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Abstract

Background Post-cardiac arrest syndrome (PCAS) presents a multifaceted challenge in clinical practice, character-
ized by severe neurological injury and high mortality rates despite advancements in management strategies. One
of the important critical aspects of PCAS is post-arrest lung injury (PALI), which significantly contributes to poor
outcomes. PALI arises from a complex interplay of pathophysiological mechanisms, including trauma from chest
compressions, pulmonary ischemia-reperfusion (IR) injury, aspiration, and systemic inflammation. Despite its clini-
cal significance, the pathophysiology of PALI remains incompletely understood, necessitating further investigation
to optimize therapeutic approaches.

Methods This review comprehensively examines the existing literature to elucidate the epidemiology, pathophysi-
ology, and therapeutic strategies for PALI. A comprehensive literature search was conducted to identify preclinical
and clinical studies investigating PALI. Data from these studies were synthesized to provide a comprehensive over-
view of PALI and its management.

Results Epidemiological studies have highlighted the substantial prevalence of PALI in post-cardiac arrest patients,
with up to 50% of survivors experiencing acute lung injury. Diagnostic imaging modalities, including chest X-rays,
computed tomography, and lung ultrasound, play a crucial role in identifying PALI and assessing its severity. Patho-
physiologically, PALI encompasses a spectrum of factors, including chest compression-related trauma, pulmonary IR
injury, aspiration, and systemic inflammation, which collectively contribute to lung dysfunction and poor outcomes.
Therapeutically, lung-protective ventilation strategies, such as low tidal volume ventilation and optimization of posi-
tive end-expiratory pressure, have emerged as cornerstone approaches in the management of PALI. Additionally,
therapeutic hypothermia and emerging therapies targeting mitochondrial dysfunction hold promise in mitigating
PALI-related morbidity and mortality.

Conclusion PALI represents a significant clinical challenge in post-cardiac arrest care, necessitating prompt diagnosis
and targeted interventions to improve outcomes. Mitochondrial-related therapies are among the novel therapeutic
strategies for PALI. Further clinical research is warranted to optimize PALI management and enhance post-cardiac
arrest care paradigms.
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Introduction

Despite advancements in the management of post-car-
diac arrest syndrome (PCAS), a significant proportion
of patients with PCAS experiences severe neurological
injury and high mortality rates [1-4]. PCAS is charac-
terized by a complex interplay of systemic inflamma-
tion, ischemia—reperfusion (IR) injury, and multi-organ
dysfunction, all of which contribute to the overall poor
prognosis [5-8]. Emerging evidence has identified the
lungs as a crucial organ after cardiac arrest (CA) and
cardiopulmonary resuscitation (CPR), with lung inju-
ries including acute respiratory distress syndrome
(ARDS), significantly impacting patient outcomes
[9-14].

The pathogenesis of post-arrest lung injury (PALI)
is complex, involving trauma from chest compres-
sions, pulmonary IR injury, aspiration, hyperoxia, and
systemic inflammation [9, 11, 12, 15]. The specific
underlying mechanisms remain still largely elusive,
necessitating further research. This review aims to elu-
cidate the complex pathophysiological landscape of
PALI and emphasize the importance of lung-protective
strategies in improving patient outcomes post-CA.

Epidemiology

The incidence and clinical significance of PALI have
gained substantial attention in recent years. Emerging
evidence have suggested the prevalence of pulmonary
complications in the aftermath of CA, particularly fol-
lowing the successful return of spontaneous circulation
(ROSC), with up to 50% of CA survivors developing
acute lung injury (ALI) [11, 16-19] (Table 1). Clinical
studies have identified lung injury rates as high as 79%
in patients undergoing CPR, as detected by computed
tomography (CT) [16, 17]. The ALI following CPR can
manifest as lung edema, thoracic skeletal injuries, and
lung IR injury [17, 18]. These findings underscore the
substantial burden of lung injury in PCAS, necessitating
comprehensive evaluation and management of pulmo-
nary complications.

