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Chapter 1. Introduction 
 

Cardiac arrest (CA) is a leading cause of death worldwide with poor 

outcome (1). Significant improvements have been achieved in the last 

decades in both resuscitation from cardiac arrest and post-resuscitation 

care, but mortality remains high. Cardiopulmonary resuscitation 

(CPR), including chest compression (CC), often in conjunction with 

electrical defibrillation (DF), has the potential of re-establishing 

spontaneous circulation. According to the American Heart 

Association’s “Heart Disease and Stroke Statistics—2019 Update,” 

(1) there are ≈356 000 cases of out-of-hospital cardiac arrest (OHCA) 

and 209000 cases of in-hospital cardiac arrest (IHCA) in the United 

States. The survival to hospital discharge was 12% for OHCA and 

25% for IHCA. For OHCA, survival with good neurological outcome 

is 8% (1). The European Registry of Cardiac Arrest Project provided 

information about resuscitation events during October 2014 across 28 

countries in Europe. In a population of almost 179 million inhabitants, 

37054 OHCA were reported, with CPR onset confirmed in 25171 

cases. The bystander CPR showed high variability ranging from 13% 

to 82%. ROSC was achieved in 33% of cases and 8% of patients was 

discharged from hospital alive. Association of CPR with ventilation 

showed a higher survival to hospital discharge compared to CPR only 

(14% versus 8% respectively). No bystander CPR was associated to a 

4.3% survival (2).  

Prompt cardiopulmonary resuscitation (CPR) is the major determinant 

of successful resuscitation (3-4), but its quality heterogeneity may 

contribute to the variable survival rates reported in different regions 
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(5-6). The vast majority of patients successfully resuscitated from 

cardiac arrest present in coma or with an altered level of 

consciousness caused by the widespread nature of brain injury after 

cardiac arrest. Although most of the deaths in patients initially 

resuscitated from cardiac arrest are attributed to brain injury, only 

≈10% of these deaths meet the clinical criteria for brain death (7-8). 

Instead, most deaths associated with brain injury after cardiac arrest 

result from active withdrawal of life-sustaining treatment (WLST) 

because a poor neurological outcome is predicted. For this reason, 

neurological prognostication in comatose cardiac arrest survivors is of 

utmost importance to avoid both pursuing futile treatments in patients 

destined for a poor outcome and making an inappropriate WLST in 

patients who may have a chance for neurological recovery. The 

molecular events that cause neurodegeneration after cardiac arrest 

occur over hours to days after ROSC. This time course suggests a 

potentially broad therapeutic window for neuroprotective drug 

therapy. However, the number of clinical trials performed to date is 

limited and has failed to demonstrate improved neurological outcome 

with potential neuroprotective drugs given after cardiac arrest. Novel 

therapeutic target are needed to reduce post-CA brain injury and 

improve outcomes.  

CPR interventions 

Prompt delivery of cardiopulmonary resuscitation with an emphasis 

on high-quality chest compressions improves successful resuscitation 

from cardiac arrest (9). During cardiac arrest, coronary blood flow 

ceases. This determines a progressive and critical energy failure. The 
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presence of myocardial acidosis – due to high carbon dioxide - is 

associated with depletion of high-energy phosphates and a severe 

ischemia of the myocardium (10-11). Ischemia injures the left 

ventricle (LV) that becomes contracted and is therefore named “stone 

heart” (12-13). In the presence of a stone heart, a successful DF 

becomes hardly achievable. In order to delay onset of ischemic 

myocardial injury and facilitates DF, the application of early CPR can 

partially restore coronary perfusion pressure (CPP) and myocardial 

blood flow (14). Interestingly, delays in CPR, ineffective and 

frequently interrupted CC, and limited access to, or delayed DF are 

major contributing factors to the poor outcome after cardiac arrest (15-

17).  

Indeed, ineffective and frequently interrupted CC is often provided 

even by well-trained rescuers, leading to unsuccessful resuscitative 

efforts (18-19). The challenge is even greater during special 

circumstances like transport, a condition characterized by the presence 

of acceleration, deceleration, and rotational forces that may affect 

manual CC (20-23). 

 

Monitoring effectiveness of CC  

The quality of CC is a major predictor of success of ROSC (17-19). 

There are two specific determinants of good quality CPR that 

successful predict resuscitation: coronary perfusion pressure (CPP) 

(24-27), and end-tidal CO2 (EtCO2) (28-30). 

CCs during CPR generate blood flow by the pressure gradient that is 

developed among the aortic and the venous return pressure (31). CPP 

is defined as the difference between simultaneously measured 
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diastolic aortic pressure and the right atrial pressure during 

decompression diastole (32). CPP is highly correlated with the 

coronary blood flow during CPR and it is considered as most 

proficient indicator of the likelihood of success of DF and ROSC (33). 

According to experimental and clinical observations, levels of CPP 

above 15 mmHg during CC are good predictors of ROSC (25). Given 

this pathophysiologic background, it becomes clear how resuscitative 

strategies aiming at increasing CPP – which include high quality CC 

(34) and the use of vasopressors (35) - have been supported to restore 

an effective spontaneous circulation.  

Exhaled CO2 is determined by cardiac output and arterial partial 

pressure of CO2, which is in turn determined by the production of 

metabolic CO2 and by the alveolar ventilation. If cardiac output (CO) 

is not impaired, pulmonary perfusion is adequate and EtCO2 is mainly 

driven by the alveolar minute ventilation. In contrast, during cardiac 

arrest and CPR, CO usually decreases less than one-third of normal; 

consequently, pulmonary blood flow and EtCO2 drastically decrease. 

Therefore, EtCO2 can indirectly infer on the levels of CO - and then 

pulmonary blood flow - produced by CCs. As the EtCO2 is strongly 

correlated with CPP during CPR it may serve as a non-invasive 

surrogate of CPP. Accordingly, EtCO2 has emerged as another 

valuable tool – together with CPP – to monitor the effectiveness of 

CCs and therefore the quality of CPR (35-36). Levels of EtCO2 above 

approximately 10 to 15 mmHg during CPR are correlated with a 

greater likelihood of successful ROSC (35). Furthermore, EtCO2 may 

be used to suggest the earliest clinical evidence of ROSC (36). 
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Blood pressure assessment during CPR is – theoretically - of utmost 

importance. However, invasive measurements of aortic and right atrial 

pressures are available or feasible during resuscitation in a limited 

proportion of patients, which is even lower in pre-hospital settings. 

Similarly, EtCO2 is not widely available yet. However, portable 

infrared capnometers could be successfully used in pre-hospital 

settings during CPR, although monitoring of EtCO2 requires airway 

adjuncts. Out of hospital endotracheal intubation is associated with a 

high failure rate and a 30% incidence of traumatic injury to the 

airway. Furthermore, epinephrine administration during CPR leads to 

significant decreases of EtCO2 by the increase of pulmonary shunting 

(37). This might induce a significant bias in the EtCO2 interpretation 

during the monitoring and guiding of the resuscitative maneuvers.  

 

Post-cardiac arrest syndrome 

After the initial success of CPR, the majority of resuscitated patients 

die within 72 hr, due to what is now termed “post cardiac arrest 

syndrome” (38). Indeed, ROSC after cardiac arrest is an unnatural 

pathophysiological state created by successful CPR. In the early 

1970s, Dr. Vladimir Negovsky recognized that the pathology caused 

by complete, whole-body ischemia and reperfusion was unique in that 

it had a clearly definable cause, time course, and constellation of 

pathophysiological processes (39). Negovsky named this state “post 

resuscitation disease”. Although appropriate at the time, the term 

“resuscitation” is now used more broadly to include treatment of 

various shock states in which circulation has not ceased. Moreover, 
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the term “post resuscitation” implies that the act of resuscitation has 

ended. Negovsky stated that “a second, more complex phase of 

resuscitation begins when patients regain spontaneous circulation after 

cardiac arrest” (39). Therefore, the term “post-cardiac arrest 

syndrome” seems more appropriate. The 3 key components of this 

syndrome are: 1) post cardiac arrest brain injury; 2) post cardiac arrest 

myocardial dysfunction; 3) systemic ischemia/reperfusion response 

(38, 40-41). Pathophysiology, clinical manifestations and potential 

treatments of the post cardiac arrest syndrome are summarized in 

Table 1 (42). 

 

Post-cardiac arrest lung damage  

The presence of lung injury in the context of post-CA syndrome and 

its association with outcomes has been recently highlighted (43-45). It 

has been reported that up to 50% of OHCA survivors develop acute 

respiratory distress syndrome (ARDS) within 48h after hospital 

admission, and that early ARDS is associated with hospital mortality 

and poor neurological outcome (43). Indeed, a post-resuscitation lung 

protective ventilation strategy is suggested, since low tidal volume 

ventilation may improve neurocognitive outcome after cardiac arrest. 

In a study comparing a tidal volume less than or greater than 8 ml/kg 

in OHCA survivors, it was observed that a lower tidal volume in the 

first 48 h post-ROSC was associated with a favorable neurological 

outcome, more ventilator and shock-free days (44). In the TTM trial 

non-survivors at 28 days had worst oxygenation, higher respiratory 

rates, driving pressures, plateau pressures and lower compliance of the 
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respiratory system compared to survivors (45).  

Lung injury after CA has ben attributed to several mechanisms, 

including pulmonary ischemia–reperfusion, pulmonary aspiration, 

mechanical injury from chest compressions and associated thoracic 

fractures, and systemic inflammation characteristic of post-CA 

syndrome (Table 2).  

However, a comprehensive understanding of the trigger mechanism, 

pathophysiology and evolution of lung injury after CPR is still 

lacking; especially after the introduction of mechanical CC. 

Mechanical chest compression devices could deliver consistently 

high-quality CC, nevertheless the optimal ventilation strategy during 

mechanical CC is still elusive: how to provide adequate blood 

oxygenation and carbon dioxide (CO2) removal while minimizing 

lung injury remains uncertain, with a substantial lack of robust 

evidence and conclusive recommendations (46). Lung injury related to 

CPR has been previously reported in OHCA (47-48) and in 

experimental models of CA. A recent autopsy-based comparison 

between manual and mechanical CC revealed that lung lesions are 

present respectively in 4% and 18.6% of patients undergoing manual 

and mechanical CC, respectively (49). In contrast, imaging studies 

using Computed Tomography (CT) showed that lung injuries, mainly 

ground glass opacity and airspace consolidation, are frequent 

complications in CA patients who undergo CPR, detectable in up to 

79% of cases (50-51). Experimental studies showed that the severity 

of lung injury is correlated with the duration of CA (52-53). Taken 

altogether these evidences suggest that lung injury related to CPR is a 

frequent complication and it is more represented in patients 
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undergoing mechanical CC. Furthermore, lung injury may 

significantly contribute to morbidity in CA patients and may represent 

a potentially reversible cause of resuscitation failure.  

 

Post-cardiac arrest brain injury  

The unique vulnerability of the brain is attributed to its limited 

tolerance of ischemia as well as its unique response to reperfusion. 

The mechanisms of brain injury triggered by cardiac arrest and 

resuscitation are complex and include excitotoxicity, disrupted Ca2+ 

homeostasis, free radical formation, pathological protease cascades, 

and activation of cell death signaling pathways (38, 54-55). Both 

neuronal necrosis and apoptosis have been reported after cardiac 

arrest. Histologically, selectively vulnerable neuron subpopulations in 

the hippocampus, cortex, cerebellum, corpus striatum, and thalamus, 

degenerate over hours to days (56-60). Levels of high-energy 

metabolites such as ATP and phosphocreatine decrease within seconds 

when oxygen supply to the brain is interrupted (61). The breakdown 

of ATP and the switch of intracellular metabolism to anaerobic 

glycolysis lead to an increase in intracellular levels of inorganic 

phosphate, lactate, and hydrogen ion, resulting in both intra- and 

extracellular acidosis. The above processes lead to influx of Ca2+ into 

the cell. Loss of ATP and acidosis also inhibit the mechanisms that 

normally deal with excessive intracellular Ca2+ by sequestering Ca2+ 

from the cell, further aggravating intracellular Ca2+ overload. These 

problems are compounded by failure of ATP–dependent (sodium-

potassium) Na+-K+ pumps and K+, Na+, and Ca2+ channels, leading to 

an additional influx of Ca2+. The excess Ca2+ induces mitochondrial 
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dysfunction (increasing intracellular Ca2+ influx yet further, in a 

vicious cycle) and activates numerous intracellular enzyme systems 

(kinases and proteases). In addition, immediate early genes are 

activated and a depolarization of neuronal cell membranes occurs, 

with a release of large amounts of the excitatory neurotransmitter 

glutamate into the extracellular space. This leads to prolonged and 

excessive activation of membrane glutamate receptors, further 

stimulating Ca2+ influx through activation of Ca2+ channels in another 

vicious cycle. Under normal circumstances, neurons are exposed to 

only very brief pulses of glutamate; prolonged glutamate exposure 

induces a permanent state of hyperexcitability in the neurons (the 

excitotoxic cascade), which can lead to additional injury and cell 

death. A destructive process that is closely linked to but distinct from 

the mechanisms discussed above is the release of ROS following 

ischemia/reperfusion. Mediators such as superoxide, peroxynitrite, 

hydrogen peroxide, and hydroxyl radicals play an important role in 

determining whether injured cells will recover or die. Free radicals 

can oxidize and damage numerous cellular components. Although 

brain cells have various enzymatic and non-enzymatic antioxidant 

mechanisms that prevent this type of injury under normal 

circumstances, ROS production following ischemia/reperfusion is so 

great that these defensive mechanisms are likely to be overwhelmed, 

leading to peroxidation of lipids, proteins, and nucleic acids. 

Ischemia/reperfusion can also lead to significant disruptions in the 

blood–brain barrier (BBB), which can facilitate the subsequent 

development of brain edema (62). All the above processes contribute 

to the development of post-cardiac arrest intracranial hypertension, 
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which further augments brain damage. Mechanisms accounting for 

BBB loss of integrity include: decreased fluidity and integrity of cell 

membranes and increased vascular permeability of microvascular 

endothelial cells in the brain, mediated by inflammatory cytokines and 

vascular endothelial growth factor, via release of nitric oxide (NO). 

More specifically NO can interact with ROS producing peroxynitrite 

radicals, which activate matrix metalloproteinases (MMPs) that 

ultimately disrupt BBB junctions.  

 

Kynurenine pathway (KP) 

Metabolism of tryptophan (TRP) to kynurenine, known as the 

kynurenine pathway (KP), has recently been implicated in a variety of 

clinical disorders including cerebrovascular disease, sepsis, coronary 

artery disease and cardiac arrest (Figure 1) (63-69). 

Inflammation can modulate the kynurenine pathway via the enzyme 

indoleamine-2,3-dioxygenase (IDO). That is, IDO expression in cells 

is induced via IFNγ or TNFα (70-71). Once induced, IDO converts 

TRP to N-formyl-kynurenine, which in turn becomes kynurenine 

(KYN). Depending on the cell type involved, KYN may be 

metabolized further along the kynurenine pathway. Downstream 

metabolites of KP include kynurenic acid (KYNA), 3-

hydroxyanthranilic acid (3-HAA) and Quinolinic acid (QUIN) (72). It 

has been demonstrated that KYNA has neuroprotective properties, 

whereas 3-HAA and QUIN have neurotoxic effects (73-76). 

Furthermore, it has been previously showed that increased KP 

activation is associated with acute brain dysfunction and mortality in 
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intensive care unit patients (65) and correlates with infarct volume in 

stroke patients (64).  

Altogether this evidence suggests that KP activation is involved in 

various neurological disorders. To restore equilibrium among its 

metabolites, the KP targeting could represent a promising line of 

investigation. 

 

KP and sepsis 

Growing evidence suggests that KP metabolites can play a role in the 

regulation of blood pressure. Kynurenine has been identified as an 

endothelium-dependent relaxing factor contributing to the regulation 

of blood pressure in systemic inflammation (77). It has been 

demonstrated that IDO activity in resistance vessels is increased and 

correlates with hypotension in patients with septic shock (63). The KP 

has been further investigated and the role of xanthurenic acid (XA), a 

metabolite in the KP, has been highlighted participating in the 

inflammation-induced hypothension (78). A recent untargeted and 

targeted metabolomic analysis in septic shock patients showed that 

high levels of kynurenine were found in non-responders to treatment 

patients, supporting the role of KP activation in the sepsis outcome 

(79).  

Interestingly, inhibition of the rate-limiting enzyme of the KP 

(indoleamine-2,3-dioxygenase, IDO) seems to have beneficial effects. 

In mice injected with LPS, IDO inhibition with 1-methyl-tryptophan 

(1-MT) prevents the reduction in blood pressure suggesting that IDO 

activation plays a key role in septic shock (77). The protective effect 

of the blockade of IDO has been also demonstrated in endotoxin 
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shock in mice. Specifically, the authors showed that IDO knockout 

mice (IDO-/-) or pharmacological inhibition of the enzyme with 1-MT 

(pretreatment) increases survival after LPS-induced endotoxin shock 

and reduces endotoxin shock-induced serum cytokine levels in mice 

(80). Altogether these evidences suggest that KP is activated and its 

metabolites are increased in conditions of systemic inflammation like 

sepsis. KP activation correlates with clinical outcome like hypotension 

and response to treatment in patients with septic shock.  Inhibition of 

KP via IDO seems to be a promising target, and effectively reduced 

hypotension and increased survival in experimental models of sepsis.  

 

KP and cardiac arrest (CA) 

Our group first proposed KP activation in cardiac arrest and 

cardiopulmonary resuscitation in animal models and in CA patients. 

We previously showed that KP is early activated after CA/CPR in a 

study including both small and large animals (67). We observed a 

reduction in plasma levels of TRP, together with an increase in plasma 

levels of KP metabolites: KYN, KYNA and 3-HAA. KP metabolites 

increase occurred in the first hours following resuscitation and 

persisted up to 3-5 days after CA/CPR. These findings were consistent 

in all species studied -rats, pigs and humans- and were correlated with 

the severity of myocardial dysfunction, cerebral injury, and survival. 

Of particular interest, we previously reported that KP is activated 

early after resuscitation in out-of-hospital CA patients (68). We 

measured plasma KP metabolites of 245 patients enrolled in a 

prospective, multi-center, observational study involving 21 intensive 

care units in Finland (FINNRESUSCI). We found that higher levels of 
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KP metabolites at ICU admission are associated with hypotension 

during the first 24 hours after resuscitation and with ICU mortality in 

out-of-hospital CA patients. KYNA and 3-HAA independently predict 

poor 12-month neurological outcome. Furthermore, in patients with 

stable coronary artery disease has been observed the involvement of 

the KP. In these patients, KP activation strongly predict occurrence of 

major coronary events, acute myocardial infarction, and 

cardiovascular mortality (66). 

Although KP activation after CA/CPR has been correlated with 

mortality and neurological outcome, we cannot argue on the causative 

role of KP activation on neurological damage and outcomes. To date 

no studies have tested interventions that may inhibit the rate-limiting 

enzyme of KP after CA/CPR in mice.  

