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Abstract: Advanced cardiac life support (ACLS) strategies for cardiac arrest have traditionally been

centered on the use of vasoactive medications and high-quality cardiopulmonary resuscitation (CPR).

However, since the concept of ACLS was introduced, the field of cardiac resuscitation has attempted to

elucidate the physiology of cardiac arrest and cardiac resuscitation in an effort to improve resuscitation

outcomes. In this review, we describe the molecular, translational, and clinical concepts underlying traditional

and contemporary approaches to physiology-guided resuscitation. We further describe emerging clinical

interventions that are based on the above research and concepts.
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Introduction

The public health burden of out-of-hospital cardiac arrest
(OHCA) is enormous, with over 350,000 cases yearly in
the adult population of the United States (1). Despite a
gradual decline in the incidence and absolute number of
deaths, mortality remains unacceptably high at almost 90%
for emergency medical service (EMS) treated OHCA.
Although patients with a presenting rhythm of out-of-hospital
ventricular fibrillation or pulseless ventricular tachycardia (VF/
VT) have the highest survival rates compared with patients
with non-shockable rhythms (2-7), more than 50% of patients
with VE/VT OHCA are refractory to current treatment and
never achieve return of spontaneous circulation (ROSC) or die
before they are admitted to the hospital (8).

Cardiopulmonary resuscitation (CPR) is the cornerstone
of cardiac arrest management in the acute setting. Since the
first reported attempt by Claude Beck (9), and formation
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of the first guidelines for use by Kouwenhoven (10), chest
compressions were the only means of cardiopulmonary
support until defibrillation to induce ROSC. Since then,
continuous and copious research efforts have shed some
light into the pathophysiology of cardiac arrest. Autopsy
studies and observation of survivors have uncovered the
different etiologies of cardiac arrest and the most important
challenges for successful recovery after ROSC. Application
of this knowledge has helped guide management of cardiac
arrest with novel devices, pharmacological agents and
algorithms that aim to improve OHCA outcomes. In this
review, we present the evidence-based physiology of cardiac
arrest and associate it with established, ongoing and future
approaches towards the management of cardiac arrest.

