8) 0 (0)
C-section, n (%) 28 (50) 8 (88.9)
Perinatal sentinel event a, n (%) 22 (39.3) 7 (77.8)
Umbilical cord pH (SD) 6.98 [6.61–7.28] h 7.05 [6.59–7.29] i

First pH from infant b 6.93 [6.75–7.19] j 6.74 [6.41–7.23]
Umbilical cord base excess −15.25 [−33.90–−4.20] k −16.70 [−23.00–−5.00] l

First base excess from infant b −17.90 [−28.00–−9.10] m −25.15 [−31.70–−8.70] f

Apgar 1 min 2 [0–6] g 0 [0–1]
Apgar 5 min 5 [0–8] g 0 [0–4]
Apgar 10 min 7 [1–10] g 0 [0–4]

Delivery room resuscitation c, n (%) 13 (23.2) 7 (77.7)
Respiratory support d, n (%) 55 (98.2) 9 (100)

Intubation, n (%) 23 (41.0) 9 (100)
Mask ventilation via T-piece, n (%) 28 (50.0) 0 (0)
CPAP, n (%) 3 (5.4) 0 (0)

Chest compressions, n (%) 3 (5.3) 0 (0)
Epinephrine, n (%) 4 (7.3) g 6 (66.7)

Sarnat score e 11 [5–15] n 20.5 [18–23] o

Sarnat score ≥ 5 (reconstructed) e, n
(%) 25 (45.5) g 9 (100)

Seizure activity in aEEG, n (%)
Before TH, n (%) 2 (3.6) g 0 (0)
During TH, n (%) 16 (29.1) g 5 (62.5) f

Time to death or discharge, days 11.29 [5.43–54.66] 0.97 [0.42–8.50]
Notes: Data are presented as median [range] if not indicated otherwise. SGA = small for gestational age with
weight of birth < 10th percentile; cm = centimeter; CPAP = continuous positive airway pressure; TH = therapeutic
hypothermia; C-section = caesarean section. a Perinatal sentinel events include: placental abruption, uterine
rupture, umbilical cord trauma (either cord prolapse, knot, tear, rupture, or compression), shoulder dystocia,
severe internal bleeding, trauma, cardiorespiratory arrest, or seizures immediately before birth, b pH und base
excess: infant’s first blood sample was applied arterial, venous, or capillary and derived either from cord blood or
was drawn at admission to the NICU within the first hour of life, c Delivery room resuscitation includes prolonged
chest compression and/or respiratory support for at least 10 minutes postnatally. d Respiratory support applied
in the delivery room, e Sarnat scores displayed here were obtained within the first 6 h of life. A Sarnat score of
≥ 5 was reconstructed if invasive ventilation and clinical neurological signs, such as muscular hypotonias were
present. Descriptive statistics are based on f n = 8, g n = 55, h n = 52, i n = 7, j n = 47, k n = 44, l n = 4, m n = 45,
n n = 11, and o n = 2, otherwise n = 56 in the survival group and n = 9 in the non-survival group.

3.3. Prediction of In-Hospital Mortality by nSOFA

A significant relationship of nSOFA and mortality was confirmed with an odds ratio
for mortality of 1.61 [95% CI = 1.24–2.08] per one-point increase in nSOFA score (X2 (1)
= 25.98, p < 0.001, Nagelkerkes R2 = 0.53). The ROC curve for risk of death by nSOFA
(Figure 4) had an area under the curve (AUC) of 0.94 (95% CI = 0.88–1.00). The optimal
cut-off value of the nSOFA score, according to the Youden index and the closest top-left
method was 3.5 (sensitivity 100.0%, specificity 83.9%). Using a cut-off of 3.5 points on
the nSOFA score, the positive and negative predictive values were 50.0% and 100.0%,
respectively (cross-tabulation in Table 5).
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Figure 2. Kaplan–Meier curve of time to mortality or discharge (censor) using an nSOFA cut-off level
(as reported later) of 3.5. Notes: The length of hospital stay did not differ between groups with an
nSOFA value above 3.5 (n = 9, median 9.7 [range 7.0–54.7] days) and below 3.5 (n = 47, median 11.4
[5.4 to 30.2] days).

Figure 3. Distribution (scatter plot) of (a) nSOFA total scores with box plot (median, IQR), (b) respi-
ratory scores, (c) cardiovascular scores, and (d) hematologic scores in survivors and non-survivors.
Notes: The area above the nSOFA cut-off value of 3.5 is colored gray. nSOFA = neonatal sequential
organ failure assessment; IQR = interquartile range.
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Table 4. Descriptive characteristics of nSOFA total score and sub-scores in survivors and non-survivors.