Pathophysiology

Primary causes of PALI

The multifactorial etiologies, which contribute to the
complex pathophysiology of PALI, include trauma
induced by chest compressions, barotrauma resulting
from mechanical ventilation, aspiration during and after
CA/CPR, and IR injury within the pulmonary system
post-CA [15].
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Table 1 Studies reporting the prevalence of post-arrest lung
injury in post-cardiac arrest syndrome

Study Year Number of  %PALI (%) Modality
patients

Choetal. [16] 2013 44 79.5 cT

Chaetal [17] 2017 91 410 cT

Ryuetal. [19] 2019 72 889 cT

Jang etal.[18] 2020 43 93.0 cT

Maglioccaetal. [11] 2021 52 500 (@)

Traumatic lung injury, which manifests as pulmonary
contusion induced by chest compression and baro-
trauma, is frequently observed with pathologic features
such as pulmonary hemorrhage, pulmonary edema, and
atelectasis secondary to physical disruption of alveolar
capillary membranes [14, 20]. The incidence of chest
compression-related pulmonary contusions ranges
from 41 to 100%, with bilateral lung contusions seen in
most of CA patients [16—19].

Aspiration is frequently observed during CA/CPR,
with a high incidence of 20-65% [21-24]. In particu-
lar, in patients with OHCA, aspiration of gastric con-
tents has been reported to occur in approximately 30%
of patients during or after CPR [25, 26]. Aspiration of
acidic gastric fluid or oropharyngeal secretions can
result in increased alveolar-capillary permeability, fur-
ther increasing inflammation and exacerbating lung
injury [24]. Complications of aspiration in patients
with CA can lead to respiratory failure. One study
reported that aspiration was associated with a signifi-
cantly lower 30-day survival rate compared to CA due
to other causes of respiratory failure [27]. Although
it is often difficult to determine whether aspiration
occurred before, during, or after CPR, a higher level of
care needs to be considered to prevent aspiration and
the subsequent severity of PALIL

Pulmonary IR injury is a complex pathophysiologi-
cal process that significantly contributes to morbid-
ity and mortality in a wide range of clinical scenarios,
including PCAS, lung transplantation, cardiopulmo-
nary bypass, and ARDS. This condition is marked by a
pronounced increase in alveolar-capillary permeability,
a hallmark of the disrupted pulmonary barrier func-
tion [28]. At the cellular level, IR injury in the lung is
characterized by the induction of apoptosis and the
robust production of reactive oxygen species (ROS),
initiating a cascade of inflammatory responses. Cen-
tral to this inflammatory milieu is the upregulation of
a spectrum of cytokines, including tumor necrosis fac-
tor-alpha (TNF-a), interferon-gamma (IFN-y), and a
series of interleukins such as interleukin (IL)-8, IL-10,
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IL-12, and IL-18 [29, 30]. These mediators play pivotal
roles in orchestrating the local and systemic inflamma-
tory response, exacerbating tissue damage during the
critical phases of circulatory disruption and subsequent
reperfusion. Cell apoptosis in the lung after IR could
be more detrimental to the lung than cell necrosis and
associated inflammation [31]. Moreover, recent stud-
ies have shown that mitochondrial DNA (mtDNA) has
been associated with the development of ARDS [32-
36]. Elevated circulating levels of mtDNA are found in
patients with ALI, which correlates with poor outcomes
[36, 37], suggesting plasma mtDNA released from dam-
aged mitochondria as damage-associated molecular
patterns (DAMPs) may induce lung injury.

ARDS post-CA

ARDS frequently follows both out-of-hospital cardiac
arrest (OHCA) [38] and in-hospital cardiac arrest (IHCA)
[39], with PALI presenting as a spectrum of pulmonary
damage. The multifaceted nature of PALI, compounded
by systemic IR injury and inflammatory response, can
exacerbate poor outcomes, with high oxygen concentra-
tions during CPR, pulmonary contusions, and aspiration
further increasing the risk of ARDS through oxidative
stress mechanisms [40-42]. A retrospective analysis of
OHCA patients by Johnson et al. reported a 48% inci-
dence of ARDS among mechanically ventilated OHCA
patients, with an average P/F ratio of 155 mmHg, cor-
responding to moderate ARDS. Shih et al. reported that
approximately three-quarters of IHCA patients experi-
enced ARDS post-ROSC [39]. In an unadjusted analysis,
the presence of ARDS was linked to fewer alive-and-ven-
tilator-free days across 28 days with a median of 1 day as
compared to 18 days in patients without ARDS, though
this association did not achieve statistical significance
upon multivariate analysis [39]. These findings indicate
that ARDS is a frequent complication post-CA, suggest-
ing an important area for future therapeutic strategies
to improve outcomes post-CA. Given its prevalence and
impact, ARDS management in PCAS patients should
align with established ARDS protocols to mitigate the
risks of prolonged ventilation and increased mortality.