Blood flow during CPR

The mechanistic basis of CPR is an important concept that
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serves as an introduction to many of the other concepts
discussed in this review. The fundamental driving force for
blood flow during external chest compression is believed
to be the pressure gradient that is generated between the
thoracic cavity and the rest of the body. This gradient
results in the concomitant increase of aortic pressure,
carotid pressure and vital organ perfusion (11). Aortic
pressure and right atrial pressure, which generate the
perfusion pressure of the heart, possess a positive linear
relationship with intrathoracic pressure that is unique to
external compression and is preserved among species (12).
Thus, blood flow occurs mainly due to the pressure
gradients that are generated between the intrathoracic and
extrathoracic vessels, as well as the release of blood into the
aorta from the common conduit formed by left atrium and
left ventricle during compression (13-20). In contrast to
normal physiology, circulation during CPR partly depends
on the thoracic pump mechanism, the increase in aortic
pressure precedes aortic blood flow by approximately
40 milliseconds. Moreover, as the pressure is transmitted
from the thorax to the aorta (rather than from the ventricle to
the aorta) the aortic diameter decreases instead of increasing
(21,22). Inside the thoracic cavity, blood flows from the vena
cavae to the right ventricle during low intrathoracic pressure
interval of CPR (decompression) and from the lungs to the
left atrium during high intrathoracic pressure interval of
CPR. However, despite the fact that the pulmonary valve
closes in response to increases in intrathoracic pressure,
negligible retrograde flow still occurs, mainly during the
initiation of CPR and the opening of tricuspid valve (19,20).
The dependence of arterial blood flow on intrathoracic
pressure variation and direct cardiac compression during
the compression and decompression cycle has shaped the
guidelines for good quality CPR. The main parameters that
affect CPR quality have been deemed to be the duration
of the compressive phase compared to the total duration
of compression, also termed the ‘duty cycle’, the rate of
compressions and the depth of compressions. The American
Heart Association defines optimal CPR as a compression
depth of ~5.5 cm, a compression rate between 100-120 bpm
and a duty cycle of 50%, as coronary blood flow occurs
mainly during the compression phase (19). These
recommendations were confirmed in a recent observational
study which assessed the impact of CPR quality on survival.
Researchers identified a compression depth and rate of
around 4.7 cm and 107 bpm, respectively as associated with
the highest probability of survival for patients suffering
from OHCA independent of the presenting rhythm (23).
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The normal physiology discussed above has important
physiologic limitations. While the object of CPR is
to generate robust intrathoracic pressures with each
compression, the rise in coronary perfusion pressures
(CPPs) may be limited beyond a certain point due to the
physical limitations of the thoracic structure. Further chest
compressions produce a concomitant increase of both
right atrial and aortic pressure during the compression
and therefore maximal CPP can be only achieved during
the decompression phase (24). Increased arterial tone, and
increased blood flow generation increases CPP. Another
critical parameter that limits the compression depth is the
concomitant increase in intracranial pressure. This tends
to neutralize the increase of systemic arterial pressure
and minimize blood flow to the brain. Initially, it was
demonstrated that the jugular vein valve effectively prevents
retrograde flow and increase of intracranial pressure that
would limit cerebral perfusion. However, it was soon
discovered that jugular vein valves are dysfunctional in
patients with chronically elevated central venous pressure.
Moreover, the paravertebral venous and epidural plexuses
permit transmission from high pressure compartments as
they do not possess valves to inhibit backflow (25). In that
notion, it was demonstrated that application of negative
intrathoracic pressure during decompression phase of CPR
resulted in a linear reduction of intracranial pressure and
concomitant increase of cerebral perfusion pressure (26).
Abdominal pressure during CPR may also be another
limiting factor to successful resuscitation. Canine studies
have indicated that CPR may create a pressure gradient
between the abdominal and thoracic cavities. This is
attributed to inversion of the diaphragm during CPR. This
may consequently generate a negative pressure gradient
that sequesters blood towards the abdomen and away from
cerebral circulation (27).

Despite the established paradigm of the thoracic pump
dominance during standard CPR, there is also evidence
for a separate cardiac pump mechanism that might also
affect circulation. Compression of the left ventricle may
actually make the left ventricle more rigid, leading the
left ventricle to merely become a passive conduit for
blood flow (21). However, it has been noted that mitral
valve mobility is affected and leaflets close in response to
intrathoracic pressure elevations and open upon alleviation
of this trigger (28). Moreover, both the right ventricle
and left atrium respond to external compression, thus, a
separate cardiac pump mechanism also exists and regulates

blood flow during CPR (21).
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As such, we currently accept that both mechanisms
are involved in blood flow generation in different
percentages based on the type of CPR. CPR methods with
anteroporterior piston-like compressions favour a larger
relative contribution of direct cardiac compression, while
circumferential CPR methods, such as vest-CPR (29)
and compression-band devices are thought to utilize the
thoracic pump in a larger proportion.

Interventions targeting regulation of
intrathoracic pressure

Understanding of the intrathoracic pressure effect on blood
flow during CPR has been central to the development
of experimental novel interventions and established
clinical guidelines. The most important determinants of
intrathoracic pressure during CPR are the interruptions
during compression, ventilation, and the frequency and
depth of compression itself. Edelson er al. previously
revealed that interruptions in CPR and frequency of shallow
compressions were inversely related to the probability of
successful defibrillation (30). A post-hoc analysis of the
prospective clinical trial PRIMED, which was performed
to assess the efficacy of impedance threshold device (ITD),
also confirmed the negative predictive value of pre- and
peri-shock pauses in CPR on survival (31). In light of these
findings, the contemporary resuscitation guidelines describe
a preference for compression-only CPR in an attempt to
minimize interruptions in high-quality CPR (32).