Survivors
(n = 56)

Non-Survivors
(n = 9)

p-Value

nSOFA total score 0 [0–2] 10 [4.5–11.5] <0.001
Respiratory score 0 [0–0] 8 [4–8] <0.001
Intubation, n (%) 23 (41.1%) 9 (100.0%) <0.001
SpO2/FiO2 ratio 447.6 [246.9–461.9] a 79.0 [55.0–178.3] <0.001

Cardiovascular score 0 [0–0] 2 [2,3] <0.001
One inotrope, n (%) 9 (16.1%) 2 (22.2%) 0.642

Two or more inotropes, n (%) 0 (0%) 4 (44.4%) <0.001
Systemic steroids, n (%) 0 (0%) 1 (11.1%) 0.138

Hematologic score 0 [0–0] 1 [1] 0.003
Platelets/nL 237 [180–279] 132 [110–242] 0.077

Notes: Data are presented as median [interquartile range] if not indicated otherwise. Mann–Whitney U-test and
Fisher’s exact test were used for continuous and non-continuous data, respectively. a n = 52.

Figure 4. Receiver operating characteristics curve for nSOFA to predict non-survival.

Table 5. Cross-tabulation of nSOFA cut-off value of 3.5 in survivors (n = 56) and non-survivors (n = 9).

Survivors Non-Survivors Total

nSOFA at least
3.5 no 47 0 47

yes 9 9 18
56 9 65

Notes: Data are presented as n.

4. Discussion

4.1. Prediction of In-Hospital Mortality

The nSOFA, as a critical illness assessment, proved useful for predicting in-hospital
mortality in neonates with hypoxic–ischemic encephalopathy during therapeutic hypother-
mia. Non-survivors showed significantly higher sum scores, as well as respiratory, car-
diovascular, and hematologic sub-scores. A one-point increase in nSOFA increased the
odds for in-hospital mortality by 1.6. None of the infants with a nSOFA score < 3.5 died
in this cohort (negative predictive value: 100%). Thus, the nSOFA serves well as an op-
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erational definition of organ dysfunction identifying neonates at risk for death following
hypoxic–ischemic encephalopathy.

Despite the excellent negative predictive value of nSOFA scores of < 3.5, several
survivors had nSOFA scores of 8, limiting the positive predictive value of the cut-off value.
This is likely due to the fact that the respiratory sub-score has the highest weight in the
nSOFA sum score, with mechanical ventilation contributing to 8 points of the possible total
of 15. All non-survivors and 41% of survivors were intubated and received mechanical
ventilation within the first 6 h of life, which resulted in respiratory sub-scores of 2 to
8 points. The notable effect of respiratory management on the nSOFA was also present in
other studies within the first 72 h of life in very preterm infants, as well as in late onset
sepsis regardless of gestational age [23,26].

4.2. Respiratory and Cardiovascular Sub-Scores

Factors contributing to the need for mechanical ventilation in hypoxic–ischemic en-
cephalopathy and therapeutic hypothermia are manifold: Hypoxia at birth may prevent the
onset of spontaneous breathing, lead to apnea and bradycardia, and prevent physiologic
transition of circulation to extrauterine life, resulting in pulmonary hypertension and per-
sistent fetal circulation [3]. Therapeutic hypothermia exerts direct effects on respiration by
increasing pulmonary vascular resistance and reducing oxygen consumption and release
(hemoglobin dissociation) [27]. Neuroactive medication, injury to the respiratory control
center in the brain stem, and status epilepticus affect respiratory drive, potentially exac-
erbating hypoxia and disturbed CO2 elimination [28]. In a previous study, it was shown
that the need for mechanical ventilation was significantly higher in the group with severe
asphyxia and unfavorable outcomes (death and severe brain injury on MRI) compared
to infants with better short-term outcomes [29]. However, in this cohort, the need for
mechanical ventilation without another sign of organ dysfunction was not inextricably
associated with death, calling for caution when interpreting nSOFA scores in neonates on
mechanical ventilation who are otherwise stable.

Because the establishment of sufficient oxygenation and ventilation is the most im-
portant aspect of delivery room resuscitation, the fact that few neonates require chest
compressions and/or the administration of epinephrine should not be misinterpreted. A
neonate who experiences birth asphyxia may still develop multi-organ failure and become
life-threateningly ill due to the redistribution of cardiac output to vital organs such as the
brain, myocardium, and adrenal gland. Reduced perfusion to the other organs may cause
local hypoxia/ischemia and may result in organ failure [30]. If birth asphyxia is prolonged,
cardiovascular deterioration occurs that eventually causes myocardial dysfunction. The
fact that the cardiovascular sub-score showed fewer differences between survivors and
non-survivors in this study may indicate that this cohort was less affected, or that cardio-
vascular impairment in asphyxia is less common than in sepsis, for which the nSOFA was
originally developed for.

4.3. Hematologic Sub-Score

Thombocytopenia may result from both asphyxia and therapeutic hypothermia. There
is a reduced release of platelets from the bone marrow and an increased destruction
of circulating platelets in birth asphyxia, and platelet dysfunction during therapeutic
hypothermia. The nadir of platelet count is on the 3rd day of life following asphyxia and
5th day of life during therapeutic hypothermia, suggesting an additive effect of therapeutic
hypothermia [31–33]. The influence of therapeutic hypothermia on the early nSOFA score
is therefore unlikely. It is reasonable to assume that cardiovascular and hematological
sub-scores of the nSOFA increase during the acute phase of post-resuscitation treatment
before dropping again. Therefore, these sub-scores may well be important in the sequential
use of the nSOFA. Maternal diseases may influence the fetal platelet count as well but the
statistical power of this study was not sufficient to investigate these potential confounders.
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4.4. Decision Making