 

 

Scope of the thesis 

The present thesis focuses on different strategies targeting the two 

main aspects of CA treatment, namely: cardiopulmonary resuscitation 

interventions and post-resuscitation care. It includes both experimental 

and translational studies directed to improve hemodynamic support 

during CPR, to define pulmonary dysfunction related to CPR, and to 

improve post-resuscitation outcomes.  

Chapter 2. In this experimental study, we sought to investigate the 

hemodynamic support generated by a mechanical piston device or 

manual chest compression (CC) in a moving ambulance. The 

hypothesis on whether mechanical CC would improve systemic 
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perfusion compared with manual CC was tested in a preclinical 

porcine model of out-of-hospital cardiac arrest. 

 

Chapter 3. The aim of this study was to systematically assess the 

presence of lung abnormalities associated with cardiopulmonary 

resuscitation- and to evaluate whether mechanical and manual chest 

compression could play a different role in their development. The 

hypothesis was tested in a translational study including 1) a porcine 

model of CA, and 2) a retrospective multicenter observational cohort 

study of non-traumatic out-of-hospital CA patients with a lung CT 

scan at hospital admission.  

 

Chapter 4. This study aimed to investigate the specific 

pathophysiological role of kynurenine pathway (KP) activation on 

brain injury and outcomes after CA. We evaluated the effects of 

genetic deletion of the rate-limiting enzyme of the KP, indoleamine-

2,3-dyoxygenase (IDO) on survival and neurological outcome after 

CA.  
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Abstract 

 

Background - Mechanical chest compression (CC) is currently 

suggested to deliver sustained high-quality CC in a moving 

ambulance. This study compared the hemodynamic support provided 

by a mechanical piston device or manual CC during ambulance 

transport in a porcine model of cardiopulmonary resuscitation.  

Methods and Results - In a simulated urban ambulance transport, 16 

pigs in cardiac arrest were randomized to 18 minutes of mechanical 

CC with the LUCAS (n=8) or manual CC (n=8). ECG, arterial and 

right atrial pressure, together with end-tidal CO2 and transthoracic 

impedance curve were continuously recorded. Arterial lactate was 

assessed during cardiopulmonary resuscitation and after resuscitation. 

During the initial 3 minutes of cardiopulmonary resuscitation, the 

ambulance was stationary, while then proceeded along a predefined 

itinerary. When the ambulance was stationary, CC-generated 

hemodynamics were equivalent in the 2 groups. However, during 

ambulance transport, arterial and coronary perfusion pressure, and 

end-tidal CO2 were significantly higher with mechanical CC 

compared with manual CC (coronary perfusion pressure: 434 versus 

18±4 mmHg; end-tidal CO2: 31±2 versus 19±2 mmHg, P<0.01 at 18 

minutes). During cardiopulmonary resuscitation, arterial lactate was 

lower with mechanical CC compared with manual CC (6.6±0.4 versus 

8.2±0.5 mmol/L, P<0.01). During transport, mechanical CC showed 

greater constancy compared with the manual CC, as represented by a 

higher CC fraction and a lower transthoracic impedance curve 
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variability (P<0.01). All animals in the mechanical CC group and 6 

(75%) in the manual one were successfully resuscitated.  

Conclusions - This model adds evidence in favor of the use of 

mechanical devices to provide ongoing high-quality CC and tissue 

perfusion during ambulance transport.  

 

 

Introduction 

Out-of-hospital cardiac arrest is a leading cause of death worldwide 

(1,2). Despite major efforts to improve outcome, the most recent trials 

have provided dismal end results with only 3% to 10% of patients 

surviving to hospital discharge (3-6). Accordingly, prompt 

cardiopulmonary resuscitation (CPR) is the major determinant of 

successful resuscitation, (2,7) but its quality heterogeneity may 

contribute to the variable survival rates reported in different regions 

(8,9).  

During CPR, provision of high-quality chest compression (CC) may 

re-establish systemic blood flow, achieving and maintaining threshold 

levels of coronary and cerebral perfusion (2,10,11). Nevertheless, 

ineffective and frequently interrupted manual CC is often provided 

even by well-trained rescuers, leading to unsuccessful resuscitative 

efforts (12-15). The challenge is even greater during transport, a 

condition characterized by the presence of acceleration, deceleration, 

and rotational forces that may affect the rescuers’ performance (16–

19). Thus, high-quality manual CC in the moving ambulance is 

physically demanding and impractical, and might compromise 

providers’ safety (16,20). For this special circumstance, the use of a 
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mechanical CPR device, capable to deliver CC consistently, has been 

suggested as a reasonable alternative to manual CC (16).  

However, the above suggestion has been supported only by manikin 

studies or clinical data on the quality of CPR metrics (18,19,21–24). 

Indeed, whether mechanical CPR is superior to manual CPR in special 

situations, such as the moving ambulance, has been highlighted as a 

knowledge gap in the 2015 International Consensus on 

Cardiopulmonary Resuscitation and Emergency Cardiovascular Care 

Science, underlying the urgency to focus research efforts on this field 

(16). 

This experimental study, therefore, sought to directly investigate the 

hemodynamic support generated by a mechanical piston device or 

manual CC in a moving ambulance. The hypothesis on whether 

mechanical CC would improve systemic perfusion compared with 

manual CC was tested in a preclinical porcine model of out-of-

hospital cardiac arrest. The primary aim of the study was to assess if 

mechanical CC would provide a higher coronary perfusion pressure 

(CPP) compared with manual CC during ambulance transport. The 

secondary aim was the comparison of CC quality between the 2 CPR 

strategies during transport.  

 

 

Methods  

All procedures involving animals and their care were in conformity 

with national and international laws and policies (Art. 31, D. Lgs n_ 

26/2014). Approval of the study was obtained by the institutional 

review board committee and governmental institution (Ministry of 
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Health approval no. 979/2017-PR). The data that support the findings 

of this study are available from the corresponding author upon 

reasonable request.  

 

 

Animal Preparation  

Sixteen male domestic swine (34±0.5 kg) were fasted the night before 

the experiments except for free water access. Anesthesia was induced 

by intramuscular injection of ketamine (20 mg/kg) followed by 

intravenous administration of propofol (2 mg/kg) and sufentanyl (0.3 

µg/kg) through an ear vein access. Anesthesia was maintained with a 

continuous intravenous infusion of propofol (4-8 mg/kg per hour) and 

sufentanyl (0.3 µg/kg per hour). A cuffed tracheal tube was placed, 

and animals were mechanically ventilated (Bellavista 1000, IMT 

Medical, Switzerland) with a tidal volume of 15 mL/kg, a fraction of 

inspired oxygen (FiO2) of 0.21, and a positive-end expiratory pressure 

of 5 cmH2O. Respiratory frequency was adjusted to maintain the end-

tidal partial pressure of carbon dioxide (EtCO2) between 35 and 40 

mmHg, monitored with an infrared capnometer (LIFEPAK 15 

monitor/defibrillator, Physio-Control, WA) (25).  

For measurement of aortic pressure, a fluid-filled 7F catheter was 

advanced from the right femoral artery into the thoracic aorta. For 

measurements of right atrial pressure, another fluid-filled 7F catheter 

was advanced from the right femoral vein into the right atrium. 

Conventional pressure transducers were used and connected to the 

monitor defibrillator (LIFEPAK 15) (25). For inducing ventricular 

fibrillation (VF), a 5F pacing catheter was advanced from the right 
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subclavian vein into the right ventricle (26). The position of all 

catheters was confirmed by characteristic pressure morphology and/or 

fluoroscopy. Frontal plane ECG was recorded.  

 

 

Experimental Procedure  

Before inducing cardiac arrest, animals were randomized by the sealed 

envelope method to receive either mechanical or manual CC. Animals 

were then placed in a standard clinical ambulance, in use at the 

veterinarian hospital where the experiments were performed. Baseline 

measurements were obtained, and VF was electrically induced with 1 

to 2 mA alternating current delivered to the endocardium of the right 

ventricle (26). Mechanical ventilation was discontinued after onset of 

VF. After 2 minutes of untreated VF, continuous CC with 1 of the 2 

strategies, mechanical or manual, was begun and performed for 18 

minutes. Mechanical ventilation with a FiO2 of 1.0 (Oxylog, Dr€ager, 

L€ubeck, Germany) was resumed simultaneously to CC (tidal volume 

of 500 mL, respiratory rate of 10 breaths/min) (25). Every 5 minutes 

during CPR, epinephrine (1 mg) was administered via the right atrium, 

while arterial blood samples were obtained to assess lactate levels. 

The experimental protocol is summarized in Figure 1.  

During the initial 3 minutes of CPR, the ambulance was stationary, 

and this allowed for a comparison of CC quality and hemodynamics 

during a basal static condition. In the following 15 minutes, the 

ambulance proceeded along a predefined itinerary inside the 

veterinarian university campus and in the surrounding area, simulating 

a typical urban transportation. The route of the ambulance journey, 
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together with the total distance traveled and the average speed, were 

recorded using a GPS-based tracker app (Endomondo Sports Tracker, 

vers. 18.6.2). Manual CC was provided in accordance to 2015 

international CPR guidelines (2). A group composed by the same 4 

qualified CPR providers was available for all experiments. During 

CPR, the rescuers could see the physiologic parameters on the 

defibrillator monitors, ie, arterial pressure, right atrial pressure, 

EtCO2, and were allowed to optimize the CPR quality accordingly, 

while CC rate was guided by the monitor/ defibrillator metronome. 

Mechanical CC was delivered by the LUCAS 3.0 chest compression 

system (Stryker/Jolife AB, Lund, Physio-Control, Sweden), which 

delivers continuous CC (rate: 102±2 per minute; depth: 53±2 mm; 

duty cycle: 50±5%). The mechanical compressor was already 

positioned on the animal chest before inducing VF.  

Beside the driver and a copilot, the ambulance cabin crew consisted of 

2 certified professional rescuers who alternated each other in 

performing manual CC every 2 minutes, and 1 operator responsible 

for drug administration and arterial blood sampling. A fourth 

investigator, seating at the head site, provided continuous timing 

information to the rescuers and assured compliance to the 

experimental protocol, without any direct intervention in the 

resuscitative maneuvers.  

After the 18-minute interval of CPR, defibrillation was attempted with 

a single biphasic 200-joule shock, using a LIFEPAK 15 

monitor/defibrillator. Return of spontaneous circulation (ROSC) was 

defined as the presence of sinus rhythm with a mean arterial pressure 

of >60 mmHg. If ROSC was not achieved, CPR was resumed and 
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continued for 1 minute before a subsequent defibrillation with an 

escalating energy strategy (300-360-j). If VF reoccurred after ROSC, 

an immediate defibrillation was delivered. The same resuscitation 

protocol was continued until successful resuscitation or for a 

maximum of 5 additional minutes.  

At the end of the resuscitation maneuvers, a chest computerized 

tomography was performed with a 16-slices computerized 

tomography scanner (GE Brightspeed, GE Healthcare, Italy) to 

evaluate rib fractures and other major CPR-related injuries. Animals 

were then returned in the operating room, where they were monitored 

for an additional 3 hours, under anesthesia. Catheters were then 

removed, wounds were repaired, and the animals were extubated and 

returned to their cages. Analgesia with butorphanol (0.1 mg/kg) was 

administered by intramuscular injection. At the end of the 72-hour 

post resuscitation observation, animals were reanesthetized for 

echocardiographic examination and blood sample withdrawn. Animals 

were then euthanized painlessly with an intravenous injection of 150 

mg/kg sodium thiopental.  

 

 

Measurements  

ECG, hemodynamics (arterial and right atrial pressures), EtCO2, and 

esophageal temperature were continuously recorded with 2 LIFEPAK 

15 monitor/defibrillators. All data were then stored on CODE-STAT 

9.0 (Physio-Control, WA) and subsequently exported as comma 

separated values (.csv) to LabChart 8.0 (ADInstruments, UK) for the 

analysis. The coronary perfusion pressure (CPP) was computed from 
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the differences in time-coincident diastolic aortic pressure and right 

atrial pressure (25,26).  

Transthoracic echocardiography was performed using a phase-array 

multifrequency 2.5- to 5-MHz probe (CX50, Philips, The 

Netherlands). Two-dimensional apical 4 chamber view was acquired 

to determine left ventricular volumes and ejection fraction calculations 

were computed using the modified single-plane Simpson’s rule (25). 

Cardiac output (CO) was determined as the product of the time-

velocity integral of the outflow curves (VTI) obtained in 5-chamber 

apical view using pulsed wave Doppler, the cross sectional area of the 

left ventricular outflow tract (LVOT) obtained from 2-dimensional 

echocardiography image in parasternal long-axis view and heart rate 

(HR) [CO=VTIxLVOTxHR].  

CC rate, CCs delivered per minute, and CC fraction (CCF) were 

calculated using the CODE-STAT 9.0 CPR quality assessment tool, 

which uses the information derived from the transthoracic impedance 

(TTI). CC quality was additionally evaluated measuring the total 

power from the power spectral density analysis of the TTI curve after 

Fast Fourier Transformation (LabChart 8.0, ADInstrumets, UK) (27). 

This served as a measure of variability in CC consistency (CC- 

generated thoracic impedance (Impcc) variability).  

CC providers’ fatigue at the end of the resuscitative maneuvers and 

their perception on the feasibility of CC provision during ambulance 

transport, intended as practicability and safety of the intervention, 

were evaluated using a score on a 10-point scale from 0 (no fatigue or 

intervention 100% feasible) to 10 (maximal physical effort or 

intervention 100% impractical).  
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Arterial blood gases were assessed with i-STAT System (Abbott 

Laboratories, Princeton, NJ). Plasma high-sensitivity cardiac troponin 

T and serum neuron-specific enolase (NSE) were measured with 

electrochemiluminescence assays (Roche Diagnostics, Italy) (25). 

Functional recovery was evaluated before euthanasia according to 

overall performance categories as follows: 1=normal; 2=slight 

disability; 3=severe disability; 4=coma; and 5=brain death or death 

(25). Scores were assessed by veterinarian doctors masked to group 

treatment.  

 

 

Statistical Analysis  

 

Shapiro–Wilk test was used to confirm normal distribution of the data. 

Continuous variables are reported as mean±SEM or median with 

interquartiles [Q1–Q3], as appropriate. Categorical variables were 

described as count and proportion (%). For comparisons between 

time-based measurements within the 2 groups, repeated-measures 

analysis of variance was used. In the case of a significant test result, a 

post-hoc analysis was performed using the Fisher Least Significant 

Difference (LSD) test. For comparisons between groups at the given 

time points, 1-way analysis of variance was used. Non-parametric 

Mann-Whitney U test was used for variables not normally distributed. 

When the dependent variable was categorical, a Fisher exact test was 

used. A P<0.05 (2-tailed) was regarded as statistically significant. 

GraphPad Prism 7.0 (GraphPad Software Inc., La Jolla, CA) was used 

for statistical analyses.  
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The sample size was estimated on the mean CPP. Using CPP values 

from a previous study, (25) (38.5±13.7 mmHg after 5 minutes of 

mechanical CC), and assuming a 50% reduction in the manual CC 

group during transport compared with the mechanical CC, 8 animals 

per group would be needed to have a power=0.8 (a=0.05, 2-sided).  

 

Results  

 

No significant differences in body weight, hemodynamics, EtCO2, 

cardiac function, arterial blood gases, and temperature were observed 

between the 2 groups at baseline (Table 1). No differences in the total 

distance traveled and average speed were noted between the 2 groups, 

as detailed in Table 2.  

 

Hemodynamics During CPR  

During the initial 3 minutes of CC, performed in the static condition, 

CPP was equivalent in the 2 groups. However, coincident with the 

onset of the ambulance movement and throughout the whole transport 

period, CPP was significantly higher in the mechanical CC group 

compared with the manual one (P<0.01, Figure 2).  

Similarly, EtCO2, systolic and diastolic arterial pressures were not 

different in the 2 groups during the static condition, while they were 

significantly higher in the mechanical CC compared with the manual 

one during ambulance transport (P<0.01, Figures 2 and 3). Right atrial 

pressure, instead, significantly increased in the manual CC group 

compared with the mechanical one during transport (P<0.01, Figure 

3).  
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Arterial lactate showed a significantly greater increase in the manual 

CC group compared with mechanical one during the whole CPR 

period (P<0.01, Figure 2).  

No differences in post-resuscitation hemodynamics and arterial lactate 

were observed between the 2 groups (Figures 2 and 3). CPR Quality 

and Feasibility During Transport  

Data on CPR quality and feasibility are summarized in Table 2. CC 

rate was similar in the 2 groups during the overall duration of CPR 

and complied with current guidelines recommendations.2 

Nevertheless, CC rate was constant at 102 per minute in the 

mechanical CC group, while it slightly varied in the manual one over 

time (P<0.01 versus LUCAS CC). The number of CCs delivered per 

minute and the CCF were overall significantly higher in the 

mechanical CC group compared with the manual one during 

ambulance transport. CC was more consistent in the mechanical CC 

group compared with the manual one during the whole period of CPR, 

as represented by a significantly lower variability in the CC-generated 

TTI curve with the use of LUCAS 3 (P<0.01 versus manual CC, Table 

2). More specifically, Impcc variability was similar between the 2 

groups during the static condition, while it was >4-fold greater in the 

manual CC group compared with the mechanical one during transport 

(P<0.01, Figure 4). CPR providers described the manual CC during 

ambulance transport as significantly more physically exhausting 

(P<0.01) and less feasible (P<0.01) compared with the mechanical CC 

(Table 2).  
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CPR Outcome and Survival  

All 8 (100%) animals in the mechanical CC group and 6 (75%) in the 

manual one achieved ROSC (P=0.47, Table 3). Only a single 

defibrillation attempt was required before ROSC in the mechanical 

CC group compared with almost 2 in the manual one (P=0.06, Table 

3).  

No differences in body temperature at ROSC and after resuscitation 

and in the total number of fractured ribs were observed between the 2 

groups (Table 3).  

All the resuscitated animals survived for 72 hours with a complete 

neurological recovery, except 1 in the mechanical CC group, which 

died 4 hours after resuscitation as a consequence of a hypertensive 

pneumothorax occurring during the transfer back to the cage (Table 

3). No differences in post-resuscitation arterial blood gases (Table 4), 

myocardial function, assessed by left ventricular ejection fraction and 

CO, and plasma levels of NSE and high-sensitivity cardiac troponin T 

were observed between the 2 groups (Table 3). Nevertheless, in the 

early post-resuscitation period, a consistently lower high-sensitivity 

cardiac troponin T accompanied by a better ejection fraction and a 

lesser increased left ventricular end-systolic volume was observed in 

animals subjected to mechanical CC compared with those that 

received manual CC (Table 3).  

 

Discussion  

To our knowledge, this is the first investigation describing and 

comparing the hemodynamic support generated by a piston- based 

mechanical CC versus manual CC during ambulance transport in an 
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experimental model of cardiac arrest and CPR. This randomized, 

animal study demonstrated that mechanical CC allowed for a 

significantly greater systemic perfusion during transport, as 

represented by higher CPP, EtCO2, arterial pressure, and better tissue 

oxygenation evident with lower arterial lactate, compared with manual 

CC. During ambulance transport, the use of a mechanical piston 

compression device also accounted for better CC quality, with a lesser 

rescuer’s physical effort requirements, compared with manual 

compression.  