Lung compliance post-CA

Previous research has demonstrated that pulmonary
dysfunction following CA is associated with impaired
gas exchange, increased pulmonary edema, and the
release of pro-inflammatory cytokines [43]. These fac-
tors can further contribute to reduced lung compliance
and exacerbate lung injury. Additionally, the utilization
of mechanical ventilation, almost always required for the
management of PCAS, can impact lung compliance, and
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potentially contribute to lung injury if not diligently con-
trolled [44].

Respiratory system compliance, consisting of pulmo-
nary and chest wall compliance, refers to the lung capac-
ity to expand and adapt to volume changes during the
respiratory cycle. Pulmonary components are influenced
by various factors, including lung tissue elasticity and the
presence of pathologic conditions. The chest wall compli-
ance is often affected by intrinsic respiratory muscle tone,
and certain pathological conditions such as deformities
of the chest wall from traumatic rib fractures or burns.
Following CPR, decreased lung compliance may be a
result of factors such as IR injury, systemic inflamma-
tion, and ventilation-associated lung injury (VALI). Chest
wall compliance may be affected by chest wall trauma
from CPR [45, 46]. A study assessing lung compliance
in patients with PCAS reported a mean lung compliance
of 0.051+0.011 L/cm H,O [46], with a notable decrease
at lower lung volumes suggesting the risk of alveolar
collapse. The duration of CPR further exacerbates this
decline in compliance. Furthermore, decreased lung
compliance, a prominent feature of ARDS, may explain
higher risk of lung injury following CA. This was demon-
strated in a study of PCAS patients who developed ARDS
[47]. This relationship underscores the need for vigilant
respiratory management aimed at preserving lung func-
tion and improving survival outcomes with intact neuro-
logical function.

Pulmonary edema and mechanical chest compression
Pulmonary edema following resuscitation is typically
transient and considered hydrostatic in nature. However,
the exact mechanisms underlying this condition remain
to be definitively determined. Potential contributing fac-
tors include decreased left ventricular contractility, inef-
fective chest compressions that fail to adequately propel
blood forward, and the reverse flow of blood into the
lungs. This backward movement of the blood can cause
elevated left ventricular filling pressures and left atrial
pressures, further contributing to pulmonary edema
during and immediately after CA, while the heart is still
stunned.

Mechanical chest compression (MCC) during CPR
is associated with an increased incidence of pulmonary
edema compared to manual compressions [11]. The
pulmonary edema which is characterized by increased
lung fluid volume and weight, along with reduced oxy-
genation and respiratory system compliance, under-
scores the physiological impact of MCC resuscitation on
lung condition [11]. Magliocca et al. demonstrated that
MCC notably exacerbates CPR-induced lung edema,
a finding consistent across animal models and OHCA
patients [11]. However, no worsening has been observed
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in survival to discharge or length of ICU stay due to the
MCC effect. The hemodynamic effects of piston-based
devices, while improving blood flow, may also exacer-
bate vascular congestion by the pressure aspiration effect,
hinting at a complex interplay of factors leading to tran-
sient pulmonary edema [48].

Assessment and diagnosis

Diagnostic imaging plays a crucial role in evaluating the
causes and complications after CA/CPR. Imaging tech-
niques, such as chest x-rays, CT, and lung ultrasound, are
instrumental in identifying common lung injury mani-
festations, such as ground-glass opacities predominantly
located in the posterior segments of the lungs [16]. Lung
injuries resulting from chest compressions during CPR
can lead to pulmonary hemorrhage and edema. These
conditions stem from the disruption of alveolar-capillary
membranes, pulmonary IR injury, and the aspiration of
gastric and oropharyngeal secretions as described above.
The differentiation between aspiration pneumonia and
lung injury through imaging can be challenging due to
overlapping patterns in dependent lung areas [16].