However, the early determination of organ dysfunction and the risk of mortality is
desirable. All infants in this study had hypoxic–ischemic encephalopathy and therapeutic
hypothermia as an expression of moderate to severe brain injury. In such a serious situation,
objective and easily accessible prognostic markers can help in parental counseling and
decision making.

nSOFA scores > 3.5 were associated with early neonatal death. Five of the nine non-
survivors in this study died within the first 24 h of life, and two further neonates died in the
first 48 h. In this cohort, neonates who survived this initial critical period were no longer
at increased risk thereafter, despite an initial nSOFA score of >3.5. All these early deaths
were caused by lack of respiratory effort, circulatory failure, or multi-organ dysfunction.
The fact that only four of the non-surviving infants in this study received an MRI (day 5–7)
highlights that they presented with such severe symptomatology that the extent of cerebral
damage was either not necessary for decision making to discontinue therapy or the infants
died despite full therapy. This observation is in accordance with other reports on early
neonatal deaths (<72 h), in the phase of clinical instability and critical illness [34,35].

Because this is the first application of the nSOFA score in HIE, it is too early to
recommend clinical application at this point. Rather, these data generate the hypothesis
that the nSOFA may be useful for classifying mortality risk in the decision-making process
in infants with hypoxic–ischemic encephalopathy during therapeutic hypothermia if the
results can be reproduced and validated in a larger, prospective multi-center study.

4.5. Available Biomarkers and Clinical Assessments

First-hour clinical parameters, such as umbilical cord pH and Apgar scores have
limited reliability in predicting individual mortality. In addition, the Apgar includes
subjective components with high inter-observer variability. Currently available biomark-
ers, physical examination, chemical, electrophysiological, and imaging studies all have
specific limitations. Clinical examinations require experience and may be influenced by
treatment/medication. Chemical biomarkers, e.g., plasma biomarkers, proteomics, and
metabolomics, require specific lab resources and may have a delayed response to the in-
jury [18]. Electrophysiology has a good predictive marker for abnormal brain activity, but
it necessitates equipment, resources, and expertise [36]. MRI examinations also involves a
large amount of time and effort, the risk of transporting a critically ill infant and limited
accuracy of early scans compared to those obtained at the end of the first week of life [37].
Existing neonatal critical illness scores are either designed for very preterm infants (clinical
risk index for babies—CRIB I and II; Berlin Score) are too complex and inconvenient for
use and/or variables are collected over a longer period of time—up to 24 h after birth
(score for neonatal acute physiology (perinatal extension)—SNAP I/II and SNAP-PE I/II;
(extended) sick neonatal score—(E)SNS) [38,39]. Scores like Sarnat and Thompson may aid
in decision making regarding hypothermia treatment or decision making. However, the
results depend on the timing of scoring, as symptoms may evolve over time, and on the
expertise of the examiner and may be less predictive of mortality, as our results show [40].
It is therefore desirable to have a very early and at the same time accurate assessment of
prognosis, which can easily be performed without technical effort or special expertise.

4.6. Strengths and Limitations

The strength of our study lies in the fact that we were able to show for the first
time that the nSOFA offers the potential to identify infants at risk of mortality following
hypoxic–ischemic encephalopathy and therapeutic hypothermia within the first 6 h of
life. The nSOFA is easy to apply, does not require a large number of human resources or
anys technical equipment. It is based on variables that can be objectified and measured
even in low-resource settings. The nSOFA may serve as a valuable tool in the process of
decision making after severe birth asphyxia with hypoxic–ischemic encephalopathy and
therapeutic hypothermia.
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The nSOFA has already proven its suitability as a predictor for unfavorable outcomes in
neonates diagnosed with sepsis. Therefore, neonates with sepsis, which must be considered
a potential confounder, were excluded from our study. From clinical experience, an infant
suffering from hypoxic–ischemic encephalopathy may also have sepsis. However, our study
had a small sample size, which limits the statistical power to allow for subgroup analysis.

Other limitations of this study need to be recognized. This single-center study was
performed retrospectively over a long period. This is due to the fact that the center, although
providing the highest level of care, tends to care for a small annual number of infants with
hypoxic–ischemic encephalopathy, compared to international standards, with many of
them referrals. The German system of care is highly decentralized and special centers for
asphyxia treatment do not exist.

Although inclusion criteria and major therapeutic regimes did not substantially change,
it cannot be excluded that neonatal intensive care of infants has changed slightly over time.