Coronary perfusion pressure is the main determinant of myocardial 

blood flow and threshold levels of CPP have been identified as 

leading predictors of CPR success (7,10,28,29). Indeed, maintaining a 

CPP >20 mmHg has been shown to increase the likelihood of ROSC 

and survival in both preclinical and clinical studies (7,29–31). In the 

present study, a CPP % 20 mmHg was achieved in the manual CC 

group, but >2-fold greater values were observed during mechanical 

CC. CPP generated during CPR have been shown to be directly 

related to the quality of CC and more specifically to the depth (10,32). 

In this study, the quality of compression, derived from the TTI signal 

was suboptimal in the manual CC compared with the mechanical one 

during transport. This might have been likely associated with 

provision of CC with shallow depth, as previously reported in manikin 

studies (22,33). Moreover, right atrial pressure significantly increased 

during ambulance transport in the manual group compared with the 

mechanical one, accounting for the lower CPP. Higher right atrial 

pressure in the manual CC group might have been the consequence of 

the suboptimal CC quality provided, which produced low CO and 
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forward blood flow. A possible rescuers’ leaning on the animal chest 

to warrant a stable position against the vehicle’s movements might be 

another valid explanation (22,23,34). 

Similarly, capnography is another valuable tool to monitor the 

physiological effects of CPR, as it reflects pulmonary blood flow and 

indirectly the CC-generated CO (7,10,35). During prolonged CPR, 

failure to achieve an EtCO2 >10-15 mmHg has shown a strong 

correlation with unsuccessful resuscitation (35–37). In this study, 

EtCO2 achieved the above thresholds, nevertheless, it was 

consistently higher in the mechanical CC group compared with the 

manual one during transport, anticipating a greater effectiveness of 

CC delivered mechanically (10,38,39). Somewhat surprising, during 

the static condition no differences in CPP, EtCO2, and hemodynamics 

were detected between the 2 groups, indicating a manual CC of high 

quality, comparable with that of the mechanical piston device. During 

transport, however, the use of the LUCAS provided a constant and 

reliable CC performance, which resulted in a higher perfusion and 

lesser increase in arterial lactate. The sharper increases in arterial 

pressure after each epinephrine administration in the mechanical CC 

group in contrast to the blunted response in the manual CC provides 

additional evidence of the better hemodynamic support generated by 

mechanical CC during transport (40). 

Adequate CC rate and CCF during CPR have been demonstrated to be 

associated with greater likelihood of ROSC and survival after cardiac 

arrest (2,13,14). Thus, a CC rate between 100 and 120 per minute and 

a CCF of at least 60% 2 have been recommended. In this study, the 

mechanical piston device worked constantly, with a CC rate 
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consistently stable at 102 per minute, with no variance, both in static 

condition and during ambulance transport. In the manual group, the 

CC rate fully complied with current guidelines but showed a greater 

variance, similarly to what has been previously reported on manikins 

(22,23,41,42). In 4 pigs, mechanical CC needed to be interrupted 

immediately after onset of CPR to allow for LUCAS repositioning on 

the chest and this explains the unexpected lower CCF compared with 

the manual CC group noted during the static condition. The high CC 

quality, in terms of CC rate and fraction, in the manual group was 

likely achieved because of the presence of the metronome guide 

provided by the defibrillator. With this feedback, rescuers were able to 

compress the chest with the correct rate, even under the difficult 

condition created by the moving ambulance.  

Deterioration of the manual CC consistency during transport has been 

recognized to be strongly influenced by the ambulance movements 

(23). Indeed, it has been reported that sudden changes in the 

ambulance speed may increase vibrations and induce rescuer’s 

unnecessary movements that potentially impact on CC depth and rate, 

and on forces applied on the patient’s chest (41). Moreover, the 

transport- generated external forces, ie, acceleration, deceleration, 

centrifugal forces in curves, have been shown to make manual CC 

physically more demanding and less effective (22). In a moving 

ambulance, maintaining the standard 2-handed CC technique has been 

also reported to be not feasible for the majority of the transport time, 

since providers are usually forced to perform CC with 1 hand, and the 

other to support themselves (43). Average speed in our study was 

similar in both groups as was the ambulance itinerary. However, in the 
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animals resuscitated manually, episodes of shallow CC, leaning, 

altered duty cycles and compression technique, 1-handed CC, and not 

correct hands position on the chest, were present. In contrast, transport 

seemed to have no effects on mechanical device performance, which 

remained stable and independent from motion influences throughout 

the whole ambulance journey.  

Furthermore, delivery of manual CC in a moving ambulance has been 

described as physically exhausting, not easily reproducible, and 

potentially unsafe by the CPR team involved in this study. Indeed, CC 

performed during transport by an unrestrained provider has been 

considered as a hazardous situation, potentially dangerous for both the 

provider and the patient, and for this the mechanical devices have 

been suggested since they may allow providers to remain seated and 

restrained while CC is delivered (16,23,42,44). In our study, there 

were no injuries, however in several instances during the transport, the 

rescuer’s stable position was compromised and falls or nearby falls 

occurred, worsening the CPR quality. Moreover, additional risks for 

the CC provider might come from the distraction attributable to 

focusing on CC, and unexpected movements of the ambulance (22). 

Besides providing consistent high-quality CC, mechanical 

compression devices might therefore significantly reduce the above 

described risks and improve ambulance safety practices.  

This study has several strengths. The investigation provides evidence 

of hemodynamics generated and maintained in a moving vehicle by 

both a mechanical piston device and manual CC. A great effort was 

done to reproduce a real clinical scenario of ambulance transport with 

ongoing CPR in an urban area, ie, a clinical ambulance with human 
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medical equipment and professional rescuers were used. The study 

results add evidence to the current knowledge gap on mechanical CPR 

devices as claimed in the 2015 International Consensus on CPR (16). 

 

Limitations  

 

Some limitations deserve to be mentioned. The studies were 

conducted in healthy anesthetized animals and therefore in the 

absence of underlying diseases or injuries that are causative of cardiac 

arrest and with potential anesthesia- related effects. Secondly, the time 

of untreated VF was relatively short, ie, 2 minutes, to be comparable 

with a real out-of-hospital cardiac arrest scenario and to account for a 

relevant myocardial ischemia (45.) Nevertheless, the aim of the study 

was to investigate the hemodynamics during CPR in a moving 

ambulance, while effects on survival or long-term outcome will be 

assessed in future studies using more clinically relevant durations of 

no-flow (46). Thirdly, CC depth was not assessed, and thus the impact 

of transport on this CPR parameter can be only speculated based on 

the TTI signal and CPP. However, data on CC depth have been 

already reported in earlier studies performed on manikins, whereas no 

data on hemodynamics have been present yet. Fourthly, our rescuer 

team was well trained for the task requested by the experimental 

protocol and could optimize the CC performance based on the 

resulting arterial pressure and EtCO2 monitored on the defibrillators. 

Thus, it is likely that a CC with a quality superior than current 

standard has been delivered. Nevertheless, effects on hemodynamics 

were still not comparable with those from the LUCAS device during 
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transport. Moreover, in accordance to what was reported in the clinical 

scenario, (43) frequently CC providers had to perform 1-handed CC, 

using the other hand to support themselves and prevent accidental falls 

because of transport-generated external forces (22,41). In these 

instances, the 1-handed CC technique remains the only option to 

perform CC with minimal interruptions, in the absence of devices 

specifically designed to stabilize the provider in a moving ambulance 

(47). Accordingly, the efficacy of the 1-handed CC technique 

compared with the standard 2-handed approach needs future 

investigations. Finally, rescuers focused only on providing 

uninterrupted CC with no need for delivering bag ventilation because 

animals were mechanically ventilated. However, the use of a 

standardized mechanical ventilation in both groups allowed for an 

unbiased comparison of EtCO2 between the 2 CPR strategies.  

 

Conclusions  

 

In this preclinical model of CPR performed in a moving ambulance, a 

piston-based mechanical CC allowed for a significantly greater 

hemodynamic support and systemic perfusion, as represented by 

higher CPP, EtCO2, and arterial pressure, and lower arterial lactate, 

compared with manual CC. Mechanical CC accounted also for a better 

CC quality, with a lesser rescuer’s physical effort requirements, 

compared with manual compression. This study provides evidence to 

suggest and encourage the use of mechanical devices during 

ambulance transport to assure ongoing high-quality CC, tissue 

perfusion, and rescuers’ safety.  
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Figure 1. On the top: a flowchart of the study protocol. On the 

bottom: a view of the ambulance cabin with an ongoing mechanical 

chest compression (CC) on the left and manual CC on right. 

VF, ventricular fibrillation; ROSC, return of spontaneous circulation; 

epi, epinephrine administration.  
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Figure 2. Coronary perfusion pressure (CPP), end tidal CO2 (EtCO2), 

and arterial lactate levels (Lac) at baseline (BL), during 

cardiopulmonary resuscitation, and after return of spontaneous 

circulation (ROSC). 

* p<0.05, **p<0.01 versus manual chest compression.  
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Figure 3. Systolic (SAP) and diastolic (DAP) arterial pressure, and 

right atrial pressure (RAP) at baseline (BL), during cardiopulmonary 

resuscitation, and after return of spontaneous circulation (ROSC). 

* p<0.05, **p<0.01 versus manual chest compression.  
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Figure 4. LUCAS® (on the left) and manual (on the right) chest 

compression-generated transthoracic impedance signal (in green) and 

corresponding arterial pressure (in orange) during cardiopulmonary 

resuscitation performed in static condition (on the top) and in the 

moving ambulance (on the bottom).  

The graphs on the right represent the transthoracic impedance 

variability in the LUCAS® in the manual chest compression during 

the static condition (on the top) and the ambulance transport (on the 

bottom). 

**p<0.01 versus manual chest compression.  
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Table 1. Baseline characteristics 

 
Data are reported in mean±SEM, except for hs-cTnT and NSE that are 

expressed as median [interquartile range]. hs-cTnT indicates 

highsensitivity cardiac troponin T; NSE, neuron-specific enolase.  
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Table 2. Ambulance Itinerary and Cardiopulmonary Resuscitation 

Quality  

 
Data are reported as mean±SEM or median [interquartile range]. CC 

indicates chest compression; CCF, chest compression fraction; CPR, 

cardiopulmonary resuscitation; Imp, impedance. *P<0.01 vs manual; 

†P<0.05.  
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Table 3. CPR Outcomes 
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Table 3. CPR Outcomes 

Data are reported as mean±SEM, except for hs-cTnT and NSE that are 

expressed as median [interquartile range]. CO indicates cardiac 

output; CPR, cardiopulmonary resuscitation; EDV, left ventricular 

end-diastolic volume; EF, left ventricular ejection fraction; ESV, left 

ventricular end-systolic volume; HR, heart rate; hs-cTnT, high- 

sensitivity cardiac troponin T; NSE, neuron-specific enolase; OPC, 

overall performance category; PR, post resuscitation; ROSC, return of 

spontaneous circulation.  
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Table 4. Post-Resuscitation Arterial Blood Gas Analyses  

 
 

Data are reported as mean±SEM. BE indicates base excess; HCO3, 

bicarbonate; PaCO2; arterial carbon dioxide partial pressure; PaO2; 

arterial oxygen partial pressure; PR, post- resuscitation; SpO2, arterial 

oxygen saturation.  
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Rationale: Cardiopulmonary Resuscitation is the cornerstone of 

cardiac arrest (CA) treatment. However, lung injuries associated with 

it have been reported.  

Objectives: To assess 1) the presence and characteristics of lung 

abnormalities induced by Cardiopulmonary Resuscitation and 2) the 

role of mechanical and manual chest compression (CC) in its 

development.  

Methods: This translational study included : 1) a porcine model of 

CA and Cardiopulmonary Resuscitation (n=12), 2) a multicenter 

cohort of out-of-hospital CA patients undergoing mechanical or 

manual CC (n=52). Lung Computed Tomography performed after 

resuscitation was assessed qualitatively and quantitatively along with 

with respiratory mechanics and gas exchanges. 

Measurements and Main Results: The lung weight in the 

mechanical CC group was higher compared to the manual CC group 

in the experimental (431±127 vs 273±66, p=0.022) and clinical study 

(1208±630vs837±306, p=0.006). The mechanical CC group showed 

significantly lower oxygenation (p=0.043) and respiratory system 

compliance (Cpl,rs) (p<0.001) compared to the manual CC group in 

the experimental study. The variation of right atrial pressure was 

significantly higher in the mechanical compared to the manual CC 

group (54±11vs31±6 mmHg, p=0.001) and significantly correlated 

with lung weight (r=0.686, p=0.026) and Cpl,rs (r=-0.634, p=0.027). 

Incidence of abnormal lung density was higher in patients treated with 

mechanical compared to manual CC (37% vs 8%, p=0.018). 

Conclusions: This study demonstrated the presence of 

Cardiopulmonary Resuscitation Associated Lung Edema (CRALE) in 
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animals and in out-of-hospital CA patients, which is more pronounced 

after mechanical- as opposed to manual CC and correlates with higher 

variations of right atrial pressure during CC. 

 

Introduction  

 

Cardiac arrest (CA) is a leading cause of death worldwide (1). Despite 

early initiation of cardiopulmonary resuscitation (CPR) and prompt 

defibrillation have increased the rate of return of spontaneous 

circulation (ROSC), CA outcome remains poor. Only 12% of out-of-

hospital CA patients survive to hospital discharge, and barely 8% of 

these survivors regain good neurological recovery (1). 

 

The high mortality rate after successful resuscitation from CA is 

attributed to the “post-CA syndrome” (2-3); a post-reperfusion state 

characterized by systemic inflammation leading to multiple organ 

dysfunction. Recently, a non-negligible incidence of lung injury in the 

post-CA period has been demonstrated (4-5). Up to 50% CA survivors 

develop acute respiratory distress syndrome (ARDS) within 48h after 

hospital admission, and this early ARDS is associated with hospital 

mortality and poor neurological outcome (4). Indeed, a post-

resuscitation lung protective ventilation strategy is suggested, as low 

tidal volume ventilation may improve neurocognitive outcome after 

CA. In a study comparing a tidal volume lower or higher than 8 ml 

kg−1 in out-of-hospital CA survivors, it was observed that a lower tidal 

volume in the first 48 h post-ROSC was associated with a favorable 

neurological outcome, more ventilator and shock-free days (5).   
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The different risk factors associated with lung injury after CA include 

pulmonary ischemia–reperfusion, aspiration of gastric content, 

pulmonary contusion from chest compression, and systemic 

inflammation (6-8). Autopsy-based comparison between manual and 

mechanical chest compression (CC) revealed that lung lesions are 

present respectively in 4% and 18.6% of patients undergoing manual 

and mechanical CCs respectively (9). Imaging studies using Computed 

Tomography (CT) showed that lung injuries may be detectable in up 

to 79% of patients undergoing CPR (10-11). Despite these 

observations, a radiological (qualitative and quantitative CT scan 

analysis) and functional description of lung abnormalities after CPR is 

lacking, especially after the introduction of mechanical CC. 

Furthermore, pressure applied to the respiratory system generated by 

different CC strategies (mechanical versus manual), has not been 

investigated so far. Accordingly, the aim of this study was to 

systematically assess the presence of lung abnormalities associated 

with cardiopulmonary resuscitation- and to evaluate whether 

mechanical and manual chest compression (CC) could play a different 

role in the development of these in a porcine model of CA. We then 

corroborated our observations in a retrospective multicenter 

observational cohort study including non-traumatic out-of-hospital CA 

patients with a lung CT scan at hospital admission.  

 

Methods 
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This study encompassed two phases. Lung abnormalities were first 

investigated in a porcine model of CA and prolonged mechanical vs 

manual CPR and then in a cohort of out-of-hospital CA patients 

undergoing mechanical or manual CC with a lung CT scan performed 

after resuscitation. 

 

Experimental study  

This is a secondary analysis of a previous study (12). In an ambulance 

transport, pigs in CA were randomized to 18 min of mechanical or 

manual CC. 

After 2 min of CA, continuous CC was started simultaneously to 

unsynchronized mechanical ventilation. Manual CC was provided in 

accordance to 2015 international CPR guidelines (13). Mechanical CC 

was delivered by the LUCAS® 3.0 chest compression system 

(Stryker/Jolife AB, Lund, Physio-Control, Sweden), delivering 

continuous CC (rate: 102±2 per min; depth: 53±2 mm; duty cycle: 

50±5%). Every 5 min during CPR, epinephrine (1 mg) was 

administered. 

Defibrillation was attempted with a biphasic 200-Joule shock. ROSC 

was defined as the presence of sinus rhythm with a mean arterial 

pressure of more than 60 mmHg.  

 

Measurements  

ECG, hemodynamics, EtCO2, were continuously recorded. For each 

minute of CPR the minimum, the maximum and the swing in right 

atrial pressure were computed. The variation of right atrial pressure (Δ 

RAP) was reported as surrogate of intrathoracic pressure (ITP). 
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Dynamic compliance of the respiratory system (Cpl,rs) was assessed. 

Arterial blood gas analyses were obtained. Plasma high‐sensitivity 

cardiac troponin T (hs-cTNT), N-Terminal Pro-Atrial Natriuretic 

Peptide (NTpro-ANP), receptor for advanced glycation end product 

(RAGE) and pulmonary surfactant associated protein D (SPD) were 

measured with ELISA assays.  

 

CT scanning and morphological analysis  

All successfully resuscitated animals underwent lung CT scan at the 

end of resuscitation maneuvers (n=12, mechanical n=6 or manual 

n=6), performed during breath holding at end-expiration. Two 

veterinary radiologists, blind to study groups, assessed lung CT scans 

in order to describe the morphological lung alterations (14).  

 

Clinical study 

This was a multicenter observational, retrospective cohort study. The 

Ethical Committee of each enrolling hospital approved the study 

(Ethical Committee N° 3070). Informed consent was waived from the 

Ethical Committee due to the retrospective observational nature of the 

investigation and CA patients admitted from 2011 to 2019 in the 

intensive care units (ICU) of three hospitals were enrolled. 

Inclusion criteria were adult out-of-hospital non-traumatic CA who 

received manual or mechanical CC with a lung CT scan performed 

within 24h. Exclusion criteria were aspiration pneumonia and/or 

pulmonary embolism.  
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Since CT scan was performed as part of the diagnostic work-up of the 

patients, scans occurred during uninterrupted ventilation, as per 

clinical practice. 

The following clinical data were retrieved from patient electronic 

medical records: 

sex, age, weight, CA characteristics, physiological data including gas 

exchanges and ventilator setting, ICU and hospital length-of-stay and 

hospital mortality. 

 

Lung CT quantitative analysis 

Quantitative analysis of lung CT scans of experimental CAs and out-

of-hospital CA patients were performed using manual segmentation in 

blind and published methods for volume and weight measurements 

(15-17). 