Chest x-rays can be used to identify chest complica-
tions after CA/CPR, including rib and sternal fractures,
pericardial effusions, and lung injury [49]. A study involv-
ing chest x-rays of 44 patients post-CA/CPR revealed
increased opacities in 63.6% of the cases, underscoring
the prevalence of lung injuries [16]. However, CT scans
within the same study group showed a higher detection
rate of lung injuries at 79.5%, including in patients with
normal chest x-rays, highlighting CT’s superior diagnos-
tic capability [16].

Quantitative CT evaluation offers a detailed assessment
of lung injury severity after successful CPR [14]. A study
using a porcine ventricular fibrillation model revealed
ALI on CT, such as intense parenchymal and ground-
glass opacifications, which are indicative of pulmonary
edema and alveolar damage, respectively [14]. Further,
these changes were more sensitive than the oxygenation
index using blood gas analysis, indicating CT’s enhanced
sensitivity over traditional blood gas analysis. The utility
of CT in detecting pulmonary edema post-resuscitation
has been validated in both animal studies and human
cases, emphasizing the need for early CT examination
for comprehensive lung injury assessment post-CA/CPR
[11]. Clinically, CT must be considered standard of care
when feasible in PCAS.

Lung ultrasound emerges as a rapid and non-invasive
tool for bedside lung injury assessment and monitoring
lung injury post-CA [50, 51]. We et al. reported that the
lung ultrasound score (LUS), calculated from four find-
ings; (1) presence of lung sliding with A lines or fewer
than two isolated B lines, (2) well-defined B lines, (3)
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multiple coalescent B lines, (4) presence of tissue pattern
characterized by dynamic air bronchograms, was use-
ful in assessing lung status and degree of lung injury in a
porcine CA model [10].

The extravascular lung water (EVLW) and pulmonary
vascular permeability index (PVPI) by the pulse index
continuous cardiac output (PiCCO) technology using
transpulmonary thermodilution are useful markers of
severity of lung injury [52]. In ARDS patients, a strong
correlation exists between LUS, EVLW, and PVPI, with
early measurements serving as good prognostic indica-
tors [53, 54]. Given the significant correlation of these
markers in both ARDS and post-CA contexts, PiCCO
technology could aid in detecting lung injuries in PCAS
patients, albeit with considerations for its cost, invasive-
ness, and complexity [10].

Potential therapeutic strategies for PALI

Tidal volume management

Following CA/CPR, up to 50% of resuscitated patients
develop lung injury that meets the criteria for ARDS
during their intensive care unit (ICU) stay, highlight-
ing the need for lung-protective ventilation strategies in
patients with PCAS [38]. A meta-analysis of critically ill
non-CA patients without ARDS reported that low tidal
volume (V) was associated with lower lung infection,
atelectasis, and mortality [55]. Despite limited data on
ventilator management for PCAS, current practices often
involve higher Vi and driving pressures (AP), which
may exacerbate ventilator-induced lung injury (VILI)
[56]. In a study using a two-center retrospective cohort
of OHCA patients, Beitler et al. showed that lower Vi
[<8 ml/kg predicted body weight (PBW)] was associated
with improved functional outcomes [57]. Furthermore,
a preplanned sub-analysis of the Target Temperature
Management (TTM)-2 trial by Robba et al. has demon-
strated that mechanical output, AP, and ventilation rate,
as well as positive end-expiratory pressure (PEEP), res-
piratory plateau pressure (Pp; 1), and single Vi, were
independently associated with 6-month mortality in the
post-resuscitation respiratory setting [58]. European
guidelines advocate for Vi of 6-8 ml/kg PBW in brain-
injured and post-CA patients, although evidence in the
post-CA context is sparse [59]. These findings underscore
the critical need for lung-protective strategies with lower
Vi (6-8 ml/kg PBW) to prevent VILI, advocating for
more careful and frequent adjustments of ventilator set-
tings in the PCAS care to avoid Vi higher than 8 ml/kg
PBW. To meet the ventilatory needs of the patient, respir-
atory rate should be adjusted to allow for a higher minute
ventilation to avoid hypercarbic respiratory failure and
potential worsening brain injury [60]. However, it must
be emphasized that given frequently hypermetabolic
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state of PCAS, very high respiratory rates may lead to
inappropriately high airway pressures which the clinician
should be vigilantly monitoring. Lastly, it must be noted
that unless the patient is deeply sedated or paralyzed, the
respiratory rate may be centrally driven to be high, irre-
spective of the respiratory rate set by the ventilator.