5. Future Aspects and Conclusions

Therefore, the results of this study should be prospectively replicated in multiple
centers and larger samples to investigate influencing factors such as maternal diseases,
delivery mode, socio-economic status, and fetal factors, e.g., child sex, small for gestational
age, and sepsis. In addition, it may be of interest to explore the extent to which the nSOFA
is helpful in future decision making and in counseling with parents. The nSOFA is easy
to apply, measurable even in low-resource settings, and might be used to identify infants
at risk of in-hospital mortality due to hypoxic–ischemic encephalopathy and therapeu-
tic hypothermia. Early accurate prognosis in hypoxic–ischemic encephalopathy during
therapeutic hypothermia is essential for decision making.
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Abstract: Introduction: Based on extracorporeal circulation, targeted reperfusion strategies have
been developed to improve survival and neurologic recovery in refractory cardiac arrest: Controlled
Automated Reperfusion of the whoLe Body (CARL). Furthermore, animal and human cadaver stud-
ies have shown beneficial effects on cerebral pressure due to head elevation during conventional
cardiopulmonary resuscitation. Our aim was to evaluate the impact of head elevation on survival,
neurologic recovery and histopathologic outcome in addition to CARL in an animal model. Methods:

After 20 min of ventricular fibrillation, 46 domestic pigs underwent CARL, including high, pulsatile
extracorporeal blood flow, pH–stat acid–base management, priming with a colloid, mannitol and
citrate, targeted oxygen, carbon dioxide and blood pressure management, rapid cooling and slow
rewarming. N = 25 were head-up (HUP) during CARL, and N = 21 were supine (SUP). After weaning
from ECC, the pigs were extubated and followed up in the animal care facility for up to seven days.
Neuronal density was evaluated in neurohistopathology. Results: More animals in the HUP group
survived and achieved a favorable neurological recovery, 21/25 (84%) versus 6/21 (29%) in the SUP
group. Head positioning was an independent factor in neurologically favorable survival (p < 0.00012).
Neurohistopathology showed no significant structural differences between HUP and SUP. Distinct,
partly transient clinical neurologic deficits were blindness and ataxia. Conclusions: Head elevation
during CARL after 20 min of cardiac arrest independently improved survival and neurologic out-
come in pigs. Clinical follow-up revealed transient neurologic deficits potentially attributable to
functions localized in the posterior perfusion area, whereas histopathologic findings did not show
corresponding differences between the groups. A possible explanation of our findings may be venous
congestion and edema as modifiable contributing factors of neurologic injury following prolonged
cardiac arrest.

Keywords: ischemia-reperfusion; extracorporeal life support; venous return; porcine cardiac arrest
model; bundle of care; targeted CPR; eCPR; VA-ECMO; pathophysiology of cardiac arrest

J. Clin. Med. 2023, 12, 7054. https://doi.org/10.3390/jcm12227054 https://www.mdpi.com/journal/jcm142



J. Clin. Med. 2023, 12, 7054

1. Introduction

Neurologically favorable survival in cardiac arrest (CA) is dramatically low despite
advanced life support and high quality cardiopulmonary resuscitation (CPR) [1–4]. Therapy
bundles and a system-based approach rather than stand-alone interventions might improve
these outcomes [5–10].

On the tissue and cellular level, one of the main therapeutic objectives in such bundles is
in the mitigation of ischemia-reperfusion injury (IRI). Controlled Automated Reperfusion
of the whoLe body (CARL) is an individualized therapy bundle based on extracorporeal
circulation that is designed to reduce IRI. With CARL, favorable neurologic recovery has
been be achieved in a porcine cardiac arrest model, even after 20 min of normothermic
cardiac arrest [11,12].

From a macro-hemodynamic perspective, traditionally, the restoration of arterial perfusion
of organs and tissues has been considered the primary aim during cardiac arrest. More
recent resuscitation research, however, suggests that cerebral venous drainage and venous
return to the central circulation are equally as important. The assumption that venous
congestion during cardiac arrest adds to neuronal damage has led to the development and
marketing of devices designed to increase venous return during CPR, thereby improving
survival and neurologic outcome.

Elevated positioning of the head is another simple intervention to enhance cerebral
venous drainage. In neuro-critical care, as well as post-resuscitation care, it is an estab-
lished measure for prophylaxis and therapy of increased intracranial pressure (ICP) [13].
Following the concept of intra-arrest venous congestion as an important pathophysiologic
contributor to bad neurologic outcome, head elevation has been applied during conven-
tional CPR and was shown to reduce ICP in an animal model [14,15].

It has been combined with other methods for enhancing venous return in further
studies [16]. However, to our best knowledge, it has not yet been studied in conjunction
with extracorporeal circulation.

The aim of our study was, therefore, to evaluate the impact of head elevation on
survival, neurologic recovery and neuronal loss in combination with CARL therapy.

2. Methods

Animal experiments were approved by the local ethics committee (Freiburg, Germany,
approval number G-15/148) and performed in accordance with the rules and regulations
of the German animal protection law and the animal care guidelines of the European
Community (2010/63/EU). The ARRIVE Checklist is added as Supplement S1.

The basic protocol of this chronic porcine cardiac arrest model has already been
published in detail [11]. Figure 1 depicts the timeline of the experiment. This study was
conducted as a pooled analysis. Experiments were carried out in an open-label parallel-
group design. The group allocation was non-randomized, block-wise.