It has also become evident that rescuers tend to
hyperventilate OHCA victims. This is a common
finding even among well-trained EMS personnel (33).
Hyperventilation is detrimental for survival as it creates an
inverse relationship between CPP and endotracheal pressure.
This has been demonstrated in porcine models treated with
increased ventilation rates of either 20 or 30 breaths/minute.
After treatment, the swine demonstrated significantly lower
ROSC rates compared to swine treated with 12 breaths per
minute. This may be due to the interruption of compressions
to ventilate non-intubated swine or the additional positive
intrathoracic pressure that is generated during ventilation
that may consequently limit venous return during chest
recoil after active compression. Moreover, when ventilation
is applied, it was beneficial only at low tidal volumes and
at a moderate respiratory rate, as a prospective study
demonstrated that there were no survivors in case ventilation
exceeded 18 breaths per minute (34).

As the effects of ventilation were becoming better
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understood, it was speculated that insertion of negative
intrathoracic pressure during inspiration would have
a positive effect on venous return and thus vital organ
perfusion without any expense on tissue oxygenation
(35,36). This rationale formed the basis for the creation
of the I'TD. The ITD works primarily by enhancing the
vacuum effect that is observed during chest recoil to inhibit
passive air entrance into the lungs (37,38). Thus, it can only
be implemented in ventilated patients (39). Clinical trials
have yielded mixed results. In the ROC-PRIMED study,
ITD use did not demonstrate any superiority compared to
conventional CPR (40). However, in another prospective
study involving 2,470 patients, ITD use result in the marked
increase in neurologically intact survival from 6% to 9% (2).
These conflicting results have partially been traced back to
confounders affecting the quality of resuscitative efforts (41).
Thus, the role of the I'TD in OHCA management remains
undecided. Despite that, recent post hoc analyses evaluating
the effect of the CPR quality on the effectiveness of the
ITD have shown that when CPR is performed following
current guidelines improved survival (23,42,43). The
effect of negative intrathoracic pressure generation during
CPR has been seen even without an I'TD, since animals
that gasp during cardiac arrest with a closed glottis have a
significantly delayed onset of brain death (44).

The synchronization of ventilation with active
compression is another method to optimize regulation of
intrathoracic pressure during resuscitation. This has been
postulated to improve cerebral blood flow and cerebral
perfusion pressure (45). This hypothesis was confirmed
when different modes of ventilation were assessed in porcine
models of CPR. It was documented that synchronization
of ventilation and chest compressions improved arterial
pressures without sacrificing oxygenation (46). Unfortunately,
the effects of very high intrathoracic pressures generated
with this approach lead to lung injury and a significant rise of
intracranial pressure and this approach was abandoned.

It has been demonstrated that during CPR with
either conventional CPR or vest inflation, air expiration
occurs in both inflation and deflation. The most plausible
explanation is that due to airway collapse occurs due to the
elevated intrathoracic pressure that occurs with CPR. This
subsequently leads to air trapping in the lungs throughout
the duration of compression or inflation. Air-trapping occurs
independently of ventilation status (47). Understanding of
this concept has led to the development of the pneumatic
vest for CPR. This system allows the universal application
of pressure along the thoracic wall and was associated
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with superior survival outcomes with lower CPR-
associated trauma compared to conventional CPR (48).
This application led to development of AutoPulse® (ZOLL
Medical Corporation, Chelmsford, MA, USA) which,
through the use of a band device, compresses the entire
chest by delivering 80 compressions per minute (29,49).
An automated mechanical piston for CPR delivery has
been developed by Lund University, LUCAS® 3 (Lund
University Cardiopulmonary Assist System). This system
attempts to mimic the manual external compression
design. The attempted head-to-head clinical trial did not
demonstrate superiority of any of the two devices although
it linked AutoPulse with a higher incidence of injuries
during CPR (50). When compared to manual CPR, neither
device has yielded superiority (51-57), probably due to
the prolonged interruption that is required to deploy
the device and initiate CPR (58). We now recognize that
without a unified post-resuscitation management and
cause-identification protocol, it is very difficult to have any
prehospital intervention show a survival benefit.