Managing hypercapnia

Along with the proper management of V-, the impacts
of hypercapnia on cerebral blood flow and intracranial
pressure (ICP) are critical considerations in post-CA
care. Studies reported that mild hypercapnia improved
cerebral oxygenation but did not increase ICP or cerebral
edema, suggesting potential therapeutic benefits in the
acute phase following resuscitation [61, 62]. However,
a recent randomized controlled trial (RCT) challenged
this notion by demonstrating that, in comatose patients
resuscitated after OHCA, targeted mild hypercapnia did
not result in superior neurological outcomes at 6 months
compared to targeted normocapnia [63]. Despite this,
the absence of consistent evidence regarding the optimal
role of hypercapnia post-CA has not deterred the clini-
cal practice of permitting mild hypercapnia as an inte-
gral component of lung-protective ventilation strategies.
This approach is primarily aimed at reducing the risk of
VILI while potentially aiding cerebral perfusion. As such,
PaCO, levels are often maintained within a target range
of 35 to 50 mmHg, striking a balance between ensuring
sufficient oxygenation and mitigating the risk of nega-
tive cerebral consequences [64]. This nuanced approach
underscores the complexity of managing ventilation in
post-CA patients and highlights the need for ongoing
research to refine these strategies for optimal patient
outcomes.

Optimizing PEEP, plateau pressure, and driving pressure

PEEP is a crucial aspect of mechanical ventilation strat-
egy, especially in the management of PCAS, yet research
specifically addressing its optimal use in this patient
population remains limited. The application of PEEP for
patients with PCAS requires careful consideration, given
its potential to influence both pulmonary and cerebral
hemodynamics significantly. On one hand, high levels of
PEEP can pose risks, such as diminished tissue oxygen
delivery resulting from diminished venous return, circu-
latory impairment and elevated ICP. On the other hand,
setting PEEP too low or employing zero PEEP might
increase the likelihood of atelectasis and subsequent lung
injury, complicating the patient’s recovery process [65,
66]. Sutherasan et al. have shown that higher Vi, higher
Py ar» and lower PEEP in the first 24 h after ICU admis-
sion were associated with an increased risk of develop-
ing ARDS or pneumonia in patients initially without lung
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injury [44]. This emphasizes the need for careful ventila-
tory settings to prevent secondary lung complications.
Thus, setting PEEP at >5 ¢cmH,O is advisable to prevent
atelectasis and protect against PALI, while also consider-
ing risks such as dynamic lung hyperinflation, circulatory
depression, and brain damage [64, 67].

Plateau pressure (Pp; ) is a crucial measure in
mechanical ventilation, representing the pressure in the
airways at the end of inspiration without airflow, thus
reflecting mean alveolar pressure without being influ-
enced by airway resistance. Keeping Pp; oy <20 cmH,O
is recommended to minimize mortality risk, especially in
patients without ARDS. This is supported by a study in
PCAS cohorts, where maintaining Pp; ,7 <20 cmH,O has
been linked to better outcomes and reduced risk of baro-
trauma, a common complication after resuscitation [58].
Ppp ar <20 cmH,O may be difficult in post-cardiac arrest
patients requiring higher PEEP levels.

Driving pressure (AP) is reflecting the stress exerted
during the lung expansion, calculated as the difference
between Pp; oy and PEEP. A sub-analysis of the TTM1
trial reported a median AP of 14.7 cmH,O in patients
with PCAS, with findings indicating that AP was an inde-
pendent factor of higher mortality and adverse neuro-
logical outcomes [58]. However, AP does not consider
respiratory rate, which itself can contribute to VALI,
which is part of PALI [68]. Lowering AP might lead to
increase PaCO, due to reduced V7, necessitating a higher
respiratory rate to maintain constant PaCO, levels. For
this reason, an equation incorporating both AP and res-
piratory rate (4XAP+respiratory rate) was explored
in patients with ARDS and found to strongly corre-
late with mortality [69]. This metric was also applied by
Robba et al. in a cohort of post-CA patients, revealing a
robust association with poor neurological outcomes and
increased mortality [58]. Currently, it is suggested to
keep the AP<13 ¢cmH,O by adjusting the V; and PEEP
level according to the patient’s clinical picture, aiming to
optimize lung-protective ventilation strategies [64].