A threshold of 500 HU (17) of mean lung CT was used in order to 

define average lung density as normal (mean lung CT<-500) or below 

normal (mean lung CT ≥-500). 

 

Statistical analysis 

Continuous and categorical data were expressed as mean±standard 

deviation or frequency (percentage), respectively. Differences among 

groups were assessed with parametric or non-parametric tests as 

appropriate. Fisher’s exact test was used for categorical data. In the 

morphological analysis of the CT scan findings, the presence of 

ground glass attenuation (GGA) and airspace consolidation (AC) were 

evaluated in each of the six lung lobes of each animal. In order to 

adjust the model for the within animal correlation, difference among 
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groups in the proportion of GGA and AC was calculated using an 

adjusted logistic regression analysis with robust clustering, where 

GGA and AC were considered as outcome variable, the type of chest 

compressions as exposure variable, and the pigs were considered as 

cluster variable. Correlations between continuous data were explored 

using linear regression analyses. Statistical significance was set at p-

value<0.05 (two-tailed). 

 

Please refer to the online data supplement for detailed methods. 

 

 

Results 

 

Experimental study 

Figure 1 shows a representative CT image of pigs receiving 

mechanical or manual CC; the graph below shows that the mean lung 

weight was significantly higher when a mechanical CC device was 

used. Table 1 shows the morphological analysis of animals’ lung CTs. 

The ground glass attenuation was present in both groups, affecting a 

significantly higher fraction of lobes with diffuse pattern in the 

mechanical CC compared to the manual CC group (83% vs 25%, 

p<0.001). The airspace consolidations were detected more frequently 

in the mechanical CC group compared to the manual CC one (72% vs 

42%, p=0.012). Peribronchovascular thickening, interlobular 

thickening, air bronchogram, pleural effusion and rib fractures were 

not significantly different between the two groups. The proportion of 

animals affected by ground glass attenuation and airspace 
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consolidation stratified by lung lobes is illustrated in Table E1 and 

Figure 2. 

Data regarding the main quantitative CT variables in animals are 

summarized in Table 2. The lung volume was higher in the 

mechanical CC group compared to the manual group (p=0.043). The 

lung weight was higher in the mechanical CC group compared to the 

manual one (p=0.022). The poorly inflated tissue was higher in the 

mechanical CC group compared to the manual one (p=0.023) and 

accordingly the well-inflated tissue was less represented in the 

mechanical CC group (p=0.029). 

The lung density shows a gravitational gradient in both the mechanical 

and manual CC group. The lung density is higher in the mechanical 

versus manual CC group at each gravitational level (treatment effect 

p=0.018, Figure 3, panel A). Furthermore, the mechanical CC group 

shows a higher ventro-dorsal gradient compared to the manual one 

(p<0.05, Figure 3, panel B). 

The PaO2/FiO2 was significantly lower in the mechanical CC group 

compared to the manual group overtime (group-by-time interaction 

p=0.043) (Figure 4A) with return to baseline values 3h after ROSC. 

The PaCO2 was higher in the mechanical CC group compared to the 

manual one (group-by-time interaction p<0.001) (Figure 4B). Cpl,rs 

decreased significantly after CPR, with a more severe decline in the 

mechanical CC group compared to the manual one (group-by-time 

interaction p<0.001) (Figure 4C). Furthermore, the Cpl,rs was 

negatively associated with both total lung weight (r=-0.723, p=0.008) 

(Figure E1A) and total lung volume (r=-0.691, p=0.013) (Figure 

E1B). 
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The variation of right atrial pressure (Δ RAP) generated by CCs is 

represented in Figure 5A. Higher Δ RAP during CC was observed in 

the mechanical CC group compared to the manual CC group (54±11 

vs 31±6 mmHg, p=0.001). Δ RAP was positively correlated to the 

lung weight (r=0.686, p=0.026) (Figure 5B) and negatively correlated 

to the Cpl,rs (r=-0.634, p=0.027) (Figure 5C). A representative image 

of the RAP waveform during CC is reported in Figure E2; differences 

in ΔRAP between the two groups over 18 min CPR is reported in 

Figure E3. Hemodynamics and plasmatic levels of biomarkers over 

time together with lung histology at 72 hours after ROSC did not 

show significant changes among groups (Table E2, Figure E4-E5). 

 

 

Clinical study 

During the observation period, 52 patients received a lung CT scan 

within 24h from CA. Patients’ demographic and outcome data are 

reported in Table 3. CA patients undergoing mechanical CC were 

significantly younger (p=0.009) and with a 2-fold higher low-flow 

time (p<0.001) compared to the group receiving manual CC. Ten out 

of 16 patients receiving mechanical CC underwent veno-arterial 

extracorporeal membrane oxygenation (v-a ECMO) while none of the 

patients in the manual CC group was treated with v-a ECMO 

(p<0.001).  

Quantitative analysis of CT scans revealed that mean lung weight was 

significantly higher in the mechanical CC group compared to manual 

group (p=0.006)  (Table 4). The lung volume and the lung gas volume 

did not differ among the two groups. The amount of not inflated lung 
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tissue was significantly higher in the mechanical CC group compared 

to the manual one (p=0.025), the poorly inflated lung tissue was 

higher in the mechanical CC group (p=0.007) while the well inflated 

lung tissue was less represented in the mechanical compared to 

manual group (p=0.006).  

Table 5 shows the first arterial blood gas analysis and ventilator 

setting of CA patients at ICU admission and after 24 h. pH, base 

excess and lactate level were significantly higher in the mechanical 

CC group compared to the manual one. Mechanical CC treated 

patients showed a lower PaO2/FiO2 compared to the manual CC group 

at ICU admission (p=0.013) and at 24 h (p=0.027). Hemodynamics at 

ICU admission are represented in table E4. 

 

Exploratory incidence of abnormal lung density in the preclinical 

and clinical investigation 

In the experimental study we observed a higher incidence of abnormal 

lung density in the mechanical compared to the manual CC group, 

despite a non statistical significance (4/6 versus 1/6, 67% versus 17%, 

p=0.242). 

In the clinical study, we confirmed a significantly higher proportion of 

abnormal lung density in the mechanical CC group (6/16 versus 3/36, 

37% versus 8%, p=0.018). We explored the role of age and low-flow 

time on abnormal lung density as they differ between mechanical 

versus manual CC group (Table 3). We observed that mechanical CC 

(OR 6.6; 95%CI, 1.39–31.28; p=0.017) and a trend to a prolonged low 

flow time (OR 4.42; 95%CI, 0.82–23.79; p=0.083) were associated to 

a higher risk of abnormal lung density (Table E4A). These findings 
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were confirmed using mean lung CT as outcome variable (Table 

E4B). 

We further investigated in 4 independent linear regression models 

(Model A-D) the association between low-flow time and type of CC 

with the mean lung CT (Table E5). To include interdependency 

among the 4 groups of patients, we performed a non-parametric 

analysis. Patients undergoing mechanical CC with a prolonged CPR 

showed a significantly higher mean lung density than patients 

undergoing manual CC with a shorter low-flow time (p<0.01), and a 

trend to a higher mean lung density compared to patients undergoing 

manual CC with a prolonged low-flow time (p=0.080) (Figure 6). 

 

Discussion 

 

In this translational study we provide a comprehensive description of 

lung abnormalities following cardiopulmonary resuscitation, with 

similar techniques, in both pigs and humans. The consistent clinical 

and experimental findings allow us to introduce the concept of 

“Cardiopulmonary-Resuscitation Associated Lung Edema” (CRALE), 

as detailed in the following paragraphs. In a preclinical model of CA 

in pigs, CPR caused lung abnormalities that were more prominent 

after mechanical CC compared to manual CC. Mechanical CC led to 

increased lung weight, reduced lung aeration, and reduced 

oxygenation and compliance compared to the manual CC strategy. 

The intensity of intrathoracic pressure swings generated by 

mechanical CC (assessed by variation in right atrial pressure) was 

associated with higher lung weight and reduced Cpl,rs. The clinical 
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study confirmed that presence of increased lung density was more 

frequent after mechanical versus manual CC (37% versus 8%, 

respectively) in keeping with what observed in the animals (67% 

versus 17%, respectively). Moreover, the lung weight and the amount 

of not aerated lung tissue were markedly increased when a mechanical 

CC strategy was used. This was accompanied by a lower PaO2/FiO2, 

even with a higher PEEP level. 

 

Comparison with existing literature 

In CA patients lung damage related to CPR has been described since 

the 80’s (18). Lung injuries detected by CT scan seem frequent 

complication in CA patients who undergo CPR (11-12). An autopsy-

based study demonstrated that mechanical CC leads more often to 

lung lesions compared to manual CC (10). However, these findings 

are not unanimously reported (19-22). Moreover, the only randomized 

non-inferiority safety study comparing mechanical or manual CC, 

revealed that LUCAS did not cause significantly more serious or life-

threatening visceral damage than manual CC (23). Indeed, also in this 

study mechanical CC did not cause lifethreating injuries in both 

animals and humans. 

Liu and colleagues described the radiological finding of ground-glass 

attenuation in pigs 6h after manual resuscitation from either 5 or 10 

min of CA (7). Moreover, the authors described the presence of 

histopathological changes resembled as alveolar flooding, 

inflammatory cells (i.e. neutrophils), and alveolar barrier disruption 

suggested by the presence of erythrocytes in the alveolar spaces 

proportional with the duration of CA (7,8). These experimental 
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studies, however, did not address the effect of mechanical or manual 

CC.  

 

Characterization of CRALE 

In our model, 18 min of CPR led to increased airspace consolidation 

and ground-glass attenuation in pigs treated with mechanical CC 

compared to the manual CC group. Further quantitative CT scan 

analyses were performed after the qualitative ones: these showed that 

the aeration loss was accompanied by increased lung weight and 

gravitational gradient, suggesting the presence of lung edema as 

opposed to sole atelectasis.  

In line with the morphological and quantitative lung alterations, gas 

exchange and respiratory mechanics were impaired during CPR and 

early after ROSC especially in the mechanical CC treated animals. 

The compliance of the respiratory system has been reported to 

decrease after CC, regardless of the technique used (24-26). The 

aetiology of changes in lung compliance is multifactorial. In our 

experimental model of CA, mechanical CC treated pigs showed a 

greater reduction in Cpl,rs 10 min after ROSC together with a higher 

lung weight and lung volume compared to the manual CC group. 

These observations suggest an increase in the total amount of fluid in 

the lung. In addition, a lower PaO2/FiO2 was observed in the 

mechanical CC group compared to the manual one during CPR, at 

ROSC and up to one hour later, to then recover in the subsequent two 

hours of observation.  

The findings in the cohort of out-of-hospital CA patients were 

consistent with the animal results. A higher lung weight and amount 
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of not inflated and poorly inflated lung tissue was detected in the 

mechanical CC group by the quantitative  lung CT scan.  

 

Etiology of CRALE 

Several possible mechanisms might explain the genesis of CRALE 

and the greater severity of lung abnormalities in mechanical CC 

treated animals.  

At first, a reduction in lung volume occurs during CC, indeed lung 

volume during CC is between Functional Residual Capacity (FRC) 

and residual volume (27), possibly causing alveolar decrecruitment, 

atelectrauma and hence aeration and compliance loss.  

However, the fundamental role of transmural vascular pressures 

generated by mechanical CC, in contrast to manual CC, must be taken 

into account (28-30). In fact ΔRAP during CPR was positively 

correlated with lung weight and negatively correlated with 

compliance. This association could also explain the difference among 

the study groups in lung weight, which is majorly exposed to high 

pressure swings and negative pressures during the CCs using a 

mechanical device for CPR. The better hemodynamics generated by 

the piston-based device might reflect also on the pulmonary blood 

flow, leading to vascular congestion, as shown in a different setting by 

Katira et al (31).  Pulmonary edema in patients generated by negative 

intrathoracic pressure has been previously reported (32-34). When the 

interstitial pressures become negative the hydrostatic pressure gradient 

increases leading to transcapillary flow with alveolar flooding (35) 

and inflammation (36). Interestingly, Scharf et al demonstrated that 

negative-pressure pulmonary edema is more pronounced in patients 
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with myocardial dysfunction (37). The transient nature of CRALE and 

the lack of difference in biochemical or histological markers of 

epithelial lung injury favours the hypothesis of an hydrostatic nature 

of the edema as opposed to increased permeabilty. 

Recently, the concept of patient-self inflicted lung injury has 

highlighted the possible harmful role of the spontaneous patient effort 

on the development of lung injury. In the presence of acute respiratory 

failure, the patient’s effort leads to extremely low intrathoracic 

pressure to correct impaired gas exchanges. Although in a different 

clinical scenario, we believe that CRALE and P-SILI may share the 

pathophysiological pathway of the negative intrathoracic pressure 

(38).  

Given that the exact mechanisms are still to be identified and that 

potential confounders exist (e.g. ischemia/reperfusion (39) and 

hyperoxia (40) inducing lung injury and atelectasis (41)) it appears 

more appropriate to consider the edema “associated to-“ as opposed to 

“induced by-“ CPR . 

 

Streghts and limitations 

The experimental study was performed in a scenario simulating a real 

clinical challenge such as the management of CPR after CA during 

ambulance transportation, increasing the translation to humans of the 

experimental findings. Another point of strength is represented by the 

novelty, since to our knowledge this is the first report describing a 

comprehensive assessment of lung CT scan with qualitative and 

quantitative analyses after experimental and clinical CPR.  



 

86 

Several limitations must also be achnowledged. Firstly, it represents a 

secondary analysis of a randomized preclinical study aimed to 

compare the hemodynamic effect of mechanical and manual CC 

strategy, where the pleural pressure was not directly measured; 

however, CT scan were prospectively obtained with the aim of assess 

lung aeration and weight. Moreover, biological assessment of lung 

edema fluid was not available, in order to assess alveolar permeability 

and inflammation. Secondly, only one ventilation strategy was tested. 

Whether the role of unsynchronized ventilation is prevalent over CC 

itself in causing lung injury cannot be excluded and need further 

studies. Future work is necessary to identify the optimal ventilation 

strategy and PEEP setting during mechanical CC. Thirdly, we cannot 

also exclude that the ventilator used accounted for the generation of a 

closed circuit with the animals airway, similarly to the impedance 

threshold device (41), ultimately decreasing ITP during CC release 

and the subsequent lung edema.   

The main limitation of the clinical study is the retrospective 

observational design, which accounted for a great heterogeneity of the 

out-of-hospital CA population studied.  Patients undergoing 

mechanical CC were subjected to a significantly longer CPR time and 

showed a significantly higher proportion of extracorporeal life 

support. Based on local clinical protocols, mechanical CC is used 

mainly in CA patients candidate for extracorporeal life support, which 

is applied in the instance of refractory CA after an interval of at least 

15 min of CPR. The presence of both factors was associated with 

CRALE, but the contribution of each factor has yet to be elucidated. 
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Moreover, in these patient data on how ventilation during CC was 

provided are missing. Heterogeneous clinical practice has been 

reported in ventilator setting and monitoring during CPR, with 

significant divergence from international recommendations (42). The 

importance of mechanical ventilation during CPR is suggested to play 

a key role on outcomes after out-of-hospital CA (43).  

Another limitation of the clinical study is that the majority of patients 

undergoing mechanical CC were candidate for venous-arterial (V-A) 

ECMO. Lung CT scan was performed when V-A ECMO was already 

placed. V-A ECMO significantly reduces pulmonary perfusion of the 

lung with a relative increase of the ventilation perfusion ratio and the 

potential risk of alveolar alkalosis which could decrease the alveolar 

fluid reabsorption (44). 

 

Conclusion 

In conclusion, our observations highlight the presence of lung 

abnormalities, likely representing a Cardiopulmonary-Associated 

Lung Edema (CRALE) which were more pronounced after 

mechanical versus manual CC, with a derangement in mechanical 

properties and gas exchange. These alterations are transient and 

appear related with the intensity of intratoracic pressure swings during 

CC. Further reasarch should be focused on the identification of the 

optimal ventilation strategy in order to prevent or reduce the 

occurence of CRALE.  
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Table 1. Lung morphological CT-scan analysis in the experimental 

study 

 

 

 

 

 

 Manual CC 

(n=6) 

Mechanical CC 

(n=6) 
p-value 

Ground Glass Attenuation  36 lung lobes 36 lung lobes  

Presence, n (%) 

• Local, n (%) 

• Diffuse, n (%) 

28/36 (78) 

19/36 (53) 

9/36 (25) 

34/36 (94) 

4/36 (11) 

30/36 (83) 

0.144 

<0.001 

<0.001 

Airspace consolidation 36 lung lobes 36 lung lobes  

Presence, n (%) 

• Local, n (%) 

• Diffuse, n (%) 

15/36 (42) 

7/36 (19) 

8/36 (22) 

26/36 (72) 

11/36 (30) 

15/36 (42) 

0.012 

0.342 

0.147 

Peribronchovascular 

thickening, n (%) 
4/6 (67) 4/6 (67) 1.000 

Interlobular septal 

thickening, n (%) 
1/6 (17) 5/6 (83) 0.080 

Air bronchogram, n (%) 3/6 (50) 6/6 (100) 0.182 

Pleural effusion, n (%)    

• Right 0/6 (0) 1/6 (17) 1.000 

• Left 0/6 (0) 0/6 (0) / 

• Bilateral 0/6 (0) 0/6 (0) / 
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Bone fractures and 

dislocations, n (%) 

Rib fractures 

• Incomplete 

• Complete 

- Compound 

- Dislodged 

Sterno-costal dislocation 

 

 

 

4/6 (67) 

 

3/6 (50) 

4/6 (67) 

1/6 (17) 

 

 

 

5/6 (83) 

 

5/6 (83) 

2/6 (33) 

1/6 (17) 

 

 

 

1.000 

 

0.545 

0.567 

1.000 
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Table 2. Lung CT-scan quantitative analysis in the experimental study 

 

 Manual CC 

(n=6) 

Mechanical CC 

(n=6) 
p-value 

Lung density, HU -548±45 -457±74 0.028 

Lung volume, mL  601±111 782±157 0.043 

Lung gas Volume, 

mL  
327±55 352±65 0.498 

Lung weight, g 273±66 431±127 0.022 

Not inflated lung 

tissue, % 
2±3 9±9 0.100 

Poorly inflated lung 

tissue, % 
32±11 49±11 0.023 

Well inflated lung 

tissue, % 
66±13 41±20 0.029 

Data expressed as mean±SD. 
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Table 3. Baseline characteristics and outcomes of out-of-hospital CA 

patients. 