Figure 1. Timeline of the experiment. VFIB: ventricular fibrillation.
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Twenty-eight juvenile domestic pigs were anesthetized, and ventricular fibrillation
was induced. Before anesthesia, they were fasted overnight with free access to water.
After 20 min of normothermic CA, CARL was started. It comprises a targeted reperfusion
therapy bundle based on arteriovenous extracorporeal membrane oxygenation. This, in
brief, consists of high, pulsatile extracorporeal blood flow, pH–stat acid–base management,
priming with a colloid (20% human albumin (Albiomin 200 g/L, Biotest Pharma GmbH,
Dreieich, Germany; 200 g/L, Baxalta Deutschland GmbH, Unterschleissheim, Germany; or
200 g/L, Octapharma GmbH, Langenfeld, Germany, respectively, depending on availabil-
ity)) or Gelatin-Polysuccinate (Gelafundin 40 g/L, B. Braun Melsungen AG, Melsungen,
Germany)), mannitol and citrate [17], tight oxygen and carbon dioxide control, rapid cool-
ing and slow rewarming before weaning off the extracorporeal circulation and ECC [11].
Instead of electric defibrillation, ventricular fibrillation was preferably terminated through
cardioplegic potassium bolus [18]. The hyperosmolar priming solution has a neuroprotec-
tive potential, whereas pharmacologic defibrillation via secondary cardioplegia aims at
cardioprotection through avoidance of the harmful impact of serial electric defibrillations
on cardiac tissue. A detailed overview of the CARL therapy, including rationales for its
single components, as well as images and an explanatory video, can be found in Ref. [19].

Head elevation was conducted using a standardized pillow (towel roll), with addi-
tional regular inclinations for up to 90◦. This is depicted in Supplement S3/Supplementary
Figure S1. An additional 18 animals from historic groups with an otherwise identical
intervention protocol were added for pooled analysis regarding head positioning.

Overall, 25/46 pigs underwent CARL with head-up positioning HUP (sixteen current,
nine historic sample), and the other 21 were positioned supine (SUP) (twelve current, nine
historic sample).

After completion of the reperfusion protocol, animals were weaned off the ECC and
the ventilator and subsequently extubated. Follow-up in the CEMT facility was conducted
for up to seven days. Postoperative care was conducted following a standard protocol. On
postoperative day (POD) 3, interim analysis and scoring were performed in accordance with
this protocol. The assessors were trained members of the research group, supervised by a
veterinarian, not blinded to the group allocation. The neurologic outcome was characterized
using a species-specific neurologic deficit score. A score of 500 denotes brain death, whereas
animals with NDS < 50 were able to stand up independently, walk without help and eat
on their own. A score < 50 was, therefore, defined as a surrogate of favorable neurologic
outcome or significant potential for rehabilitation, respectively. Upon clinical suspicion,
distinct neurologic deficits were evaluated separately. Following regulatory requirements,
a prespecified set of criteria was applied for early termination of the survival experiment
(NDS > 200 after 24 h or >120 after 48 h, suspicion of vegetative state, inhumane suffering,
inadequate non-neurologic recovery or poor general health status) [11].

After completion of clinical follow-up and euthanasia, the porcine brains were re-
trieved for neuro–histopathologic workup, for which hematoxylin–eosin staining was used.
For this purpose, a frontal craniotomy was performed. After transecting at the level of
the medulla oblongata, brains were extracted as a whole and immediately immersed in
formaldehyde 4%. Following one week of immersion, the brains were dissected, and 5 mm
samples of the frontal lobe, cerebellar vermis and hippocampus were obtained, respectively.
In identifying those areas as our regions of interest, we sought to procure a representation
of both the territories of the anterior and occipital cerebral blood supply, respectively.
Furthermore, the hippocampal region has been identified as one of the most susceptible
regions for cerebral ischemia-reperfusion injury following cardiac arrest [20]. In the next
step, the samples were dehydrated and embedded in paraffin. 3μm slices of the samples
underwent hematoxylin–eosin staining. Consequently, slides were masked and digitalized,
and representative areas were examined in terms of neuron count to determine neuron
density. Only neurons with a clearly identifiable nucleus were considered to be viable and
have been included in the total count.
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Statistical Methods

Continuous baseline characteristics were compared between the groups (HUP and
SUP) using the Kruskal–Wallis rank sum test. Kaplan–Meier survival curves were cal-
culated to compare survival up to 7 days between the groups. Regarding NDS, linear
mixed models (see Brown and Prescott, 1999) have been fitted with a random intercept
(subject = pig). The continuous response variable “NDS” is modeled as a linear function of
time (continuous) and group (HUP or SUP), including an interaction term. We further in-
cluded all baseline characteristics if they showed significant variations between the groups.
All computations were performed using the statistical software R system (version 4.3.0).
They are added as Supplement S2.

3. Results

Baseline characteristics of the animals are shown in Table 1.

Table 1. Baseline characteristics. HUP: head-up, SUP: supine.

HUP (n = 25) SUP (n = 21)

Male:Female 21:4 19:2 ns

Mean Body Weight
(kg) 52.12 ± 3.71 54.40 ± 6.09 ns

• Intra-operative course

After starting reperfusion, electric defibrillation was inevitable to terminate VF in three
pigs. In all other animals, secondary cardioplegia through a potassium bolus was sufficient
for rhythm conversion. Intraoperative monitoring revealed no systematic differences be-
tween the animals with good or bad neurologic outcome. Table 2 shows mean arterial blood
pressure values during the experiment, i.e., at baseline and during controlled reperfusion.
Blood flow rates achieved were high, as targeted; mean cardiac index during the first 15 min
of reperfusion was ≥5.0 L/min/m2 in all but two animals (4.87 and 4.95 L/min/m2).