Circulatory pump dysfunction: advanced cardiac
life support (ACLS) strategies

The reasons for the inefficiency of left ventricle compression
might lie in the effects of global cardiac ischemia that
ensues after the arrest. At a cellular level, ischemia results
in passive depolarization of the cardiomyocyte. Thus, in the
initial phase, while excitability still occurs, action potentials
have low amplitude and short duration (59). Depolarization
occurs in response to constant activation of sodium channels
that cause an inward movement of sodium in response to
the local accumulation of lysophosphatidylcholine (60).
Moreover, as ischemia progresses, cytosolic accumulation of
calcium occurs and depolarization is further augmented (61).
Intracellular calcium induces uncoupling of cells and loss
of function in gap junctions (62). Furthermore, in response
to ischemia, K" effluxes from the cell and inactivates the
voltage-gated sodium channels that are responsible for
action potential generation, contributing to the changes
observed upon the initial stage of depolarization (63). With
myocardial ischemia, the refractory period initially shortens
and then prolongs as ischemia progresses (64). Conversely,
action potential duration decreases due to hypoxia-decreased
calcium conductance. This is due to downregulation of
inward calcium channels (65) and the opening of ATP
dependent rectifying K channels (66). Action potential
amplitude either decreases to a relatively stable value or
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demonstrates high beat to beat variability. Patch-clamp
studies indicate that the variability is a result of altered
calcium conductance in the early stage of ischemia (67).
Eventually, ischemia leads to loss of contractility and
mechanical failure (68). A summary of these changes is
portrayed in Figure 1.

The loss of contractility also has detrimental effects
on arterial tone. In acute heart failure patients, utilization
of vasopressors not only did not decrease mortality but
was associated with increased in-hospital deaths (69). For
cardiac arrest, epinephrine has been the cornerstone of
ACLS since 1960s. The first degree of uncertainty and
understanding of limitations came from a 1994 study. The
authors measured the cumulative dose of epinephrine
and concluded that if it exceeded the critical limit of
15 milligrams, it was associated with a decreased rate of
oxygen consumption and a concomitant lactate increase.
Moreover, due to increased systemic vascular resistance,
patients had lower cardiac index and worse oxygen
delivery (70). Following publication of this study, multiple
retrospective and prospective studies were conducted to
evaluate the role of epinephrine. While epinephrine seemed
to increased ROSC rate, there was no evidence of survival
benefit (71-75). Moreover, retrospective evaluation of
cardiac arrest cohorts indicated that epinephrine might
be associated with lower rates of neurologically intact
survival (76,77). In order to reconcile these conflicting
results, researchers have tried to assess whether the
time of epinephrine administration affects its efficacy. If
epinephrine was provided close to the onset of OHCA, and
also at the threshold of either 10 (78) or 20 (79) minutes,
it could lead to higher neurologically intact survival
compared to no intervention and also the other epinephrine
groups. However, as previously demonstrated, the overall
epinephrine population still had lower neurologically intact
survival (80,81). There are also contradictory findings
regarding the impact of presenting rhythm to the efficacy
of epinephrine. For example, survival after OHCA with a
shockable rhythm has been shown to be both higher (82)
and lower (79) following epinephrine administration. Based
on these reports, the American Heart Association has
changed its recommendations. Standard dose epinephrine
has been assigned a IIb level of evidence due to lack of
demonstrated efficacy while high dose epinephrine is no
longer recommended (83).

In contrast, potent vasodilators have been used in
experimental models to determine whether vasodilation
cam facilitate blood flow generated from the thoracic
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Figure 1 Cellular changes occurring in response to ischemia. (A) Initially, ischemia induces influx of calcium from the sarcolemma to the

cytosol and sodium influx from the extracellular space, resulting in cell depolarization. Calcium causes cell uncoupling (blue inhibiting

arrow) and inhibition of the gap junctions; (B) in later stages, cell depolarization induces efflux of potassium due to a change of the

electrochemical gradient and opening of the ATP dependent K* rectifying channels. Efflux of potassium downregulates the inward sodium

channels and calcium conductance (blue inhibiting arrows). Thus, action potential amplitude (sodium dependent) decreases and plateau

duration (calcium dependent) decreases. This results in loss of cardiac contractility and mechanical failure.

pump mechanism. Sodium nitroprusside is one such
vasodilator that has been tested in porcine models of cardiac
arrest. Compared to epinephrine, it has been associated
with improved rates of ROSC and 4-hour survival (84).
Sodium nitroprusside administration has also been
associated with greater carotid blood flow and CPP (85).
A prospective clinical trial is designed to assess the impact
of sodium nitroprusside in the clinical setting.