 

 Manual 

CC 

(n=36) 

Mechanical 

CC 

(n=16) 

p-value 

Demographic Characteristics    

Age, years (mean±SD) 63±13 52±17 0.009 

Gender, M/F, % 22/14 

(61/39) 
10/6 (63/37) 1.000 

Weight, kg 74±18 78±16 0.223 

Cardiac Arrest Characteristics    

Bystander-performed CPR, n (%) 22 (61) 12 (75) 0.528 

No-flow time, min (mean±SD) 5±4 3±4 0.123 

Low-flow time, min (mean±SD) 22±11 55±26 <0.001 

First monitored rhythm, n (%) 

• Shockable 

• Non-shockable 

 

17/36 

(47) 

19/36 

(53) 

 

6/16 (38) 

10/16 (62) 

0.560 

 

Hospital procedures    

ECMO v-a, n (%) 0 (0) 10 (62) <0.001 

IABP, n (%) 0 (0) 1 (6) 0.300 

Coronary angiography, n (%) 19 (53) 8 (50) 1.000 

Cardiac surgery, n (%) 0 (0) 1 (6) 0.300 

Targeted temperature management, n 

(%) 
23 (64) 16 (100) 0.709 

Outcomes    
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ICU-Length of Stay, n 6±8 10±26 0.120 

Hospital length of stay,  16±23 14±36 0.010 

Survival to hospital discharge, n (%) 13 (36) 2 (13) 0.106 

Cerebral Performance Category at 6-

month follow-up, n (%) 

• 1 

• 2 

• 3 

• 4 

• 5 

 

 

13 (36) 

0 (0) 

0 (0) 

0 (0) 

21 (58) 

 

 

2 (13) 

0 (0) 

0 (0) 

0 (0) 

14 (87) 

0.106 

 

 

 

 

 

 

M=male; F=female; CPR=cardiopulmonary resuscitation; 

ECMO=extracorporeal membrane oxygenation; IABP=intra-aortic 

balloon pump; ICU=intensive care unit. 
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Table 4. Lung CT-scan quantitative analysis in out-of-hospital cardiac 

arrest patients. 

 

 Manual CC 

(n=36) 

Mechanical CC 

(n=16) 
p-value 

Lung density, HU -663±97 -541±171 0.002 

Lung volume, mL  2534±917 2613±812 0.617 

Lung gas volume, mL  1698±733 1405±631 0.172 

Lung weight, g 837±306 1208±630 0.006 

Not inflated lung tissue, 

% 
1±4 9±15 0.025 

Poorly inflated lung 

tissue, % 
10±13 21±15 0.007 

Well inflated lung 

tissue, % 
89±15 69±28 0.006 

Data expressed as mean±SD. 
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Table 5. Arterial blood gas analyses and respiratory variables of out-

of-hospital cardiac arrest patients. 

 Manual CC 

(n=36) 

Mechanical CC 

(n=16) 
p 

Arterial blood gas 

analysis at ICU 

admission 

   

pH  7.336±0.11 7.214±0.21 0.025 

PaCO2, mmHg 38±8 43±12 0.060 

PaO2/FiO2  328±132 232±103 0.013 

BE, mmol/L -5.3±5.6 -9.6±7 0.028 

Lactate, mmol/L 3.9±4 7.7±6 0.015 

Ventilatory setting at 

ICU admission 
   

Tidal volume, ml 509±77 527±56 0.197 

Peak inspiratory 

pressure, cmH2O 
23±5 26±7 0.214 

Respiratory rate 15±3 9±7 <0.001 

FiO2, % 48±14 71±20 0.028 

PEEP, cmH2O 6.1±1.5 7.5±3.0 <0.001 

Arterial blood gas 

analysis 24h after ICU 

admission 

   

pH 7.42±0.06 7.404±0.06 0.403 

PaCO2, mmHg 37±6 39±5 0.352 

PaO2/FiO2  344±95 263±106 0.027 

BE, mmol/L -0.5±3.6 -0.44±3.7 0.825 

Lactate, mmol/L 2±1.9 2.6±2.3 0.126 

Ventilatory setting 24    
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h after ICU admission 

Tidal volume, ml 496±102 532±93 0.367 

Peak inspiratory 

pressure, cmH2O 
20±7 22±4 0.368 

Respiratory rate 14±4 8±4 <0.001 

PEEP, cmH2O 7.0±2.0 9±3.2 0.021 

FiO2, % 40±16 58±21 <0.001 

Data expressed as mean±SD. FiO2 of the natural lung (equal or lower 

that the FiO2 of the membrane lung) was used to calculate the 

PaO2/FiO2 in patients with ECMO in the mechanical CC group. 
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Figure legends 

 

Figure 1. Representative CT images of cranial (A) and caudal (B) 

lung lobes in the mechanical CC (right panels) and in the manual CC 

(left panels) treated pigs. In the bottom graph (C), differences in the 

lung weight estimated by CT scan analysis among the experimental 

groups. L=left lung side. 

 

Figure 2. Morphological distribution of the lung abnormailties 

stratified by lung lobes and reported as proportion of animals with 

ground glass attenuation (GGA) and airspace consolidation (AC). In 

A, lung lobe anatomy in pigs. In B and C, GGA in manual and 

mechanical CC group, respectively. In D and E, AC in manual and 

mechanical CC group, respectively.  

 

Figure 3. Differences of lung tissue density among groups at each 

gravitational level expressed as thirds of the lung sterno-costal height 

from the ventral to the dorsal lung areas (A). Difference in the 

gradient of lung density from the ventral to the dorsal regions among 

groups (B). The gradient of lung density was calculates as (Ventral 

HU-Dorsal HU)/(ventral HU)*100. *, p<0.05; **, p<0.01. 

 

Figure 4. Differences of PaO2/FiO2 (A) and PaCO2 (B) between the 

groups at baseline, during CPR and within 3 hours after ROSC. 

Differences of dynamic respiratory compliance (Cpl,rs) between the 

groups at baseline and at 3 hours after ROSC (C). In A and B data are 

expressed as whisker plots. In C data are represented as mean±SD. 
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Group-by-time interaction p-value of the repeated measurements two-

way ANOVA was reported. In A, at 5 minutes post-ROSC there was a 

trend in the difference of PaO2/FiO2 between the study groups 

(p=0.068). *p<0.05, **p<0.01, and ***p<0.001 versus Manual group. 

 

Figure 5. A) Differences of right atrial pressure variation (ΔRAP) 

between the two animal groups. Association of ΔRAP with lung 

weight (B) and dynamic compliance of the respiratory system (C). In 

A data are expressed as mean ± SD. Duration of exposure to ΔRAP is 

the same for both experimental groups. In B and C the continuous line 

represents the best fit line of the linear regression with the 95% CI 

represented with dashed lines. 

 

Figure 6. Differences of mean lung CT between 4 groups of out-of-

hospital cardiac arrest patients stratified by type of CPR and length of 

low-flow time. Overall difference among groups was tested using a 

Kruskal-Wallis test. Post-hoc pairwise comparisons among groups 

were tested using Mann-Whitney U test. CT, computed tomography; 

HU, Hounsfield unit; CC, chest compression. **, p<0.01. 
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Figure 1 

 
Figure 2 
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Figure 3 
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Figure 5 

 
 

Figure 6 
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Online Data Supplement 

 

 

Methods 

This translational study was conducted 1) in a porcine model of CA 

and prolonged CPR; 2) in a cohort of out-of-hospital CA patients 

undergoing manual or mechanical CC with a lung CT scan performed 

after resuscitation. 

 

Experimental study  

This is a secondary analysis of a previously published preclinical 

study (E1) comparing the hemodynamic effect of mechanical versus 

manual CC during ambulance transportation. We studied twelve 

successfully resuscitated pigs randomized to mechanical (n=6) or 

manual (n=6) CC with a thoracic CT scan performed at the end of 

resuscitation maneuvers. 

 

Ethic statement 

Procedures involving animals and their care were conducted in 

conformity with the institutional guidelines at the Istituto di Ricerche 

Farmacologiche Mario Negri IRCCS (IRFMN) and Azienda Polo 

Veterinario di Lodi, Università degli studi di Milano which adheres to 

the principles set out in the following laws, regulations, and policies 

governing the care and use of laboratory animals: Italian Governing 

Law (D.lgs 26/2014; Authorization n.19/2008-A issued March 6, 2008 

by Ministry of Health); Mario Negri Institutional Regulations and 

Policies providing internal authorization for persons conducting 
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animal experiments (Quality Management System Certificate – UNI 

EN ISO 9001:2008 – Reg. N° 6121); the EU directives and guidelines 

(EEC Council Directive 2010/63/UE). They were reviewed and 

approved by the Mario Negri and Università di Milano Institute of 

Animal Care and Use Committee, which includes ad hoc members for 

ethical issues, and by the Italian Ministry of Health (Decreto no. 

26/2014, authorization no. 979/2017-PR). Animal facilities meet 

international standards and are regularly checked by a certified 

veterinarian who is responsible for health monitoring, animal welfare 

supervision, experimental protocols and review of procedures. 

 

Animal preparation 

Twelve male domestic swine (34.0 ± 1.4 kg) were fasted with free 

water access the night before the experiments. Anesthesia was induced 

by intramuscular injection of ketamine (20 mg/kg) followed by 

intravenous administration of propofol (2 mg/kg) and sufentanyl (0.3 

µg/kg) through an ear vein access. Anesthesia was maintained with a 

continuous intravenous infusion of propofol (4-8 mg/kg/h) and 

sufentanyl (0.3 µg/kg/h). A cuffed endotracheal tube was placed, and 

animals were mechanically ventilated in volume-controlled mode with 

a tidal volume of 15 mL/kg, a fraction of inspired oxygen (FiO2) of 

0.21, and a positive-end expiratory pressure of 5 cmH2O, I:E 1:2 at 

baseline (Bellavista 1000, IMT Medical, Switzerland). Respiratory 

rate was adjusted to maintain the end-tidal partial pressure of carbon 

dioxide (EtCO2) between 35 and 40 mmHg, using an infrared 

capnometer (LIFEPAK® 15 monitor/defibrillator, Physio-Control, 

WA, USA). For measurements of aortic pressure and right atrial 
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pressure fluid-filled 7F catheters were used. Frontal plane 

electrocardiogram (ECG) was recorded. 

 

Experimental procedure  

Animals were randomized by the sealed envelope method to receive 

mechanical or manual CC, before the induction of cardiac arrest. 1-2 

mA alternating current delivered to the endocardium of the right 

ventricle was used to induce ventricular fibrillation (VF). Mechanical 

ventilation was discontinued after onset of VF and the endotracheal 

tube was left open to room air. After 2 min of untreated VF, 

continuous CC with one of the two strategies (mechanical or manual) 

was started and performed for 18 min during ambulance 

transportation. Unsynchronized mechanical ventilation was resumed 

simultaneously to CC, with the following parameters: volume-

controlled mode with tidal volume of 15 mL/kg, respiratory rate of 10 

breaths/min, inspiratory to expiratory ratio (I:E) 1 to 1.5, FiO2 of 1.0 

and zero positive end-expiratory pressure (ZEEP) (Oxylog 1000, 

Dräger, Lübeck, Germany). Every 5 min during CPR, epinephrine (1 

mg) was administered via the right atrium, while arterial blood 

samples were obtained. Manual CC was provided in accordance to 

2015 international CPR guidelines (E2). Mechanical CC was 

delivered by the LUCAS® 3.0 chest compression system 

(Stryker/Jolife AB, Lund, Physio-Control, Sweden), which delivers 

continuous CC (rate: 102±2 per min; depth: 53±2 mm; duty cycle: 

50±5%). In the first 3 min of CPR the ambulance was stationary, for 

the following 15 min the ambulance moved along a predefined 

itinerary inside the veterinary campus.  
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After the 18-min interval of CPR, defibrillation was attempted with a 

single biphasic 200-Joule shock, using a LIFEPAK® 15 

monitor/defibrillator. Return of spontaneous circulation (ROSC) was 

defined as the presence of sinus rhythm with a mean arterial pressure 

(MAP) of more than 60 mmHg. If ROSC was not achieved, CPR was 

resumed and continued for 1 min prior to a subsequent defibrillation 

with an escalating energy strategy (300-360-J). If VF reoccurred after 

ROSC, an immediate defibrillation was delivered. The same 

resuscitation protocol was continued until successful resuscitation or 

for a maximum of 5 additional min. 10 min after ROSC a lung 

computed tomography (CT) was performed and then animals were 

monitored for additional 3 h, under anesthesia. A continuous infusion 

of propofol (4-8 mg/kg/h) and sufentanyl (0.3 µg/kg/h) was provided 

through an ear vein access. Post ROSC mechanical ventilation was 

provided using volume-controlled mode with the following 

parameters: tidal volume 15 mL/kg, positive-end expiratory pressure 

of 5 cmH2O, I:E 1:2, a fraction of inspired oxygen (FiO2) of 0.21-0.4 

(Bellavista 1000, IMT Medical, Switzerland). 

 

Measurements 

ECG, hemodynamics (arterial and right atrial pressures), EtCO2, and 

esophageal temperature were continuously recorded with two 

LIFEPAK® 15 monitor/defibrillators. All data were then stored on 

CODE-STAT 9.0 (Physio-Control, WA, USA) and exported as 

comma separated values (.csv) to LabChart 8.0 (ADInstruments, UK) 

for the analysis. For each minute of CPR the minimum, the maximum 

and the swing in right atrial pressure were computed. The variation of 
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right atrial pressure (Δ RAP) was reported as surrogate of 

intrathoracic pressure (ITP). Compliance of the respiratory system 

(Cpl,rs) was assessed at baseline and up to 3h after ROSC using 

dynamic compliance calculated using recursive least square algorithm, 

with a sample rate of 200Hz by the ventilator (Bellavista 1000, IMT 

Medical, Switzerland). Arterial blood gas analyses were assessed with 

i-STAT System (Abbott Laboratories, Princeton, NJ).  

When blood was withdrawn from the animals, it was immediately 

centrifuged, and plasma was aliquoted (200 µl) and stored at -70°C for 

biomarker assays. Hs-cTnT was measured with an 

electrochemiluminescence assay (Cobas, Roche Diagnostics, 

Rotkreuz, CH). NT-proANP was assayed with a validated ELISA kit 

(Biomedica BI-20892, Wien, Austria) following the manufacturer’s 

recommendations. Porcine Receptor for advanced glycation end 

products (RAGE) and Porcine Pulmonary Surfactant Associated 

Protein D (SPD) were measured with quantitative competitive 

immunoassay (ABclonal, Cliniscience, Rome, Italy). 

 

Autopsy 

At the end of the 72‐hour post resuscitation observation, animals were 

anesthetized for echocardiographic examination and blood sample 

withdrawn. Animals were then euthanized painlessly with an 

intravenous injection of 150 mg/kg sodium thiopental. Lung tissue 

samples were excised from the ventral portion of the caudal left lobe, 

with careful dissection from surrounding tissues. Lung tissues were 

fixed by immersion in 10% formalin for at least 24 h then embedded 

in paraffin. Five-µm thick sections were obtained and stained with 
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hematoxylin-eosin. The extent of histologic lung damage (i.e. lung 

tissue versus alveolar airspace) was determined using quantitative 

stereological techniques as previously reported (E3). 

 

CT scanning  

At the end of the resuscitation maneuvers, a chest computerized 

tomography (CT) was performed with a 16-slices helical CT scanner 

(GE Brightspeed Elite®, GE Healthcare, Italy) using the following 

parameters: 1.25 slice thickness, tube current 220 mA, tube voltage 

120 kV, scan speed 1 s/rotation, 0.938:1 pitch, 18.75 mm/rot. The 

images were reconstructed with a window setting for the evaluation of 

the lung parenchyma (level -700 HU; width: 1500 HU) and bone 

tissue (level: 600 HU; width: 3000 HU). 

Lung CT scans were performed during breath holding at end-

expiration at 5 cmH2O, with subjects in dorsal recumbency and no 

contrast media was used. The OsiriX 10.0 software (Pixmeo, 

Switzerland) was used to perform the morphological analysis of the 

lung parenchyma. 

 

Lung CT morphological analysis 

Two veterinary radiologists, blind to study group assessed lung CT 

scans in order to describe the presence of the following lung findings: 

ground-glass attenuation, airspace consolidation, peribronchovascular 

thickening, interlobular septal thickening, air-bronchogram, and 

pleural effusion. Ground-glass attenuation and airspace consolidation 

were defined as an increased attenuation respectively without or with 

obscuration of the underlying vasculature. An air-bronchogram was 
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defined as an air-filled bronchus, which could be visualized in the 

parenchymal opacity (E4). Ground-glass attenuation and airspace 

consolidation were described in a scale from 0 to 2 as 0=absent, 

1=local, 2=diffuse. Rib and sternal fractures were described. 

 

Clinical study 

This was a multicenter observational, retrospective cohort study 

conducted according to the Declaration of Helsinki and followed the 

Italian guidelines of good clinical practice and Data Protection Code. 

We recorded patient personal information anonymously using an 

alpha-numeric code and we filed patient data electronically. 

We collected the clinical records of out-of-hospital CA patients 

admitted from 2011-01-01 to 2019-12-01 in the Intensive Care Units 

(ICU) of three different Italian hospitals (University Hospital San 

Gerardo, Monza; University Hospital IRCCS Ospedale Maggiore 

Policlinico, Milano; and University Hospital ASST Grande Ospedale 

Metropolitano Niguarda, Milano). The promoting center of the study 

was University Hospital San Gerardo in Monza. 

The Ethical Committee Monza-Brianza Province, ASST Monza–

Ospedale San Gerardo–Anestesia e Rianimazione, Monza, Italy 

(promoting center, Ethical Committee Monza N° 3070) and the 

Ethical Committee of the two collaborating centers (University 

Hospital IRCCS Ospedale Maggiore Policlinico, Milano Ethical 

Committee N° 935_2019, and University Hospital ASST Grande 

Ospedale Metropolitano Niguarda, Milano Ethical Committee N° 181-

15042020) approved this study. Informed consent was waived based 
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on the retrospective observational nature of the investigation and as 

per approval of internal Ethical Committee. 

The inclusion criteria were adult patients with out-of-hospital CA of 

non-traumatic origin who received CPR with either manual or 

mechanical CCs and underwent a lung CT scan within 24h from the 

cardiac arrest. Exclusion criteria were presence of aspiration 

pneumonia, pulmonary thromboembolism, lung cancer, chronic 

pulmonary diseases and lung CT scan performed after 24 hours of CA. 

The following clinical data were retrieved from patient electronic 

medical records: 

sex, age, weight, CA characteristics, physiological data including 

hemodynamics, gas exchanges and ventilator setting, ICU and hospital 

length-of-stay, hospital mortality. 

 

Patients CT scanning 

We analyzed lung CT scan performed at three different institutions. 

Each CT had been requested by the treating physicians as part of the 

diagnostic work-up of the patient. 

Two helical multislice CT-scanners were used: Philips Tomoscan SR 

7000 (Philips Medical Systems, Hamburg, Germany: 120 kV tube 

voltage, 165 mA/s tube current) and Somatom Definition Flash 

(Siemens, Munich, Germany: 120 kV voltage 110 mA/second tube 

current). 

Different reconstruction methods were used during routine clinical 

imaging. Contiguous images were reconstructed with both 2 and 3 

mm slice thickness. In patients who received contrast material, only 

baseline CT scan images without contrast were analysed. 
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Mechanically ventilated patients were scanned during uninterrupted 

ventilation, as per current clinical practice.  