Extra corporeal membrane oxygenation

The extra corporeal membrane oxygenation (ECMO)
has been used an extension of CPR (extracorporeal CPR:
ECPR) in recent years [70-72]. In addition to potentially
improved survival rates with favorable neurological out-
comes, ECMO is a valuable modality to minimize the risk
of PALI, pulmonary congestion, and frequently exacer-
bated ventilatory support, which may interfere with lung
protective ventilation discussed above. However, it must
be noted that ECMO may exacerbate pulmonary conges-
tion through aortic retrograde flow resulting in increased
left ventricular afterload [73]. This can be mitigated
by running ECMO at the lowest possible flow wares,
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implementing a percutaneous micro axial pump, or
veno-arterial-venous ECMO configuration [74]. Despite
the EOLIA trial’s controversial results, in the case of
the development of ARDS, ECMO could be deployed
in either veno-venous or veno-arterial configuration to
allow for ventilation and oxygenation while the lungs are
being rested [75].

Therapeutic hypothermia

Therapeutic hypothermia, inclusive of TTM, is the pri-
mary neuroprotective approach post-CA [76-78]. The
efficacy of therapeutic hypothermia for lung injury,
including ARDS, has been reported in both animal and
human studies. In injury model such as pulmonary IR
injury, pulmonary hypertension, VILI, smoking-induced
injury, endotoxemia model, and hemorrhagic shock,
therapeutic hypothermia has been reported to suppress
lung injury by modulating inducible nitric oxide synthase
(iNOS) production, endothelial nitric oxide synthase
(eNOS) production, neutrophil activation, or adhesion
molecule expression [79-86]. An animal study using a
rabbit model of ALI has shown that mild therapeutic
hypothermia with external cooling reduced lung inflam-
mation and damage and improved oxygenation, likely by
lowering levels of inflammatory cytokines, such as TNF-
a, IL-6, and IL-8 [87]. In addition, in an experiment using
pig models of oleic acid-induced ARDS, authors reported
that the intervention of hypothermia at 32 °C reduced the
pathological lung damage and improved lung mechanics
[88]. A retrospective study of 58 patients with ARDS who
received muscle relaxation and a pilot feasibility study of
8 patients with severe ARDS with P/F ratio <150 showed
that hypothermia (34—36 °C for 48 h) reduced in-hospital
mortality (75% vs 53.4%, p=0.26) and increased ventila-
tor-free days, while not statistically significant [89]. Con-
versely, therapeutic hypothermia is associated with an
increased risk of pneumonia, which could worsen PALI
[90].

Wu et al. investigated the impact of therapeutic hypo-
thermia on PALI using a swine model of CA [10]. In their
study, hypothermic animals were cooled to 33 °C for 24 h
post-resuscitation, then gradually rewarmed at 1 °C/h for
5 h, while normothermic animals were kept at 37-38 °C.
Despite both groups exhibiting PALI, the hypothermia
group showed significant improvements in ELWI, PVPI,
and P/F ratio, indicating reduced lung injury. Although
derived from limited animal research, these findings sug-
gest therapeutic hypothermia could potentially be a via-
ble treatment for PALI

The Hypothermia After Cardiac Arrest (HACA) study
[77] and a study by Bernard et al. [76] reported improved
neurological prognosis and reduced mortality in patients
with ventricular tachycardia or ventricular fibrillation
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who underwent therapeutic hypothermia, cooled to
32-34 °C, compared to those who were not cooled. These
seminal studies have significantly influenced clinical
practices in the management of post-CA patients. How-
ever, the TTM trial [78] found that hypothermia at 33 °C
did not improve mortality or neurological outcomes in
patients following OHCA when compared with normo-
thermia at 37 °C. Subsequently, the HYPERION Trial
reported a significant improvement in survival and neu-
rological outcomes at 34 °C for patients with pulseless
electrical activity or asystole [91]. Yet, the TTM2 Trial
indicated no difference in neurological outcomes or mor-
tality between temperatures of 33 °C for 24 h and 36 °C
for 24 h [92], suggesting that the effectiveness of hypo-
thermia in PCAS patients remains controversial. Notably,
none of these RCTs provides clear evidence regarding the
impact of hypothermia on lung function.