Mechanical support

The recognition of the limited and largely stagnant survival
outcomes with CPR and vasopressor-based ACLS approaches
has led to an intense focus on the usage of mechanical
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support strategies as part of CPR. A variety of hemodynamic
benefits have been posited for the use of mechanical support
strategies—a reduction in preload, a reduction in afterload,
limitation of ischemia-reperfusion injury, limitation of
acidemia, and the provision of large volume hemodynamic
support to mitigate the widespread multi-organ injury that
ensues after the index cardiac arrest (86).

The earliest usage of mechanical support employed intra-
aortic balloon pumps (IABPs). IABPs have the ability to be
rapidly inserted in the cardiac catheterization laboratory to
rapidly reduce afterload in patients with cardiogenic shock
stemming from ventricular failure. The usage of IABP
also increases the cardiac output by 0.5-1 L/minute, thus
improving diastolic CPP (87). The IABP has traditionally
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Figure 2 The MRC protocol. The MRC protocol initially focuses on high-quality mechanical CPR and transfer to an expert center for

rapid achievement of hemodynamic support by placing percutaneous VA-ECMO. Emergent coronary angiography is then sought to

evaluate for and treat high-grade coronary lesions, which are a common cause of refractory cardiac arrest in this population. After treatment

of coronary lesions and achievement of hemodynamic stability, patients follow a guideline-based pathway of intensive care to mitigate

organ injury. MRC, Minnesota Resuscitation Consortium; CPR, cardiopulmonary resuscitation; VA-ECMO, veno-arterial extracorporeal

membrane oxygenation.

been used to promote pulsatility in patients where there
is no intrinsic pulsatility after resuscitation to prevent the
occurrence of left ventricular thrombus and left ventricular
ballooning (88,89). Despite a physiologically intuitive role
in ameliorating cardiogenic shock in cardiac arrest, the
routine usage of IABPs for the augmentation of cardiac
output in cardiogenic shock have failed to show mortality
benefit (90).

The use of veno-arterial extracorporeal membrane
oxygenation (VA-ECMO) evolved from the supposition
that IABPs provided inadequate hemodynamic support in
the midst of the post-cardiac arrest syndrome. With the
rapid development of percutaneous VA-ECMO strategies,
VA-ECMO can be inserted in the field, at the bedside, or
in procedure suites to provide large volume hemodynamic
support to aid resuscitative efforts (91). Importantly,
cannulation for VA-ECMO can also be sought in a matter
of minutes, making it possible to rapidly institute this
strategy in the midst of ongoing chest compressions. The
institution of VA-ECMO may allow for the reduction of
transpulmonary flow while adequately providing perfusion
to other vital organs. The Minnesota Resuscitation
Consortium (MRC) has demonstrated a marked increase
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in neurologically favorable survival through the combined
use of a bundled strategy that employs mechanical CPR,
rapid transfer to the coronary catheterization laboratory,
coronary revascularization, and hemodynamic support with
percutaneous VA-ECMO (92,93). An illustrative summary
of this approach is demonstrated in Figure 2. The routine
use of VA-ECMO is, however, limited by the high level of
expertise and advanced infrastructure required to employ
this strategy routinely. Rising in afterload due to retrograde
blood flow has been previously cited as a limitation of VA-
ECMO usage (94). However, the physiologic effect of
this increased afterload remains unclear in the setting of a
dramatic decrease in left ventricular preload.