Table 2. MAP and NSE. Mean arterial blood pressure (MAP) values in mmHg at baseline and after
15, 30, 45 and 60 min of controlled reperfusion. Neuron Specific Enolase (NSE) values in μg/L
found at baseline, end of surgery, on postoperative day 1 and at the end of the experiment on day 7,
immediately before euthanasia. HUP: head-up, SUP: supine. ns: not significant. Results are shown as
mean +/− SD.

HUP (n = 25) SUP (n = 21)

MAP (mmHg)
Baseline 77.16 ± 13.60 81.30 ± 10.83 ns
15 min 110.11 ± 14.02 109.21 ± 15.56 ns
30 min 105.01 ± 16.92 104.19 ± 13.95 ns
45 min 107.08 ± 14.14 109.97 ± 8.60 ns
60 min 101.80 ± 17.38 109.85 ± 18.85 ns

Baseline 0.78 ± 0.22 0.53 ± 0.17 ns
End of surgery 0.59 ± 0.17 0.46 ± 0.12 ns

Day 1 10.79 ± 2.33 6.73 ± 1.41 ns
Day 7 9.99 ± 8.20 10.81 ± 9.69 ns

• Survival, neurologic outcome and clinical status

Forty-five out of forty-six pigs were successfully weaned off ECC after 1 h of CARL.
One animal could not be weaned off ECC due to refractory hemodynamic failure, and
was excluded from further analysis. In all others, extubation was possible after 3 h from
the start of the intervention. In Table 2, the time course of neuron-specific enolase as a
surrogate marker of neurologic injury can be appreciated. No significant differences were
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found between the HUP and the SUP group. NSE did, however, predict worse outcomes in
the NDS score, i.e., animals that did not achieve the predefined threshold of NDS = 50 for
good neurologic outcome on day 1 and day 7, respectively (p = 0.04787 and p = 0.003094).
Figure 2 shows a higher survival probability in the head-up group compared to the supine
group over the follow-up period of one week, displayed as a Kaplan–Meier survival curve.
Figure 3 depicts the development of the NDS values over time, with a threshold of 50 points
considered to be a good recovery. Starting with scores between 100 and 150 on the first
day after the intervention, more animals in the head-up group achieved neurological
recovery compared to supine positioning: 21/25 (84%) vs. 6/20 (30%). During clinical
follow-up, predominant clinical problems were transient blindness and ataxia in otherwise
alert animals, most of whom started eating and drinking early on in the postoperative
course. After adjusting for different confounders, such as plasma hemoglobin, priming
composition (gelatin or albumin, see Table 3), priming osmolality or sodium concentration,
head positioning remained an independent factor in neurologically favorable survival
(p < 0.00012).

Figure 2. Survival probability following the experiments, in correlation to head positioning. HUP:
head-up, SUP, supine.

Figure 3. Mean neurologic deficit score during the postoperative course. HUP: Head-up, SUP, supine.
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Table 3. Hemoglobin, priming composition, neurologic recovery and survival. Data are presented
as mean ± standard deviation. a p = 0.9077, b p = 0.001069, c p = 0.002414. HUP: head-up, SUP:
supine. NDS [1–7]: neurologic deficit score [Days 1–7]. Favorable neurologic survival was defined as
NDS < 50.

HUP (n = 25) SUP (n = 20)

Hemoglobin (g/dL) 9.28 ± 0.79 9.35 ± 0.89 a

Sodium Priming (mmol/L) 146.24 ± 10.45 144.59 ± 9.61 b

Osmolality of Priming (mosm/kg) 549.40 ± 20.06 524.39 ± 28.93 c

Survival (days) 6.06 ± 1.64 4.10 ± 2.12

NDS1 108.96 ± 52.52 141.37 ± 61.79

NDS2 42.40 ± 31.66 88.29 ± 42.10

NDS3 26.80 ± 33.16 64.53 ± 43.54

NDS4 14.48 ± 17.80 33.33 ± 40.55

NDS5 12.38 ± 15.17 13.57 ± 21.99

NDS6 10.71 ± 13.30 6.67 ± 11.06

NDS7 10.24 ± 13.14 5.00 ± 11.18

Favourable Neurologic Survival 21 6

Neurohistopathology

Figure 4 shows a neurohistopathologic evaluation of neuron density in the cerebellum,
frontal cortex and hippocampus in correlation to the head position. Samples were available
for workup in n = 24 in the HUP and n = 12 in the SUP group. Four sham animals did not
undergo ischemia, CPR or extracorporeal circulation. A significantly lower neuron count
was found in the hippocampus of head-up animals compared to controls, while all other
differences were not statistically significant.

Figure 4. Neurohistopathologic analysis of total number of neurons per square millimeter in frontal
lobe, hippocampus and vermis. Boxplots (median, interquartile range) are shown in correlation to
head position. SHAM: sham animals. HUP: head-Up; SUP: supine. ns: not significant. Samples
were available for workup in N = 24 in the HUP and N = 12 in the SUP group. Sham animal controls
did not undergo ischemia, CPR or extracorporeal circulation. Head-up animals had significantly
lower neuron counts in the hippocampus when compared to controls. All other differences were not
statistically significant.