 

Lung CT quantitative analysis 

Quantitative analysis of lung CT scans of experimental CAs and out-

of-hospital CA patients were performed using manual segmentation in 

blind and published methods for volume and weight measurements 

(E5-E10). 

The manual segmentation of lung parenchyma was performed with 

manual delineation of each lung (from the internal rib border and the 

external border of the mediastinum) using the mediastinal window 

(CT min = -250 HU, CT max = +150 HU). The full CT – scale 

window (CT min = -1000 HU, CT max = +1000 HU) was used 

instead to view bronchi, bronchioles, blood vessels, and pleural 

effusion allowing a more accurate identification of these structures, in 

order to exclude main vessels/bronchi from the segmentation (E9). 

Pleural effusion was also excluded from the segmentation. 

Ten slices were selected: the most cranial and caudal CT-sections and 

eight evenly spaced CT-sections between them were analyzed. Each 

of these ten CT-sections was analyzed using the standard 

segmentation described above. Previously described densitometry 

method was used to assess four differently aerated lung compartments 

in the 10 sections (E5-E8). The results were extrapolated to the entire 

lung, according to the method described by Reske et al. (E10).  

 

In each slice the lungs were divided into three sterno-vertebral areas 

of equal height (i.e. ventral, ventro-dorsal and dorsal) in which we 
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computed the number of voxels within each attenuation range: hyper-

aerated (-1000 to -901 Hounsfield units [HU]), normally-aerated (-900 

to -501 HU), poorly-aerated (-500 to -101 HU) and non-aerated lung 

parenchyma (-100 to +100 HU). Overall lung density was calculated 

as the average densitiy of all lung slices normalized by the areas of the 

lung slices. The gradient of lung density was calculates as (Ventral 

HU-Dorsal HU)/(ventral HU)*100. Increased lung density was 

defined in the presence of a mean lung density ≥ -500 HU, as this 

threshold is known to discriminate the presence of loss versus 

presence of aereation (E11-E12). 

 

Statistical analysis 

Continuous and categorical data were expressed as mean±standard 

deviation and frequency (percentage), respectively. Normality of 

distribution of continuous variables was assessed using D’Agostino-

Pearson omnibus normality test. Difference among groups for 

continuous data was assessed using unpaired Student’s t-test or Mann-

Whitney U test, according to data distribution. Differences in 

categorical data among groups were assessed using the Fisher’s exact 

test. Differences between the study groups (treatment effect) was 

evaluated using a two-way analysis of variance for repeated 

measurements over time (group-by-time interaction). In the presence 

of a significant test result, a post-hoc analysis was performed by 

controlling the false discovery rate using a two-stage step-up method 

of Benjamini, Krieger and Yekutieli for multiple comparisons. 

In the morphological analysis of the CT scan findings, the presence of 

ground glass attenuation (GGA) and airspace consolidation (AC) were 
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evaluated in each of the six lung lobes of each animal. In order to 

adjust the model for the within animal correlation, difference among 

groups in the proportion of GGA and AC was calculated using an 

adjusted logistic regression analysis with robust clustering, where 

GGA and AC were considered as outcome variable, the type of chest 

compressions as exposure variable, and the pigs were considered as 

cluster variable. Graphs were represented using mean±standard 

deviation or whisker plots. Correlations between continuous data were 

explored using linear regression analysis. The degree of association 

was reported using the Pearson’s correlation coefficient (r) ranging 

between -1; +1. In the clinical study, univariate logistic regression 

analysis was used to evaluate the association of different variables 

between the manual versus mechanical CC group (i.e. age and low-

flow time in Table 3) with the presence of increased lung density. 

Prolonged or shorter low-flow time was defined for value above or 

below/equal to the median value (i.e. 26 minutes). As the number of 

cases of increased lung density was low (n=9), and the 95%CI was 

quite wide for both the exposure variable (type of CC) and the 

confounder (low-flow time) we investigate the role of low-flow time 

as confounder/effect modifier using as outcome variable – in place of 

the dichotomic variable increased/normal lung density– the mean lung 

CT expressed as a continuous variable by HU.  

Accordingly, we explored the association of low-flow time and type 

of CC in a univariate linear regression model. To investigate the 

association between all possible combinations of type of low-flow 

time and type of CC with the mean lung CT and avoid the use of 

unstable multivariate models in a limited sample size (n=52), we 
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further explored the associations of the 4 groups of patients with 

outcome in 4 independent linear regression models (i.e. model A-D). 

As last, to include the interdependency among the 4 groups of patients 

that could not be taken into account in model A-D – in which the 

comparison was always between a single group against all 3 other 

groups of patients - we performed a non-parametric analysis among 

the 4 groups of patients using the Kruskal-Wallis test. We then 

performed post-hoc pairwise comparisons among all possible 

combinations using a Mann-Whitney U test. 

Statistical significance was reached when the p-value <0.05 (two-

tailed). Statistical analyses were performed using STATA-14/MP 

(StataCorp LP, College Station, TX, USA), GraphPad Prism 8.3.0 

(GraphPad Software, San Diego, CA, USA) and Microsoft Excel for 

Mac 2017, Version 15.32. 
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 Mechanical CC 
(n=6) 

Manual CC 
(n=6) 

p-value 

Ground glass 
attenuation 

   

Left lobe, n (%)    
• Cranial 5/6 (83) 3/6 (50) 0.545 
• Caudal 6/6 (100) 6/6 (100) / 

Right lobe, n (%)    
• Cranial 6/6 (100) 5/6 (83) 1.000 
• Middle 6/6 (100) 4/6 (67) 0.455 
• Accessory 5/6 (83) 4/6 (67) 1.000 
• Caudal 6/6 (100) 6/6 (100) / 

Overall cranial lobes, 
n (%)* 

11/12 (92) 8/12 (67) 0.177 

• Local 1/12 (8) 4/12 (33) 0.133 
• Diffuse 10/12 (83) 4/12 (33) 0.024 

Overall lower lobes, n 
(%)* 

23/24 (96) 20/24 (83) 0.149 

• Local 3/24 (12.5) 15/24 (63) <0.001 
• Diffuse 20/24 (83) 5/24 (21) <0.001 

All lobes 34/36 (94) 28/36 (78) 0.144 
• Local 4/36 (11) 19/36 (53) <0.001 
• Diffuse 30/36 (83) 9/36 (25) <0.001 

Airspace 
consolidation 

   

Left lobe, n (%)    
• Cranial 5/6 (83) 2/6 (33) 0.242 
• Caudal 6/6 (100) 4/6 (67) 0.455 

Right lobe, n (%)    
• Cranial 5/6 (83) 3/6 (50) 0.545 
• Middle 4/6 (67) 1/6 (17) 0.242 
• Accessory 0/6 (0) 1/6 (17) 1.000 
• Caudal 6/6 (100) 4/6 (67) 0.455 

Overall cranial lobes, 
n (%)* 

10/12 (83) 5/12 (42) 0.132 

• Local 3/12 (25) 2/12 (17) 0.651 
• Diffuse 7/12 (58) 3/12 (25) 0.139 

Overall lower lobes, n 
(%)* 

16/24 (67) 10/24 (42) 0.029 

• Local 8/24 (33) 5/24 (21) 0.383 
• Diffuse 8/24 (33) 5/24 (21) 0.346 
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Table E1. Lung morphological CT-scan analysis in the experimental 

study stratified by lung lobe location. 

*According to swine lung anatomy lower lobes include middle, 

accessory and caudal lobes (E13). Overall cranial lobes include both 

cranial lobes of the left and right lung. Overall lower lobes include 

both lower lobes of the left and right lung. 

Differences among groups were tested by the Fisher’s exact test. 

Differences of ground glass consolidation and airspace consolidation 

among the groups for overall cranial and lower, and all lobes were 

adjusted for the within animal correlation by robust clustering. 

Significant p-values are reported in bold. 

  

All lobes 26/36 (72) 15/36 (42) 0.012 
• Local 11/36 (30) 7/36 (19) 0.342 
• Diffuse 15/36 (42) 8/36 (22) 0.147 
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Table E2. Hemodynamic and echocardiographic variables in the 

experimental study.  

 

 Manual CC 
(n=6) 

Mechanical CC 
(n=6) p 

Systolic arterial pressure, 
mmHg 

Baseline 
Post-ROSC, 10 min 
Post-ROSC, 120 min 
Post-ROSC, 180 min 

 
117±25 
103±9 

107±13 
117±14 

 
118±10 
113±24 
104±7 

 115±10  

0.810 

Diastolic arterial pressure, 
mmHg 

Baseline 
Post-ROSC, 10 min 
Post-ROSC, 120 min 
Post-ROSC, 180 min 

 
84±14 
72±11 
75±7 

89±14 

 
80±13 
83±22 
70±8 
84±9 

0.889 

Mean arterial pressure, 
mmHg 

Baseline 
Post-ROSC, 10 min 
Post-ROSC, 120 min 
Post-ROSC, 180 min 

 
103±14 
82±10 
89±9 

98±16 

 
97±12 
93±22 
85±8 

97±12 

0.961 

Right atrial pressure, mmHg 
Baseline 
Post-ROSC, 10 min 
Post-ROSC, 120 min 
Post-ROSC, 180 min 

 
5±3 
8±2 
5±2 
6±3 

 
5±2 
9±2 
6±3 
7±3 

0.340 

Heart rate, bpm 
Baseline 
Post-ROSC, 10 min 
Post-ROSC, 120 min 
Post-ROSC, 180 min 

 
77±19 

124±24 
114±24 
111±19 

 
77±15 

159±50 
121±36 
110±29 

0.165 

CO, L/min 
Baseline 
Post-ROSC, 180 min 
Post-ROSC, 72 h 

 
2.9±0.4 
2.9±0.5 
3.6±1.4 

 
3.4±0.4 
2.7±0.5 
3.9±0.8 

0.408 

LVEF, % 
Baseline 
Post-ROSC, 180 min 

 
71±8 

53±24 

 
68±8 

57±12 
0.912 
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Post-ROSC, 72 h 77±5 77±4 
EDV, mL 

Baseline 
Post-ROSC, 180 min 
Post-ROSC, 72 h 

 
27±6 
33±9 
37±4 

 
29±5 
36±9 

39±14 

0.571 

ESV, mL 
Baseline 
Post-ROSC, 180 min 
Post-ROSC, 72 h 

 
7±2 

17±11 
9±3 

 
9±3 

16±9 
9±5 

0.795 

ROSC=return of spontaneous consciousness; CO=cardiac output; 

EDV=end diastolic volume; ESV=end systolic volume; LVEF=left 

ventricle ejection fraction. Data expressed as mean±SD. Two-tailed p-

value of treatment in a repeated measurements two-way analysis of 

variance. 

 

 

 

 

 

 

 

 

 

 

Table E3. Hemodynamic characteristics of out of hospital cardiac 

arrest patients at ICU admission. 

 Manual CC 
(n=36) 

Mechanical CC 
(n=16) p 
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ScVO2=central venous oxygen saturation; SOFA=sequential organ 

failure assessment score. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table E4. 
 
A) Univariate analyses of association among the type of chest 

compressions (CC) and significantly different variables between the 2 

groups (mechanical versus manual CC, see Table 3) with increased 

Hemodynamic variables     
Systolic arterial pressure, mmHg 120±15 102±28 0.005 
Diastolic arterial pressure, mmHg 73±13 69±13 0.283 
Mean arterial pressure, mmHg 89±12 80±14 0.026 
Heart rate, bpm 76±19 94±23 0.008 
Central venous pressure, mmHg 8±3 11±4 0.023 
ScVO2, % 74±9 73±10 0.801 
SOFA Cardiovascular 2.0±1.5 3.3±0.8 0.045 
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lung density (number of events=9), defined as a lung mean CT HU 

within the whole lung ≥500 (categorical binomial data). 

 
Variable OR 95% CI p 

Age 0.97 0.93 – 1.02 0.236 
Low flow time>26 minutes (Ref. Low 
Flow time≤26 minutes) 

4.42 0.82 – 23.79 0.083 

Mechanical CC (Ref. Manual CC) 6.6 1.39 – 31.28 0.017 
 
B) Univariate analysis of association among the type of chest 

compressions (CC) and significantly different variables between the 2 

groups (mechanical versus manual CC, see Table 3) with a higher 

lung CT density expressed as mean HU within the whole lung 

(continuous data).  

 
Variable β Coefficient 95% CI p 

Age -1.55 -4.00 – 0.91    0.211 
Low flow time>26 minutes 
(Ref. Low Flow time≤26 minutes) 

96.31 25.25 – 167.36 0.009 

Mechanical CC (Ref. Manual CC) 122.18 47.35 – 197.01 0.002 
 
Table E5. Possible combinations of type of low-flow time and type of 

CC in patients with the mean lung CT of patients with out-of-hospital 

CA by 4 independent linear regression models. 

 
Variable β Coefficient 95% CI p 

Mechanical CC by Low flow time>26 
minutes (Ref. Other patients) (14 
versus 38 patients) 

142.68 67.02 – 218.34 <0.001 

Mechanical CC with Low flow 
time≤26 minutes (Ref. Other patients) 
(2 versus 50 patients) 

-55.28 -252.63 – 142.06 0.576 

Manual CC with Low flow time>26 
minutes (Ref. Other patients) (12 
versus 40 patients) 

-22.50 -112.63 – 67.63 0.618 
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Manual CC with Low flow time≤26 
minutes (Ref. Other patients) (24 
versus 28 patients) 

-88.65 -160.75 – -16.56 0.017 

 
We investigated in 4 independent linear regression models (Model A-

D) the association between low-flow time and type of CC with the 

mean lung CT. Patients undergoing mechanical CC and a prolonged 

low flow time (Model A) showed a strong positive correlation with 

mean lung density; in contrast, patients undergoing manual CC and 

with a shorter low flow time (model D) showed a negative correlation 

with mean lung density. 

 

 

 

 

 

Supplemental figures 

 

Figure E1. Correlation between lung weight (A) and lung volume (B) 

with compliance of the respiratory system (Cpl,rs).  
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Figure E2. Representative image of in right atrial pressure variation 

(Δ RAP) during manual and mechanical CC. 
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Figure E3. Differences in right atrial pressure variation (Δ RAP) 

among experimental groups over 18 minutes of cardiopulmonary 

resuscitation. Two tailed p-value of the difference among groups in a 

repeated measurements two-way analysis of variance. 
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Figure E4. Differences in biomarkers of hemodynamic impairment 

(NT-proANP and TnT, A and B respectively) and lung injury (RAGE 

and SPD, C and D respectively) in plasma between experimental 

groups over 3-day follow-up. Two tailed p-value of the difference 

among groups in a repeated measurements two-way analysis of 

variance. 
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Figure E5. Histology of lung tissue at animal necropsy. Differences 

of alveolar lung tissue and alveolar airspace among experimental 

groups. Two tailed p-value of the difference among groups in a 

repeated measurements two-way analysis of variance. 
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Chapter 4. Post Resuscitation Care: Modulation of Kynurenine 

Pathway To Prevent Brain Injury After Cardiac Arrest. 
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Introduction 

Cardiac arrest (CA) is a leading cause of death worldwide. (1) Despite 

efforts to improve cardiopulmonary resuscitation (CPR) interventions 

and post-resuscitation care, CA outcomes still remain poor. Only 12% 

of out-of-hospital CA patients survive to hospital discharge, and less 

than 10% of these survivors show good neurological recovery (1). The 

high mortality rate after successful resuscitation from CA can be due 

to the “post-CA syndrome”, a distinctive pathophysiological process 

that includes neurological and cardiovascular dysfunction, together 

with systemic inflammatory reaction (2-4). The severity of post-

cardiac arrest brain injury determines survival and neurological 

outcome. Indeed, hypoxic-ischemic brain injury accounts for 68% of 

hospital deaths after intensive care unit (ICU) admission in patients 

resuscitated from out-of-hospital CA (5).  

Metabolism of the essential aminoacid tryptophan (TRP) to 

kynurenine, namely kynurenine (KYN) pathway (KP) (Figure 1), is 

emerging as one of the potential key components affecting cardiac 

arrest survival and neurological injury (6-8). Specifically, TRP is 

metabolized into KYN mainly by the enzyme indoleamine 2,3-

dioxygenase (IDO). Inflammation can induce IDO expression in a 

variety of tissues, as well as in macrophages and dendritic cells via 

IFNγ or TNF (9-10). KYN has been identified as an endothelium-

dependent relaxing factor contributing to the regulation of blood 

pressure in systemic inflammation (11). Downstream metabolites of 

KP include the neurotoxic 3-hydroxyanthranilic acid (3-HAA) and its 

derivatives, quinolinic acid (QA) and picolinic acid (PA). 3-HAA 

exerts its neurotoxic actions by inducing both cerebral oxidative stress 
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and excito-toxicity through activation of N-methyl-D-aspartate 

(NMDA) receptors by QA and PA (12-15). QA-induced neurotoxicity 

includes multiple mechanisms, such as generation of reactive oxygen 

species (16), inhibition of glutamate uptake (17) and excessive 

activation of NMDA-receptors (18). KYNA has neuroprotective 

properties acting as NMDA antagonist. 

In a study including both small and large animals, it has been 

observed that KP is activated early after experimental CA (6). Thus, 

plasmatic reduction of TRP together with increased levels of KYN, 

KYNA and 3-HAA was consistently observed in all species, from the 

first hours following resuscitation, up to 3-5 days after CA. Of 

particular interest, an early activation of the KP has been highlighted 

in out-of-hospital CA patients and higher plasmatic levels of KP 

metabolites predicted 12-month poor neurological outcome (7). 

Indeed, in a prospective, multi-centre, observational study involving 

21 intensive care units in Finland, higher levels of KP metabolites at 

ICU admission were associated with hypotension during the first 24 

hours after resuscitation and with ICU mortality in out-of-hospital CA 

patients. 

Although KP activation has been associated with poor outcome, the 

causative role of the pathway activation on neurological injury and 

survival after CA/CPR still remains to be elucidated. To date no 

studies have tested interventions that may inhibit the rate-limiting 

enzyme of KP after CA/CPR. This could represent a novel therapeutic 

target to reduce post-CA brain injury and improve outcomes. 

Therefore, the aim of this study is to elucidate the impact of KP 

inhibition on outcome after CA/CPR in mice. More specifically, we 



 

142 

evaluated the effects of genetic deletion of the rate-limiting enzyme of 

the KP, indoleamine-2,3-dyoxygenase (IDO) on survival (aim 1) and 

neurological outcome (aim 2) after CA/CPR.  

To further confirm the specific pathophysiological involvement of KP 

in brain injury, an additional positive control group of IDO knockout 

mice (IDO-/-) received administration of L-kynurenine before 

induction of CA. 

 

 

Methods 

This is an experimental randomized animal study. The study 

experiments took place at the Istituto di Ricerche Farmacologiche 

Mario Negri (IRFMN), Istituto di Ricovero e Cura a Carattere 

Scientifico, Milan, Italy. Approval of the IRCCS-IRFMN on Animal 

Care together with Governmental Institutions clearance was obtained 

in order to perform the experiments. All procedures involving animals 

were conducted in conformity with national and international laws on 

animal care. 