Outside of VA-ECMO, the use of percutaneous
ventricular assist devices with or without VA-ECMO has also
gained traction in the contemporary era (86). Percutaneous
ventricular assist devices are inserted rapidly in the cardiac
catheterization laboratory either at the time of the cardiac
arrest or after resuscitation to facilitate hemodynamic
support. In a study of four swine with induced ST-elevation
myocardial infarction, the usage of percutaneous devices
was associated with a reduction in infarct size when coupled
with conventional therapies for myocardial infarction (95).
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This limited preclinical data has led to an increasing
usage of percutaneous ventricular assist devices. There
is also an increasing trend towards the concomitant
usage of percutaneous ventricular assist devices alongside
VA-ECMO (96). This is formed on the physiologic
assumption that the usage of percutaneous VA-ECMO leads
to an increase in afterload. There is little human data to
confirm this assumption and it is unclear whether the rapid
decline in preload offered by VA-ECMO can counteract the
obvious rise in afterload in the cardiac end-diastolic pressure-
volume relationship and lead to any increase in oxygen
consumption in a state where cardiac function is severely
suppressed. Thus, the true state of myocardial efficiency
and whether the isolated usage of percutaneous ventricular
assist devices without VA-ECMO in humans suffering
from cardiac arrest leads to a survival benefit remains
unclear. Percutaneous ventricular assist devices are prone to
malpositioning. This may consequently lead to large volume
hemolysis if this remains uncorrected, thus leaving patients
prone to significant anemia and renal injury (97). Finally the
use of peripheral ventricular assist devices (PVADs) does
not provide oxygenation or gas exchange to support the
severely compromised lung function in the majority of these
patients. PVADs have a very poor performance during right
ventricular failure and can only pump as much blood as it can
be delivered to the LV via the transpulmonary flow during
CPR. Those are significant limitations.

Neuroprotection

Protection of neurologic status and neuro-prognostication
remain important challenges to successful resuscitation
outcomes. Compared to the rest of organs, the brain has the
lowest recovery rates and the longest time to recovery (98).
The cornerstone of neuroprotection has been deemed to
be high-quality CPR. A variety of additional in-hospital
strategies have been trialed and implemented worldwide.
Of them, targeted temperature management strategies,
including therapeutic hypothermia, have risen to the fore
in the last two decades. Targeted temperature management
has been postulated to provide neuroprotection by inducing
a hibernating state in metabolism to promote energy
(adenosine triphosphate) conservation; altering the cellular
stress response by. limiting inflammation and apoptosis; and
enhancing angiogenesis, release of neural precursor cells,
and increasing neuronal connectivity (99).

Initial randomized data suggest a highly favorable
mortality and neurologic outcomes when hypothermia was
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used after ROSC (100). Since then, multiple high-quality
trials have suggested that the neuroprotective effects of
therapeutic hypothermia may be limited and/or similar with
the maintenance of normothermia and prevention of febrile
episodes (101). In particular, Nielsen ez #/. demonstrated
in a large randomized controlled trial that the neurologic
and survival benefit seen with hypothermia may in fact
be similar with the avoidance of hyperthermia (102).
Further randomized data has also suggested that some
targeted temperature management strategies, such as the
rapid infusion of cold saline, may even be associated with
reduced survival (103). Current consensus guidelines in
North America (104) and Europe (105) recommend the
utilization of targeted temperature management to avoid
febrile episodes while providing weaker recommendations
for therapeutic hypothermia.

Cause-specific management

The one approach that has revolutionized treatment of
cardiac arrest is the rapid identification and treatment of
the cause. Since acute coronary syndromes due to coronary
occlusion are the major cause of cardiac arrest due to
shockable rhythms, early coronary angiography and urgent
revascularization play a critical role in management (106).
The central physiologic justification is that coronary artery
disease incites the index cardiac arrest and the subsequent
injury can be limited by urgent identification of coronary
disease and its revascularization. Thus, immediate coronary
angiography is rapidly becoming an important strategy in
the peri-resuscitation and post-resuscitation care of patients
with cardiac arrest.

Despite the emerging data to suggest the frequency of
coronary artery disease and acute cardiac ischemia as the
precipitating feature of cardiac arrest, there is still wide
regional and international variation in the performance of
emergent coronary angiography in patients after cardiac
arrest (106). This may be due to the fact that consensus
guidelines only offer clear recommendations for routine
coronary angiography to be sought for resuscitated cardiac
arrest after ST-elevation myocardial infarction, rather
than all forms of cardiac arrest (107). In patients with non-
shockable rhythms, there is a greater likelihood of an
extracardiac etiology. However, there is still data to support
early access to coronary angiography and revascularization as
this population may still have significant underlying coronary
artery disease as the inciting factor for the cardiac arrest in
the absence of an overt history of coronary artery disease or
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electrocardiographic signs of coronary ischemia (108).