4. Discussion

In this experimental large animal cardiac arrest study, we showed that (1) in con-
junction with the CARL therapy bundle, elevation and repeated inclination of the head
after 20 min of normothermic cardiac arrest improved survival and neurologic recov-
ery compared to supine positioning, but (2) without corresponding damage patterns in
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histopathology. To our best knowledge, this is the first translational study to combine
elevation of the head with extracorporeal reperfusion following prolonged cardiac arrest.
Furthermore, post-interventional follow-up for several days allowed for clinical assess-
ment, characterization of neurologic deficits and dynamics of recovery. The majority of
translational resuscitation studies are conducted as physiology-centered terminal exper-
iments, without awakening the animals after the intervention, and hence without the
opportunity for neurologic scoring and follow-up. Instead, data on trajectories of decreased
intracranial pressure, improved cerebral perfusion or metabolism, respectively, have been
reported in several studies on head elevation during CPR [14,15,21–24]. Two systematic
reviews and meta-analyses provide a further synopsis [25,26]. The results of studies using
a postoperative follow-up are conflicting: One randomized study by Park et al. found
lower ROSC-rates and 24 h survival in pigs undergoing CPR after 15 min of untreated
cardiac arrest, with the whole body tilted 30 degrees head-up. Neurologic outcomes were
not reported [27]. More recently, Moore et al. showed an improved neurologic survival
with HUP in one study with Yorkshire pigs in a 24 h follow-up period after 10 min of
untreated cardiac arrest, followed by 9 min of CPR [16]. Therefore, the results of our study
may complement the predominantly physiologic data at least to some extent, providing
information on the most robust and most desired target outcome of CPR, the neurologically
favorable outcome.

The neurologic deficit score we used for that purpose is a standardized instrument that
supports comparability with other translational studies in resuscitation research. Regarding
the severity of functional impairment, mean deficit scores under 150 are considerably low
already after 24–48 h, given the major insult of 20 min no-flow-time. The score comprises
different neuro-functional aspects. However, the clinical constellations we observed, i.e.,
ataxia and transient blindness, were not fully covered. This is further discussed in the
Section 4.2.

The enhancement of venous drainage from the brain to the thorax, which has been
reported with conventional CPR, might be a possible explanation for this observation in
our study as well, although it was not directly measured.

4.1. Structural Correlation of Damage Patterns

Traditional veterinary anatomical studies, as well as recent functional magnetic reso-
nance imaging studies, show structural representation of visual functions and posturing
in the posterior cerebral and cerebellar areas. Lesions herein are consistent with visual
impairment and postural problems seen in the postoperative course in many of the animals.
In the supine position, intravascular stasis during arrest is likely to predominate in the
posterior areas. An impaired venous drainage through the prominent prevertebral venous
plexus and venous congestion in the sinus sigmoideus, transversus and the pronounced
confluens sinuum will gradually affect adjacent areas, that is, the abovementioned posterior
parts again. Stasis and congestion will result in tissue edema. This might explain the
transient nature of visual loss, with regression of the edema leading to the regaining of
sight. An MRI study on a Yucatan pig by Habib et al. further illustrates the relation between
porcine cerebral venous vasculature and possible ways of drainage [28].

The structural damage patterns (loss of neurons) actually seen in the histopathologic
workup of our sample do not match the clinical findings. These were (1) obvious neuro-
logic damage in all animals immediately after profound ischemia-reperfusion injury and
(2) significantly better functional recovery in the head-up group, despite its increased loss
of hippocampal neurons, when compared to the sham and supine groups. In the literature,
the hippocampus; basal ganglia; frontal, parietal, temporal and occipital cortices; as well as
the cerebellar cortex, were found to be most susceptible to ischemia and hypoxia, respec-
tively [18]. Methodological limitations in recovery and workup of brain tissue specimens
may have contributed to these conflicting findings (see Section 4.2.). Another possible expla-
nation is that neurologic damage was not only transient from a clinical perspective, but also
in terms of reversible tissue edema. This edema cannot be detected by the histopathological
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methods used herein, and might have been more pronounced and less regredient in the
supine group. The increased hippocampal neuron loss observed in the tissue of HUP
animals obviously had less of a clinically relevant impact on the neuro-functional status
and recovery than other histopathologically inapparent changes. Furthermore, neuron-
specific enolase (NSE) concentrations did not differ between the groups; they did, however,
predict worse neurologic outcome. As a serum marker of neuronal injury, NSE was only
moderately elevated. Notably, the molecule is also contained in erythrocytes and hence
can be elevated due to hemolysis, e.g., when extracorporeal circulation is applied. Due
to the mechanism of experimental injury itself and the extracorporeal reperfusion with a
dual blood pump configuration, respectively, higher NSE-values could have been expected.
In humans, the prognostic utility of NSE in predicting poor outcomes after cardiac arrest
has been studied extensively. Reported cut-off values range between 33 and 120 μg/L [28].
Following extracorporeal cardiopulmonary resuscitation, Haertel et al. found NSE serum
levels of >55.9 μg/L after 48 h post-arrest to be predictive of worse neurologic outcomes [29].
In pigs, Vammen et al. described mean NSE values below 10 μg/L up to 48 h following
11 min of untreated cardiac arrest, with markedly higher levels in more severely affected
animals [30]. NSE values are time-dependent and prone to confounding [31]. Therefore,
current international guidelines for post-resuscitation care suggest that NSE should only
be used in conjunction with other prognostic tests because “no single test has sufficient
specificity to eliminate false positives” [28]. In previously published work from our group
by Foerster et al., even after 20 min of untreated cardiac arrest, low levels of 4.6 and 1.5 μg/L
in a hypothermic group versus 5.6 μg/L and 4.3 μg/L in a normothermic group were found
on day 1 and day 7 of the follow-up period, respectively [12]. According to Taunyane et al.,
an up to twenty-fold increase to 7.95 μg/L at the end of the experiment compared to the
baseline was only seen in an uncontrolled reperfusion group with 15 min of cardiac arrest,
10 min conventional CPR and 60 min of normothermic reperfusion [11].