 

 

Animal preparation 

Two strains of mice were used for this study: 8 to 12-week-old, 

weight-matched male C57BL/6 wild-type (WT) mice, and IDO−/− 

mice (19) on a C57BL/6 background. IDO−/− mice were purchased 

from the Jackson laboratories and then a colony was created at our 

institution. Mice were intubated, mechanically ventilated (rodent 

ventilator 28025, Ugo Basile, Italy), and instrumented under 
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anesthesia with isoflurane as previously described (20-23). Animals 

were ventilated with a respiratory rate of 110-120 breaths per minute 

(bpm) and a tidal volume of 10 µg/g of body weight. Anesthesia was 

maintained with isoflurane 1.5-2 vol% in an N2O/O2 (70%/ 30%). 

Fluid-filled microcatheters (PE-10, Becton Dickinson, Franklin Lakes, 

NJ) were inserted in the left femoral artery and vein, respectively, for 

monitoring blood pressure and for drug administration. Blood pressure 

and needle-probe electrocardiogram were recorded and analysed with 

the use of a PC-based data acquisition system (Labchart 8.0, Powerlab 

ADInstruments). 

 

Mouse model of cardiac arrest and CPR 

Experimental cardiac arrest and CPR in mice were performed using an 

established model (24). Briefly, mice were subjected to CA induced 

by potassium chloride (0.08 mg/g I.V.). After 8 min of untreated CA, 

finger chest compressions were delivered at a rate of 300 per minute. 

Mechanical ventilation with 100% oxygen was performed with a TV 

of 10 µg/g at a rate of 100 bpm. Infusion of 0.6 µg min-1 epinephrine 

was initiated 30 s before starting CPR. Chest compressions were 

delivered until return of spontaneous circulation (ROSC) was 

achieved. ROSC was defined as the return of sinus rhythm associated 

with MAP > 40 mm Hg lasting for at least 10 s. Mice were weaned 

from mechanical ventilation and extubated 60 min after CPR. Core 

body temperature was monitored by a rectal temperature probe and 

maintained at 37°C by a warming lamp after ROSC for 50 min. The 

survival times were recorded up to 7 days. For surgical pain relief 

during the recovery period, 2 mg/kg of 0.25% bupivacaine were 
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infiltrated around incisional wound after CPR. For pain relief, 0.1 

mg/kg of buprenorphine I.P. before and 12 h after the procedure were 

administrated.  

 

Assessment of Neurological Function  

Neurological function score (NFS) was blinded assessed every 24 h 

for the 7 days of observation after CA/CPR. Neurological function 

scoring system previously described was used with minor 

modifications (25-26). Five parameters were assessed and scored: 

level of consciousness (no reaction to pinching of tail=0, poor 

response to tail pinch=1, normal response to tail pinch=2), corneal 

reflex (no blinking=0, sluggish blinking=1, normal blinking=2), 

respirations (irregular breathing pattern=0, decreased breathing 

frequency with normal pattern=1, normal breathing frequency and 

pattern=2), coordination (no movement=0, moderate ataxia=1, normal 

coordination=2), and movement/activity (no spontaneous 

movement=0, sluggish movement=1, normal movement=2). Total 

score was reported as the neurological function score (total possible 

score=10), dead mice were scored 0. 

 

Continuous locomotor activity  

Spontaneous locomotor activity was measured continuously through 

Digital Ventilated Cage (DVC®) system manufactured by Techniplast 

SpA (Buguggiate, Italy). Activity metric, as total distance walked, was 

recorded continuously in individually-housed mice after CA up to 7 

days after ROSC. The system consists of a standard individual 

ventilated cage and an electronic sensing board underneath each cage. 
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The sensing board is composed by 12 electrodes connected to an 

integrated circuit that continuously measures their electrical 

capacitance. The electromagnetic field generated registered the effect 

of the presence of a mouse over an electrode that modifies the 

electromagnetic field causing a drop of the electrode signal, due to the 

change in electrical capacitance. The electrical capacitance sensing 

technology allows non-intrusive and continuous monitoring of the 

activity of the animals (27). Total distance travelled by each animal 

was computed for each day and dark/light cycles were reported up to 7 

days post ROSC. Total distance was also measured in sham-operated 

animals, as a negative control group.  Sham-operated mice received 

anesthesia, surgery and ventilation without CA.  

 

Brain Magnetic Resonance Imaging acquisitions and analysis 

To characterize the degree of ischemic brain injury after CA/CPR, 

diffusion-weighted imaging (DWI) was performed 24 hours after CA.  

The apparent diffusion coefficient (ADC) was used as a quantitative 

measurement of water diffusion changes in the brain. Intracerebral 

cytotoxic edema reduces water diffusivity and this corresponded to a 

reduction in ADC values. Brain imaging was performed on a 7 T 

small-bore animal scanner (Bruker Biospec, Germany) running 

ParaVision 6.01 and equipped with a quadrature 1H cryo probe 

surface coil as transmitter and receiver. Anesthetized mice (isoflurane 

1.5-2% in a N2O/O2 (70/30%)) were positioned into the magnet. 

Respiratory frequency was monitored throughout the experiment and 

the body temperature maintained at 37°C with a water-heating pad.   
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Structural MRI: images were obtained with a 3D fast low angle shot 

magnetic resonance imaging (FLASH) sequence (TR/TE= 250/3ms; 

Flip angle 15°; image resolution of 100 × 100 × 100 µm3; FOV = 3 × 

0.8 × 1.1 cm2; acquisition matrix 300 × 80 × 110; total acquisition 

time=27min). The hypointense volumes were segmented manually 

following the Paxinos atlas by a trained expert using freely available 

ITK-SNAP software (28). Diffusion weighted echo-planar images 

(TR/TE=2000/48.5 ms) were adopted to obtain the apparent diffusion 

coefficient (ADC)-maps. Diffusion-encoding was applied in 3 

orthogonal directions with b values of 200, 600 and 900 ms, 

respectively. ADC-maps were calculated on a pixel-by-pixel basis 

with an in-house MATLAB script using the model function: 

ln(S(b)/S0)=−b⋅ADC, where S(b) is the measured signal intensity at a 

specific b value (b) and S0 the signal intensity in the absence of a 

diffusion gradient (b = 0). The hypontense region was manually traced 

by an expert operator blind to experimental condition in three regions 

of interest: frontal cortex, caudoputamen and hippocampus. The 

average ADC value within each region of interest was computed for 

each animal. Group average ADC values were reported for each 

region of interest and the mean of the three analysed regions was 

reported as total. The lesion volume of each hypointense region was 

computed for each animal and group average was reported. The mean 

of the three analysed regions was reported as total. 
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Histological Brain Injury  

Tissue processing for histological analysis 

Twenty four hours after CA, mice were deeply anaesthetized with 

Ketamine 20 mg + Medetomidine 0.3 mg (ip) and transcardially 

perfused with 20 ml of PBS, 0.1 mol/l, pH 7.4, followed by 50 ml of 

chilled paraformaldehyde (4%) in PBS. The brains were carefully 

removed from the skull and post-fixed for 6 h at 4 °C, and then 

transferred to 30% sucrose in 0.1 mol/l PBS for 24 h until 

equilibration. The brains were frozen by immersion in isopentane at 

−45 °C for 3 minutes before being sealed into vials and stored at −80 

°C until use. Coronal brain cryosections 20 µm thick were cut serially 

at -20°C at 320 µm intervals and stored at 4 °C in a solution of 

glycerol:PBS (1:1).  

 

Slice selection and image acquisition 

Four brain coronal sections per mouse at +2.58, +0.74, – 2.06,  –3.20 

mm from bregma, were used to quantify degenerating neurons and 

neuronal cell loss. The entire brain sections were acquired at 20X by 

an Olympus BX-61 Virtual Stage microscope, with a pixel size of 

0.346 mm. Acquisition was done over 10 mm thick stacks, with a step 

size of 2 mm. The different focal planes were merged into a single 

stack by mean intensity projection to ensure consistent focus 

throughout the sample. 

 

Quantification of degenerating neurons and neuronal cell loss 

Degenerating neurons were identified by Fluoro Jade (Sigma-Aldrich, 

St. Louis, MO) labeling and counted as previously described (29). 
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Briefly, sections were dried in ethanol (100%, 75% and 50%) and 

rehydrated in distilled water. Sections were then incubated in 0.06% 

potassium permanganate, washed in distilled water and transferred to 

0.001% FJ staining solution. Sections were rinsed in distilled water, 

dried, immersed in xylene and coverslipped. High-power fields (20X 

magnification; Olympus) along the frontal cortices, the caudate 

putamen, the CA1 and CA3 pyramidal cell layers, the hilus, were 

acquired. FJ-positive neurons were marked and an automated cell 

count was generated using Image J software. Cresyl Violet staining 

(Sigma-Aldrich, St. Louis, MO) was used to quantify neuronal cell. 

Neuronal count was performed by segmentating cells and excluding 

the round-shaped signal sized below the area threshold of 25 mm2 that 

is known to be associated with glial cells as reported previously (30-

32) and expressed as density of cells/mm2 within each side. The CA1, 

CA3, CA4 pyramidal cell layers and hilus neurons were manually 

quantified using Image J software. Data obtained in each 

slice/area/brain were averaged providing a single value per mouse 

used for statistical analysis. 

 

Administration of L-Kynurenine 

L-Kynurenine (Sigma-Aldrich) was administered as described 

previously (33-34). Briefly, L-Kyn was dissolved in 0.1M HCl and 

brought to a final concentration of 2 mg/mL in phosphate-buffered 

saline (PBS) after adjusting pH to 6.5 to 7.0. Mice were injected with 

L-Kyn (20 mg/kg i.v.) 15 minutes before the induction of CA. For the 

experiments #2 WT and IDO-/- mice received the same volume of PBS 

intravenously 15 min before CA. 
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Statistical Analysis  

Normality of data distribution was assessed using D’Agostino-Pearson 

omnibus normality test. Continuous and categorical data variables 

were described as mean±standard deviation of mean (SD) or median 

(interquartiles) as appropriate. Animals were randomized on 1:1 or 

1:1:1 basis with a list randomizer (https://www.random.org/lists/) 

according to the treatment group in 2 independent experiments. 

In aim 1, we wished to test the effect of genetic deletion of the 

enzyme (IDO knockout mice, IDO-/-) on survival up to 7 days after 

CA. The following groups were compared: 

1. Treatment group, IDO knockout mice (IDO−/−) versus control 

group, wild type mice (WT). 

In aim 2, we wished to determine the ability of genetic deletion of the 

enzyme to prevent brain injury, and to preserve neurological function 

up to 24 h after CA. The following groups were compared: 

2. Treatment group, IDO knockout mice (IDO−/−) versus control 

group, wild type mice (WT) versus a positive control group, 

IDO−/− + L-kynurenine (IDO−/− + L-kyn). 

Difference among groups for continuous data was assessed using 

unpaired Student’s t-test or Mann-Whitney U test, according to data 

distribution. Differences in categorical data among groups were 

assessed using the Fisher’s exact test. Differences between the study 

groups (treatment effect) was evaluated using a two-way analysis of 

variance for repeated measurements over time (group-by-time 

interaction). In the presence of a significant test result, a post-hoc 

analysis was performed by controlling the false discovery rate using a 
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two-stage step-up method of Benjamini, Krieger and Yekutieli for 

multiple comparisons. 

The Kaplan–Meier analysis and log-rank test were used to calculate 

the survival rates (primary outcome). Significance was considered at 

the level of p<0.05. GraphPad Prism 7.0 (GraphPad Software Inc., La 

Jolla, CA, USA) and STATA-14/MP (StataCorp LP, College Station, 

TX, USA) was used for statistical analyses. 

 

Sample size justification  

As the mean survival rate at 7 days after CA was expected to be 40% 

in WT mice, as showed in previous study by Minimashida et al. (23), 

and 80% in IDO−/− mice (expected effect size on mortality, HR=0.25), 

we anticipate that 16 mice per group were required for the survival 

study (α=0.05, β=0.8, two-sided). For the secondary outcome of the 

study, the apparent diffusion coefficient (ADC) of DWI sequences of 

the brain at 24h after resuscitation was used. As the mean cortical 

ADC value was expected to be 0.47±0.07 mm2/ms at 24h after CA 

(23) and considering a 25% increase in the mean value in IDO−/− 

mice, we anticipate that 6 mice per group were required for the MRI 

study (α=0.05, β=0.8, two-sided). 
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RESULTS  

 

IDO-Deletion Improved Survival, Neurological Function and 

Locomotor Activity After Cardiac Arrest  

No significant differences in body weight, temperature, total dose of 

epinephrine and CPR time to ROSC were observed between WT and 

IDO-/- mice.  At baseline, hemodynamic parameters including heart 

rate and mean arterial pressure did not differ among groups (Table 1).  

The survival rate was 37.5% (6 of 16) in WT mice at 7 days after 

CA/CPR. IDO-/- mice showed higher survival of 68.75% (11 of 16; log 

rank P=0.0361 versus WT, Figure 2). Neurological function was 

higher in IDO-/- mice than in the WT animals throughout the 7 days 

following CA (treatment p value: p=0.0124, figure 3). 

Heart rate did not differ significantly overtime between the two groups 

(treatment p value: p=0.73). Mean arterial pressure (MAP) at baseline 

did not differ between groups, at the time of ROSC, 30 and 60 min 

after resuscitation MAP was significantly higher in IDO-/- mice 

compared to WT mice (treatment p value:  p=0.0005) (Table1). 

The total distance travelled by sham-operated animals in the 7 days 

after surgery was 1659±141 m. After CA, WT mice exhibited a 

significant decline in spontaneous locomotor activity compared to 

sham animals (WT 649±319 m, p=0.027 vs sham). IDO-deleted 

animals showed an improved locomotor function compared to WT 

mice (total distance travelled: 1403±279 m, p=0.037, Figure 4D). The 

cumulative distance covered by WT (Figure 4A) and IDO-/- mice 

(Figure 4B) during the dark/light periods up to 7 days after CA is 
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shown in Figure 4. As shown, spontaneous locomotor activity was 

higher in IDO-/- animals compared to WT after CA.  

 

Kynurenine Pathway inhibition Prevents Brain Water 

Diffusion Abnormality 24 Hours After CA and CPR 

No significant differences in body weight, temperature, total dose of 

epinephrine, CPR time to ROSC were observed between WT, IDO-/- 

and IDO-/- +Lkyn mice (Table 2). 

Magnetic resonance imaging acquired 24 hours after CA/CPR showed 

areas of hyperintense signal in DWI sequences of the brain of WT 

mice. The ADC maps reported the same areas of restricted diffusion 

as hypointense signal. In Figure 5 is represented an ADC map of a 

WT mouse 24 hours after resuscitation.  

Intracerebral cytotoxic edema reduces water diffusivity and this 

corresponded to a reduction in ADC values. The degree of abnormal 

water diffusion was quantified by calculating the average ADC in 

several regions of interest, including the frontal cortex, hippocampus 

and caudoputamen.  

Twenty four hours after CA, WT mice showed a restriction in water 

diffusion in each region of interest and across the whole brain 

compared to sham-operated animals (Figure 6). IDO-/- mice showed a 

protection against the development of ischemia-induced brain edema 

(Figure 6A). Specifically, ADC values were higher in the frontal 

cortex and caudoputamen in the IDO-/- group compared to the WT 

group (Figure 6B-C). This beneficial effect was reverted by the 

administration of L-kynurenine before the induction of CA in the 

frontal cortex, caudoputamen and across the whole brain. A trend 
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towards a protective effect of IDO-deletion was observed also in the 

hippocampus (Figure 6D). 

Neurological function significantly improved in IDO-/- mice compared 

to WT animals (p=0.005, Figure 7A). At 24h after CA, the ADC of 

the total brain positively correlated with the neurological function 

score (r=0.71, p=0.005, Figure 7B). A strong positive correlation is 

also observed between the ADC of each region of interest and the 

NFS (Figure 8A-C). 

The volumes of the hypointense regions in ADC maps were computed 

for each region of interest (Figure 9). No significant differences were 

detected in lesion volumes between WT, IDO-/- and IDO-/-+L Kyn 

mice in the hippocampus and caudoputamen (Kruskal-Wallis test, 

respectively p=0.48 and p=0.32, Figure 9C-D). A trend toward a 

reduction in cortical lesion volumes was observed in the IDO-/- group 

compared to WT and IDO-/-+L Kyn groups (Kruskal-Wallis test, 

p=0.052, Figure 9B). When considering the lesion volumes of the total 

brain we found a significant reduction in the IDO-/- group compared to 

the IDO-/-+L Kyn group (Kruskal-Wallis test, p=0.009, Figure 9A). 

 

IDO-deletion Prevents Neuronal degeneration After CA and CPR 

Histological studies revealed that the number of degenerating neurons, 

represented as Fluoro-Jade B positive cells, in the frontal cortex, 

caudoputamen and in different regions of the hippocampus (CA1 and 

hilus) was increased at 24 hours after CA compared to sham-operated 

mice (Figure 10). A trend towards prevention of neuronal 

degeneration in IDO-deleted mice was observed in frontal cortex 

(p=0.057, Figure 10A), while the administration of L-kyn dampened 
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the reduction in degenerating cells. No significant differences were 

observed in the number of Fluoro-Jade B positive cells among regions 

of the hippocampus including CA1 and CA3, while in the hilus a 

significant reduction in neuronal degeneration was observed in the 

IDO-/- group compared to IDO-/-+L Kyn group (figure 10E). 

Neuronal cells loss was observed in the caudoputamen and hilus in 

WT mice compared to sham operated animals at 24 hours after 

resuscitation (Figure 11B and 12D). IDO-deleted animals were 

protected from neuronal cell loss only in the caudoputamen (Figure 

10B). Among all the regions of the hippocampus analyzed no 

differences in cell count was reported (figure 12). 

 

Discussion 

In this study we provide evidence that kynurenine pathway inhibition 

through IDO-deletion markedly improves survival and neurological 

outcome after experimental CA. The neuroprotective effects of IDO-

deletion were associated with attenuation of CA-induced abnormality 

in water diffusion detected with brain magnetic resonance imaging at 

24 hours after resuscitation and with prevention of neuronal 

degeneration in the hilus and in the frontal cortex. The protective 

effect of IDO-deletion was also associated with reduced neuronal cell 

loss in the caudoputamen. Moreover, IDO-deletion accelerated the 

recovery of spontaneous locomotor function up to 7 days after CA. 

Finally, administration of L-Kyn in IDO-/- mice abrogated the 

protective effects of IDO-deletion on neurological function, ischemic 

brain edema and neuronal degeneration after CA.  
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Taken together these observations suggest that inhibition of KP could 

represent a novel target to improve neurological outcomes after 

resuscitation. 