In the contemporary era, there is an increasing emphasis
on seeking coronary angiography and revascularization
in patients while CPR is ongoing. This is particularly
pertinent to patients with shockable rhythms, given the
improved survival with urgent coronary revascularization
in this population (93). This has been made possible with
automated CPR (e.g., LUCAS), as discussed above. This
therapy remains limited by the infrastructure required to
administer mechanical CPR, rapidly transfer patients to a
center equipped with a coronary catheterization laboratory,
rapidly pursue percutaneous coronary revascularization,
and then institute the relevant post-cardiac arrest strategies.
When all of the aforementioned can be sought, there is
high-quality observational evidence that mortality and
neurological outcomes can be dramatically improved
(93,109). The Advanced REperfusion Strategies (ARREST)
clinical trial (NCT03880565) is currently undergoing to
prospectively assess the potential benefit of early entry into
catheterization laboratory with ongoing CPR (110).

Coronary revascularization should be accompanied
by the use of adjunctive medical therapies. Given that a
significant number of patients suffer from a high burden of
previously diagnosed and/or undiagnosed coronary artery
disease, it is vital that the appropriate guideline-directed
medical therapy (such as beta-blockade and statin therapy,
as the systemic condition permits) is instituted at the earliest
permissible opportunity to ensure plaque stabilization and
prevent recurrences of malignant arrhythmias (111).

For non-ischemia associated cardiac arrest, both
transthoracic echocardiography and point-of-care ultrasound
are ubiquitous and perhaps the best studied modalities in
the acute cardiac arrest setting. The diagnostic utility is self-
evident, as readily reversible causes such as cardiac tamponade,
hypovolemia, and pneumothorax may be identified via the
use of the aforementioned techniques and rapidly alter the
patient’s treatment trajectory. Peri-operative transesophageal
echocardiography is also a mainstay in operative procedures
that are associated with a high risk of hemodynamic
compromise. Transesophageal echocardiography has also
previously been shown to reliably identify the etiology of
cardiac arrest in the operative setting (112). Intra-operative
transesophageal echocardiography may provide information
regarding the quality of cardiac compressions. Importantly,
both transthoracic and transesophageal echocardiography
may also identify the return of spontaneous ventricular
contractions during resuscitative efforts before manual
palpation of the pulses (113). Finally, echocardiography may
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offer important prognostic information to guide further
resuscitative efforts.

The routine use of echocardiography and ultrasonography
as part of the peri- and post-arrest care also has important
limitations. The obtainment of diagnostic quality images
is notoriously user-dependent with both echocardiography
and ultrasonography. In a situation where there is
significant movement of the patient, such as during CPR,
transesophageal probe placement and obtainment of
diagnostic utility ultrasound images may be particularly
challenging. Finally, it is unclear how any of this information
can alter the management of a patient and through that the
outcomes. This area requires significant prospective research
to identify the optimal role of imaging as part of resuscitation
algorithms.

Conclusions

The physiology of CPR is particularly complicated and its
understanding requires insights into the molecular, tissue
and organ level of function. While physiology-guided
resuscitative approaches have improved both survival and
neurologic recovery, mortality rates remain high. This
underscores the need for additional research that will
lead to the discovery of either novel therapeutic tools or
the more effective utilization of the currently available
armamentarium. Until that time comes, the most important
parameter for improving cardiac arrest survival is early
optimization of perfusion by early identification of the
cardiac arrest, bystander CPR, high quality professional
CPR and, when available, extracorporeal cardiopulmonary
resuscitation (ECPR) to normalize blood flow and offer an
early “life line” in the absence of ROSC. The slogan “Push
Hard, Push Fast, Do Not Srop” is still invaluable (114).
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