The clinical course in our study might support the veno-congestive edema hypothesis,
as would the benefit of head elevation ex juvantibus. In summary, intraoperative physiol-
ogy, structural changes, serum markers and clinical outcomes can differ significantly. In
isolation, the acute setting obviously has limited predictive value, which underlines the
need for clinical correlation and long-term neurologic follow-up in translational resuscita-
tion research.

4.2. Limitations

Due to the complexity of the experimental model and the therapy bundle applied, it is
possible that not all confounders were known or controlled for, respectively. Furthermore,
we did not directly measure cerebral tissue perfusion or intracranial pressure in real time
to prove the congestion hypothesis. Anticoagulation was necessary during extracorporeal
circulation. The concurrent intracranial bleeding risk following invasive ICP measurement
was deemed unacceptably high in this experimental setting. In the histopathologic workup,
there is an increased dropout-rate of specimens in the supine group, which is in part due to
the retrospective nature of the analysis. As mentioned above, a historic sample of the study
population, which underwent the same experimental procedure, has been added for pooled
analysis. This included the post hoc consideration of historic histopathologic samples,
some of which were no longer available. From an ethical standpoint in translational animal
research, we decided to use all available information and, hence, the biggest possible
number of samples instead of eliminating samples from the HUP group to achieve a
1:1 ratio.

The only moderately increased NSE levels we observed are consistent with previous
findings in this research model by Foerster et al. [12] and Taunyane et al. [11]. The best
test performance of NSE has been described at 48 and 72 h post-cardiac arrest, with “only
limited evidence” for the period after 72 h [28]. Following our protocol, blood sampling
was only possible on day 1 and day 7 or at end of the experiment, respectively. Hence, we
might have missed the relevant time window and true peak levels.
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The NDS score used to formalize clinical observations cannot account for specific
constellations, as found in our study. It is an inherent limitation of the score and our mode;
due to the interdependence between the visual system and the equilibrium sense, visual
impairment directly affects postural control, even if there is no further damage to the
vestibular or cerebellar apparatus itself. Thus, transient blindness and gait disturbance
may lead to an overestimation of neurologic damage in otherwise alert and physiologically
interacting animals. This overestimation could have prevented some of these animals with
significant recovery potential from crossing the pre-defined 72 h cut-off point, therefore
being sacrificed early. On the other hand, the NDS does not cover aspects of general
well-being or non-neurological injury, which might induce suffering and trigger premature
sacrifice in translational survival experiments. We did not use formal scoring systems for
general well-being; however, we are not aware of major non-neurological impairments in
this study sample.

4.3. Transferability

The transferability of these translational research results to resuscitation in humans
might be limited by the different vascular anatomy, especially regarding venous drainage of
the brain. However, recent experimental data suggest a potentially beneficial role in human
patients. A first clinical study involving a bundled head-up/torso-up approach by Pepe et al.
showed a doubling of resuscitation rates, i.e., return of spontaneous circulation on hospital
arrival after introducing the bundle [32]. Rates of neurologic recovery remained propor-
tional, however, and the bundle also included other adjustments of the CPR-management,
i.e., using the Impedance Threshold Device (ITD) and Active Compression-Decompression
Device (ACD), as well as performing pit crew CPR. A more recent observational study by
Moore et al. displayed no difference in primary or secondary endpoints among 860 patients
with Out-of-Hospital Cardiac Arrest (OHCA) undergoing conventional CPR versus 222
propensity-score-matched OHCA patients with automated sequential elevation of the head
and torso using an automated device (ITD or ACD) [33]. The group did find, however, a
higher likelihood of survival and neurological recovery when device therapy was initiated
early [34].

5. Conclusions

Our study suggests an improved neurologic recovery with head elevation during
extracorporeal circulation within the CARL therapy bundle following twenty minutes of
untreated ventricular fibrillation in pigs. Within this complex translational research model,
clinical follow-up revealed neurologic deficit patterns, which were not directly supported
by histopathologic findings. Our results may serve as a basis to reconsidering traditional
pathomechanisms and recovery potential in prolonged cardiac arrest.
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