Factors associated with mitochondrial pathophysiology
Mitochondria plays an integral role in the develop-
ment and onset of ALL. DAMPs are a collective term
for numerous endogenous risk molecules present in
the nucleus, mitochondria, or cytoplasm [93, 94], and
mtDNA, as mitochondrial DAMPs, has been implicated
in sepsis-induced increases lung endothelial cell per-
meability in ALI [95]. The presence of large amounts of
ROS can upset the balance between mitochondrial dys-
function and mitosis, accelerating sepsis progression
and indirectly causing ALI [96]. Thus, factors related to
impaired mitochondrial pathophysiology may be poten-
tial therapeutic targets for PALI in patients with PCAS
[97]. Mitochondria-targeted antioxidants can protect
against ventilator-induced mitochondrial dysfunction
and oxidative stress, suggesting improved outcomes
for ALI treated by ventilators [98]. Furthermore, mito-
chondrial transplantation, as an emerging technology to
replace damaged mitochondria with exogenous healthy
mitochondria [99-101], can significantly improve lung
status and reduce lung tissue damage caused by ALI
[102]. Pang et al. showed that in an endotoxin-induced
ALI rat model, allogeneic mitochondria administered
via the jugular vein accumulated in the lungs, protecting
the endothelium of alveolar capillary arrays, and improv-
ing gas exchange in the acute phase [103]. Moreover,
Hayashida et al. showed that intravenous administra-
tion of allogeneic mitochondria immediately after ROSC
improves the lung wet/dry ratio after resuscitation in a
rat model of asphyxial CA [104]. However, since there is
currently no clinically available bedside surrogate marker
for mitochondrial dysfunction, further translational
research is warranted to develop real-time measurement
techniques for assessing mitochondrial damage.
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Other therapeutic approaches

A Rho kinase (ROCK) is a type of protein kinase that
plays a crucial role in cellular processes such as cell con-
traction, adhesion, motility, and transcriptional regu-
lation. It is activated by the small GTPase RhoA and
regulates the phosphorylation of myosin light chain,
which affects the remodeling of the cell cytoskeleton. The
Rho/ROCK signaling pathway also influences the expres-
sion of vascular endothelial-cadherin, which maintains
endothelial junction stability, and intercellular adhesive
molecule-1, which regulates leukocyte adhesion and
transmigration. ROCK inhibition has been found to be
effective in reducing damage caused by IR injury and
preventing neutrophil recruitment and edema forma-
tion in ALIL Fasudil, a Rho kinase inhibitor, is currently
used clinically to treat cerebral vasospasms and has
shown promising safety profiles in various clinical tri-
als for conditions such as angina, systemic and pulmo-
nary hypertension, stroke, and heart failure. One study
demonstrated that pretreatment with fasudil, a medica-
tion, can reduce lung injury caused by CA in rats [105].
Fasudil showed protective effects by decreasing lung
edema, oxidative stress, and inflammation. These effects
are believed to be mediated through the inhibition of
the Rho/ROCK signaling pathway, which is known to be
involved in lung IR injury.

Alda-1 is a compound that activates aldehyde dehydro-
genase 2 (ALDH2), an enzyme involved in the removal of
toxic aldehydic products. The specific agonist of ALDH2,
Alda-1, has been shown to protect the lung against differ-
ent stimuli in various experimental settings, such as acr-
olein-, hypoxia-, sepsis-, heatstroke-, severe hemorrhagic
shock-induced lung injury, regional lung IR injury, and
global IR injury [106—111]. One study aimed to investi-
gate whether Alda-1 treatment could alleviate lung injury
after CA/CPR in a swine model [112]. They found that
Alda-1 improved lung function and reduced cell death
through the inhibition of apoptosis and ferroptosis, sug-
gesting its potential as a therapeutic approach for lung
protection and enhance cell survival in PALL

Future directions

An overview of PALI outline in our knowledge to date is
summarized in Fig. 1. PALI is thought to be caused by a
complex combination of factors associated with CA. The
impact of each factor probably varies from the patient’s
background, including underlying disease and duration
of CA. On the other hand, the incidence and pathogen-
esis of PALI are gradually becoming clearer with the
widespread use of rapid post-arrest CT scans and lung
ultrasound. Although the severity of PALI varies, it
has been reported that the presence of PALI affects the
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Fig. 1 Aclinical outline of post-arrest lung injury

prognosis of patients after CA, and thus the treatment of
PALI and prevention methods are expected to be studied
[38,47,113-115].