Hypoxic-ischemic brain injury following CA has been increasingly 

recognized as the primary determinant of neurologic outcome after 

CA (4, 35). The unique vulnerability of the brain to ischemia and 

hypoxia provide the basis to understand the pivotal role of brain 

protection in post-resuscitation care. Neurological injury after CA is 

attributed to the primary ischemic injury during circulatory arrest and 

the suboptimal flow that depends on the quality of CPR; and the 

secondary injury following return of spontaneous circulation. Post-CA 

secondary injury accounts for several pathogenetic pathways 

including excitotoxicity, neuroinflammation, disrupted ion channel 

homeostasis, and membrane failure, as well as pathological activation 

of proteases and cell death signaling (4, 35).  

Among different neurobiological cascades implicated in the 

pathophysiology of post-cardiac arrest brain injury, the role of KP 

activation has recently emerged (6-8). The KP has been recognized as 

a key player in the mechanisms of neuronal damage in several 

neurodegenerative disorders (36-38). Indeed, traumatic brain injury 

induces a striking activation of the KP pathway with sustained 

increase of the neurotoxic metabolite QA (36). Activation of the KP is 

also associated with acute brain dysfunction and mortality in intensive 

care unit patients (37) and correlates with infarct volume in stroke 

patients (38).  

Along these lines, we previously characterized the role of KP 

activation after CA observing that: 1) KP is early activated after 
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experimental CA and KP metabolites increased from 2 hours 

following resuscitation up to 3-5 days after CA (6); 2) Higher levels of 

KP metabolites are associated with ICU mortality and 12-month poor 

neurological outcome in patients after CA (7); 3) inhibition of the KP 

improves neurological recovery in a rat model of cardiac arrest (39). 

In the current study a marked improvement in survival and 

neurological function was observed in IDO-deleted mice after 

experimental CA. The neuroprotective effect of KP inhibition is 

supported by several lines of evidence both in long-term (7 days) and 

short-term (24h) observation. A higher neurological function score 

was observed in IDO-/- animals throughout the observation period up 

to 7 days post ROSC, indicating a better neurological performance 

compared to WT mice.  

Previous report showed a significant decline of spontaneous activity 

after 8 min of CA in mice (40). IDO-deleted mice showed a higher 

spontaneous locomotor activity and a significant increase in the total 

distance travelled was observed up to 7 days after ROSC compared to 

WT animals. Notably, in this study the locomotor activity was 

recorded automatically and continuously 24/7, thus reducing the bias 

from the operator performing the tests and adding insights on the 

impact of CA on behavior throughout the light/dark cycles. As 

previously reported, IDO-/- mice did not show any behavioral 

abnormalities under normal conditions (41). Interestingly, a 

breakdown of the circadian rhythms was observed in WT animals 

after CA, whereas IDO-deletion seemed to preserve the circadian 

system.  
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In the present study, WT mice that were successfully resuscitated 

from 8 minutes of CA exhibited a marked abnormality in water 

diffusion in the cortex, caudoputamen and hippocampus 24 hours after 

CPR. The presence of restricted diffusion, corresponding to a low 

ADC value, in the vulnerable regions of the brain 24h after CA 

strongly correlated with neurological function. In contrast, IDO-

deletion markedly attenuated the development of abnormalities in 

water diffusion in the brain and improved neurological outcomes. 

These observations are consistent with clinical studies showing that 

diffuse abnormalities in DWI are associated with poor outcomes in 

patients resuscitated from CA (42-47). However, the sensitivity and 

specificity of DWI abnormalities in outcome prediction varied widely, 

mostly due to the inconsistence definition of DWI alterations across 

studies. ADC enables a quantitative measurement of water diffusion 

changes  (47-50). Consistently with clinical findings, in this study the 

ADC value positively correlated with neurological function score.  

Restricted water diffusion indicates the presence of brain edema 

presumably resulting from disruption of ion pump function and 

membrane failure. The present observations therefore suggest that 

IDO-deletion can preserve ion pump homeostasis and membrane 

integrity early after CA. The administration of L-Kyn in genetic 

deleted mice abolishes the protective effect on brain edema after CA. 

Accordingly, previous studies showed that L-Kyn administration 

exacerbates acute neuronal damage after experimental stroke (51-52).  

It has been previously reported that the inhibition of the first step in 

the KP has neuroprotective effects. Indeed, IDO-/- mice show 
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decreased levels of 3-hydroxykynurenine in the striatum and are less 

sensitive to QA-induced striatal neurotoxicity (53).  

Inhibition of KP has been demonstrated to have beneficial effects also 

in the setting of systemic inflammation (11,41-42). Endotoxemia 

increased IDO expression in endothelial cells, leading to activation of 

KP and increase in KYN concentration causing hypotension. In mice 

injected with LPS, IDO-deletion attenuated the endotoxemia-induced 

hypotension suggesting that IDO activation plays a key role in 

regulation of vascular tone (11).  

The protective effect of the blockade of IDO has been also 

demonstrated in endotoxin shock in mice. Specifically, the authors 

showed that IDO-deletion increases survival after LPS-induced 

endotoxin shock and reduces serum cytokine levels in mice (41). IDO 

inhibition reduces mortality from experimental polimicrobial 

peritonitis and sepsis via recruitment of neutrophils and mononuclear 

cells by chemokine production in peritoneal CD11b(+) cells (42). 

Consistent with these observations, we report that IDO-/- mice 

exhibited a protection against post resuscitation hypotension. Indeed, 

deletion of IDO1 attenuated the drop in mean arterial pressure after 

ROSC (~22 mmHg WT vs ~8 mmHg IDO-/-). L-Kyn administration 

led to hypotension with a reduction in MAP of ~35 mmHg at 60 min 

after resuscitation compared to baseline values.  

The main limitation of this study is represented by the absence of a 

group subjected to pharmacological inhibition of KP after CA. From 

the viewpoint of translating the present results into clinical benefit, the 

pharmacological inhibition of KP after resuscitation would add 

relevance to the present findings.   
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Different IDO inhibitors have been developed in the last years (56), in 

preclinical settings the most used IDO inhibitor is represented by 1-

methyl-tryptophan (1MT). In clinical settings various compounds 

have been studied, in the field of oncology they have been used as 

immunometabolic adjuvants since 2008 (57); and phase I-II clinical 

trials are still ongoing (58).  

 

In conclusion, the current study revealed protective effects of IDO-

deletion on neurological and survival outcomes after CA in mice. Our 

observations suggest that inhibition of KP may prevent ischemic brain 

injury after CA by reducing brain edema. Administration of L-Kyn in 

IDO-/- mice abolishes the protective effects on brain edema. Further 

studies are warranted to elucidate the role of pharmacological 

inhibition of KP after CA, in order to explore the translability of these 

experimental findings into a clinical setting.  
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CA=cardiac arrest, ROSC=return of spontaneous circulation, 

CPR=cardiopulmonary resuscitation, HR=heart rate, MAP=mean 

arterial pressure. 

 

 

 

 

 

 

 

 

Table 1. Group characteristics before cardiac arrest and in the first 
hour after resuscitation 
 
 WT 

(n=16) 
IDO-/- 

(n=16) 
p 

Body weight, g 27±1.5 27±1.4 0.68 

Total dose of epinephrine, µg 1.14±0.3 1.29±0.4 0.41 

CPR time to ROSC, sec 84±30 99±39 0.41 

HR before CA, bpm 402±47 394±52 0.73 

HR at ROSC, bpm 449±45 375±49 - 

HR PR 30, bpm 431±63 458±48 - 

HR PR 60, bpm 386±76 457±59 - 

MAP before CA, mmHg 76±7 77±135 0.75 

MAP at ROSC, mmHg 100±16 112±11 0.004 

MAP 30 PR, mmHg 57±13 69±14 0.005 

MAP 60 PR, mmHg 53±12 70±14 0.0001 
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CA=cardiac arrest, ROSC=return of spontaneous circulation, 

CPR=cardiopulmonary resuscitation, HR=heart rate, MAP=mean 

arterial pressure. 

 
 
 
 
 

 
Table 2. Group characteristics before cardiac arrest and in the first 
hour after resuscitation  
 
	
 WT 

 
(n=6) 

IDO-/- 

 
(n=5) 

IDO-/- 

+L kyn 
(n=4) 

p 

Survival to 24h PR, n  6/9  5/7 4/8 0.76 

Body weight, g 31±6 32±4 30±5 0.68 

Total dose of 

epinephrine, µg 

0.98±0.17 0.99±0.11 0.95±0.18 0.41 

CPR time to ROSC, 

sec 

68±17 69±11 65±16 0.41 

HR before CA, bpm 458±59 455±42 456±35 0.45 

HR at ROSC, bpm 445±66 436±44 476±19 - 

HR PR 30, bpm 475±68 451±62 457±55 - 

HR PR 60, bpm 443±87 484±38 347±34 - 

MAP before CA, 

mmHg 

79±4 82±9 79±10 0.19 

MAP at ROSC, mmHg 112±13 113±8 99±26 - 

MAP 30 PR, mmHg 66±14 76±19 61±24 - 

MAP 60 PR, mmHg 56±16 72±23 44±13 - 
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ADC=apparent diffusion coefficient, data are represented as mean and 

SD or median and interquartile range. p value  of 1-way ANOVA is 

reported 

 
 
 
 
 
 
 
 

Table 3. Brain MRI characteristics  
	
 WT 

 
(n=6) 

IDO-/- 

 
(n=5) 

IDO-/- 

+L kyn 
(n=4) 

p 

Total brain ADC, mm2/ms 0.48±0.07 0.6±0.02 0.47±0.07 0.01 

Cortex ADC, mm2/ms 0.47±0.09 0.60±0.03 0.48±0.07 0.01 

Caudoputamen ADC, 

mm2/ms 

0.45±0.06 0.56±0.03 0.45±0.04 0.003 

Hippocampus ADC, mm2/ms 0.56±0.07 0.62±0.03 0.52±0.08 0.053 

Total brain volume of lesion, 

mm3 

0.36 (0 – 

3.08) 

0 (0 – 0) 1.1 (0 – 

1.8) 

0.009 

Cortex volume of lesion, 

mm3 

2.6 (0 – 

7.9) 

0 (0 – 0.7) 1.8 (1.3 – 

3.6) 

0.052 

Caudoputamen volume of 

lesion, mm3 

0.52 (0 – 

3.8) 

0 (0 – 

0.77) 

1.18 (0.27 

– 1.7) 

0.32 

Hippocampus volume of 

lesion, mm3 

0 (0 – 

0.97) 

0 (0 – 0) 0 (0 – 

0.45) 

0.48 
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Figure 1. Overview of the kynurenine pathway.  
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Figure 2. Survival rate of wild-type mice during the first 7 days after 

cardiac arrest (CA) and cardiopulmonary resuscitation (CPR). IDO-/- 

indicates knock-out mice for Indoleamine 2,3-deoxygenase (IDO). 

p=0.036 vs WT by log-rank test.  
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Figure 3. Neurological function score in surviving mice in the 7 days 

after cardiac arrest/cardiopulmonary resuscitation (CA/CPR).  
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Figure 4. Spontaneous locomotor activity in the 7 days after cardiac 

arrest/cardiopulmonary resuscitation (CA/CPR). A. Cumulative 

distance covered by WT mice. B. Cumulative distance covered by 

IDO-/- mice during the dark/light periods. C-D. Total distance covered 

by both groups. 
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Figure 5. Representative MRI image of the brain of a WT mouse 24 

hours after resuscitation. Yellow circles indicate areas of hypointense 

signal. The ADC map was obtained from DWI sequences. ADC= 

Apparent Diffusion Coefficient; DWI=diffusion weighted imaging. 
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Figure 6. Average ADC values of each region of interest across all 

planes in Sham-operated animals (n=7), WT mice (n=6), IDO-/- mice 

(n=5) and IDO-/-+L Kyn mice (n=4) are shown at 24 hours after 

CA/CPR. ADC= Apparent Diffusion Coefficient 
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Figure 7. A. Neurological function score in Sham-operated animals 

(n=7), WT mice (n=6), IDO-/- mice (n=5) and IDO-/-+L Kyn mice 

(n=4) at 24 hours after CA/CPR. B. Correlation between total brain 

ADC and neurological function score at 24 hours after CA/CPR. 

ADC= Apparent Diffusion Coefficient 
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Figure 8. Correlation between ADC in the cortex A.  caudoputamen 

B. and hippocampus C. and neurological function score at 24 hours 

after CA/CPR. ADC= Apparent Diffusion Coefficient 
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Figure 9. Volumes of the hypointense regions in ADC maps for each 

region of interest at 24 hours after CA/CPR in Sham-operated animals 

(n=7), WT mice (n=6), IDO-/- mice (n=5) and IDO-/-+L Kyn mice 

(n=4). ADC= Apparent Diffusion Coefficient 
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Figure 10. Number of FJB-positive cells in in the cortex, 

caudoputamen, and hippocampus (CA1, CA3 and hilus) and 

substantia nigra reticular parts (SNR). 
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Figure 11. Density of neuronal cells in the cortex A. and in the 

caudoputamen B. at 24 hours after CA/CPR in sham-operated mice 

(n=4), WT mice (n=4), IDO-/- mice (n=4) and IDO-/-+L Kyn mice 

(n=2). Cresyl Violet staining was used to quantify neuronal cell. 
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Figure 12. Density of neuronal cells in the regions of hippocampus at 

24 hours after CA/CPR in sham-operated mice (n=4), WT mice (n=4), 

IDO-/- mice (n=4) and IDO-/-+L Kyn mice (n=2). Cresyl Violet 

staining was used to quantify neuronal cell. 
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Chapter 5. Summary, conclusions and future perspectives  
 

Cardiac arrest (CA) is a leading cause of death worldwide (1). Despite 

early initiation of cardiopulmonary resuscitation (CPR) and prompt 

defibrillation have increased the rate of return of spontaneous 

circulation (ROSC), CA outcome remains poor. Only 12% of out-of-

hospital CA patients survive to hospital discharge, and barely 8% of 

these survivors regain good neurological recovery (1). 

The present thesis focuses on different strategies targeting the two 

main aspects of CA treatment, namely: cardiopulmonary resuscitation 

interventions and post-resuscitation care. It includes both experimental 

and translational studies directed to improve hemodynamic support 

during CPR, to define pulmonary dysfunction related to CPR, and to 

improve post-resuscitation outcomes.  

Cardio-Pulmonary Resuscitation Interventions: Hemodynamic 

Support 

In a preclinical model of CPR performed in a moving ambulance, a 

piston-based mechanical chest compressions (CC) allowed for a 

significantly greater hemodynamic support and systemic perfusion, as 

represented by higher coronary perfusion pressure, and arterial 

pressure, and lower arterial lactate, compared with manual CC. 

Mechanical CC accounted also for a better CC quality, with a lesser 

rescuer’s physical effort requirements, compared with manual 

compression. This study provides evidence to suggest and encourage 

the use of mechanical devices during ambulance transport to assure 

ongoing high-quality CC, tissue perfusion, and rescuers’ safety (2). 
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These findings have several clinical implications: 

• Provides evidence to the current knowledge gap on mechanical 

CPR during transport as claimed in the 2015 International 

Consensus on Cardiopulmonary Resuscitation and Emergency 

Cardiovascular Care Science with Treatment 

Recommendations.   

• The study may have a potential impact on the rescuers’ 

decision on whether stay on the scene or transport the cardiac 

arrest patient to the hospital with an ongoing mechanical CPR.  

• The study results encourage the use of mechanical CPR 

devices during ambulance transport to assure ongoing high-

quality CC, adequate hemodynamic support and tissue 

perfusion, and rescuers’ safety.   

Cardio-Pulmonary Resuscitation Interventions: Lung damage 

In a translational study we provide a comprehensive description of 

lung abnormalities following cardiopulmonary resuscitation, with 

similar techniques, in both pigs and humans. The consistent clinical 

and experimental findings allow us to introduce the concept of 

“Cardiopulmonary-Resuscitation Associated Lung Edema” (CRALE). 

Lung abnormalities were first investigated in a porcine model of CA 

and prolonged mechanical vs manual CPR and then in a cohort of out-

of-hospital CA patients undergoing mechanical or manual CC with a 

lung CT scan performed after resuscitation. 

Our observations highlight the presence of lung abnormalities, likely 

representing a Cardiopulmonary-Associated Lung Edema which were 
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more pronounced after mechanical versus manual CC, with a 

derangement in mechanical properties and gas exchange. These 

alterations are transient and appear related with the intensity of 

intratoracic pressure swings during CC (3).  

The novelty of this work is that despite a strong rationale supporting 

the idea that successfully resuscitated cardiac arrest patients may 

suffer from authentic lung injury, the concept of post-resuscitation 

disease had been so far essentially considered from a hemodynamic 

perspective. CRALE will be from now on an additional piece of this 

complex puzzle that must be taken into account in the management of 

cardiac arrest patients. These findings are of high clinical value since 

some studies previously suggested that ARDS following cardiac arrest 

significantly affect ICU stay and chance of survival (4).  

Further reasarch should be focused on the identification of the optimal 

ventilation strategy in order to prevent or reduce the occurence of 

CRALE.  

Indeed, the pathophysiological mechanisms of lung injury after CPR 

are not completely understood. Currently, the only treatment 

recommendation in CA patients with a secure airway receiving 

continuous CC is to maintain a ventilation rate of 10 bpm. The 

optimal ventilation strategy during mechanical CC is still elusive: how 

to provide adequate blood oxygenation and carbon dioxide (CO2) 

removal while minimizing lung injury remains uncertain. Future work 

should be aimed at investigate whether the optimization of ventilation 

during mechanical CC could prevent lung injury. Specifically, 

whether a protective ventilation strategy could improve the respiratory 

system compliance, oxygenation and regional distribution of tidal 
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ventilation by alveolar recruitment of the lung collapsed during chest 

compressions should be further evaluated. 

Post Resuscitation Care: Modulation of Kynurenine Pathway To 

Prevent Brain Injury After Cardiac Arrest.  

In an experimental model of CA we provide evidence that kynurenine 

pathway (KP) inhibition through genetic deletion of its rate-limiting 

enzyme (IDO) markedly improves survival and neurological outcome. 

The neuroprotective effects of IDO-deletion were associated with 

attenuation of CA-induced abnormality in water diffusion detected 

with brain magnetic resonance imaging at 24 hours after resuscitation 

and with prevention of neuronal degeneration in the hilus and in the 

frontal cortex. The protective effect of IDO-deletion was also 

associated with reduced neuronal cell loss in the caudoputamen. 

Moreover, IDO-deletion accelerated the recovery of spontaneous 

locomotor function up to 7 days after CA. Finally, administration of 

L-Kyn in IDO-/- mice abrogated the protective effects of IDO-deletion 

on neurological function, ischemic brain edema and neuronal 

degeneration after CA. Future work should be focused on evaluating 

the effects of pharmacological inhibition of KP after CA. From the 

viewpoint of translating the present results into clinical benefit, the 

pharmacological inhibition of KP after resuscitation would add 

relevance to the present findings.   

Different IDO inhibitors have been developed in the last years (5), in 

preclinical settings the most used IDO inhibitor is represented by 1-

methyl-tryptophan (1MT). In clinical settings various compounds 

have been studied, in the field of oncology they have been used as 
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immunometabolic adjuvants since 2008 (6); and phase I-II clinical 

trials are still ongoing (7).  
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