ARDS presents primarily as hypoxic respiratory fail-
ure, especially in the early acute phase. Systemic and
brain tissue hypoxia are associated with worse outcomes
in PCAS, and it has been reported that patients who
develop ARDS after OHCA are less likely to recover
neurologically and be discharged [38]. The association
between ventilation at low tidal volume and improved
outcomes after OHCA has been demonstrated, and pal-
liation or risk reduction of ARDS may be an important
treatment strategy for improving outcomes, including
neurologically intact survival after CA [57]. Currently,
the treatment of PALI is similar to that of ALI and ARDS,
with appropriate ventilator settings in post-ROSC respir-
atory management being critical. In addition, therapeutic
hypothermia has been reported to reduce lung injury in
animal models as well as in clinical cases. Particularly, in
PCAS patients with severe PALI, the reduction of lung
injury by TTM may be more important than these side
effects, so it is necessary to investigate the settings of
TTM and patient criteria for selecting TTM for the treat-
ment of PALL

In PCAS, mitochondrial dysfunction manifests dis-
tinctly across different organs, influenced by their spe-
cific metabolic demands and stress responses [116]. In
the lungs, increased oxidative stress and impaired mito-
chondrial respiration lead to the release of mtDNA,
which acts as a DAMP, eliciting inflammatory responses
that contribute to ALIL In the brain, mitochondrial

Onset of Early Therapeutic Improved
PALI detection approach outcomes
'Y o ] g
Ventilation settings ag;‘
= CXPD a
~ e — [

Mitochondria-
targeted treatment

dysfunction primarily involves extensive oxidative dam-
age and impaired ATP production, leading to neuronal
cell death and neurodegeneration. Cardiac mitochondria
experience disrupted electron transport chain function,
reduced ATP synthesis, and increased ROS production,
resulting in oxidative damage and enhanced apoptosis.
Renal mitochondrial alterations include impaired biogen-
esis and function, elevated oxidative stress, and altered
dynamics affecting cellular homeostasis and survival.

The interaction of organs in PCAS is critical due to
the interdependence of their functions and the systemic
nature of the response to IR injury. Mitochondrial dys-
function in one organ can exacerbate dysfunction in
others, creating a vicious cycle of damage. For example,
acute lung injury (ALI) increases systemic inflammation
and oxidative stress, worsening outcomes in the brain,
heart, and kidneys. Understanding these interactions is
essential for developing comprehensive treatment strate-
gies that address multi-organ dysfunction in PCAS.

Improvement of mitochondrial function in patients
with lung injury is thought to have the potential to
improve prognosis as well as lung injury. In particu-
lar, mitochondrial transplantation could be a promising
therapy to improve lung injury post-CA. However, while
the use of animal models has shown that mitochondrial
transplantation can accumulate in the injured lungs
and reduce lung damage, there are a number of issues
that need to be addressed before it can be applied clini-
cally. These include the source of the mitochondria to
be transplanted, the timing of the transplant, the indi-
cation, the dosage, and the frequency of mitochondrial
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transplantation. It is essential to develop translational
studies to apply mitochondrial transplantation to clinical
practice in particular, and it will be necessary to set con-
ditions for clinical application based on these data.

Conclusions

PALI is a pathological condition that has a high overall
incidence as a complication and affects the prognosis of
patients after CA/CPR. Rapid detection of PALI is essen-
tial to ensure prompt etiologic therapy, and the use of
diagnostic tools is mandatory. Early quantitative CT eval-
uation is important to improve the accuracy of clinical
diagnosis, and the usefulness of LUS has been reported
as a bedside assessment of lung injury. Supportive care
for patients with PALI should be based on the need to
maintain adequate oxygen and ventilator settings while
reducing the potential for lung injury due to VILI or
other causes. The clinical translational research on phar-
macological approaches, including mitochondria-tar-
geted drugs, remains extremely limited. Further research
is needed to elucidate which patients benefit from thera-
peutic hypothermia.
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