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ABSTRACT 

Background: Despite significant research and progress, cardiac arrest 
remains a condition with a high mortality rate, and few interventions 
have been demonstrated to improve outcomes in this patient group. 
Despite incorporation of adrenaline use in the treatment guidelines over 
several decades, its potential benefit remains uncertain. After initial 
resuscitation, patients are often admitted to the intensive care unit (ICU). 
Mortality approaches 50% in comatose post-cardiac arrest patients, 
leaving clinicians to face often difficult decisions concerning 
prognostication and duration of intensive care efforts in this patient 
population. 

Aims: The aims of this thesis were: To study the relationship between 
adrenaline treatment, return of spontaneous circulation (ROSC), and 
survival in patients with in-hospital cardiac arrest (paper I). To explore 
the association between the duration of intensive care and survival 
following cardiac arrest (Paper II). To characterize levels of blood 
lactate, veno-arterial carbon dioxide difference (p∆CO2) and the ratio of 
veno-arterial carbon dioxide content difference to arterio-venous oxygen 
content difference (RQ) in post cardiac arrest patients and to study 
whether these parameters are associated with mortality after cardiac 
arrest (paper III and IV). 
 
Methods: Data were collected from the Swedish Registry of 
Cardiopulmonary Resuscitation (papers I and II) and The Swedish 
Intensive Care Registry (paper II). In paper I, we compared ROSC and 
30-day survival in patients that received, or did not receive, adrenaline 
during resuscitation. In paper II, hospitals were divided into quartiles 
(hospital groups 1–4) according to their median duration of mechanical 
ventilation in patients who did not survive to hospital discharge. The 
primary outcome was the association between the variable ‘hospital 
group’ and 30-day survival. In papers III and IV, we measured and 
evaluated the prognostic implications of RQ and p∆CO2 in two cohorts 
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of post-cardiac arrest patients. In paper III, data were collected 
retrospectively from an institutional registry at Erasme University, 
Belgium, and RQ and p∆CO2 were assessed from central venous and 
arterial blood gases once during the initial 24 h after admission. 
Outcomes were ICU mortality and unfavourable neurologic outcome at 
3 months. Paper IV was a prospective study in patients admitted to 
Sahlgrenska University Hospital. We measured RQ, p∆CO2, and lactate 
prospectively during the initial 72 h after admission and explored 
whether RQ or p∆CO2 can identify patients who experienced either early 
mortality (at 96 h) or mortality during follow up. 
 
Results: The relationship between adrenaline treatment and ROSC was 
dependent on initial rhythm and duration of cardiopulmonary 
resuscitation (CPR), with patients presenting a shockable rhythm and 
treated with adrenaline having a lower frequency of ROSC when 
stratified by CPR duration. In patients with a non-shockable rhythm, the 
ROSC rate was higher in adrenaline-treated patients when stratification 
included CPR duration. Survival at 30 days was lower for adrenaline-
treated patients regardless of initial rhythm both before and after 
stratification for CPR duration (paper I). In paper II, the median duration 
of mechanical ventilation in non-survivors ranged from 17 h in hospital 
group 1 to 56 h in group 4. The hospital group was associated with 30-
day survival; however, division of patients according to initial rhythm 
revealed that the association was only significant for patients with an 
initially non-shockable rhythm. During the initial 24 h after ROSC, RQ 
was associated with ICU mortality, whereas p∆CO2 was negatively 
associated with both ICU mortality and neurologic outcome (paper III). 
In paper IV, survivors and non-survivors at 96 h showed similar levels 
of RQ and p∆CO2 during the initial 72 h after ROSC and neither 
parameter could predict early mortality or mortality during follow up. By 
contrast, lactate levels were higher in patients with early mortality and 
predicted mortality in post-cardiac arrest patients. 
 
Conclusions: The presumed effect of adrenaline on ROSC is dependent 
on CPR duration and initial rhythm. The role of adrenaline in patients 
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with IHCA and a shockable rhythm should be investigated further, as its 
administration might be associated with worse short- and long-term 
outcomes. Moreover, a short duration of mechanical ventilation in 
comatose post-cardiac arrest patients was associated with lower survival 
in patients with an initial non-shockable rhythm. Finally, during post-
resuscitation care, lactate level is a better risk indicator for death as 
compared with RQ and p∆CO2. 
 
Keywords: cardiac arrest, resuscitation, post-cardiac arrest care 
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POPULÄRVETENSKAPLIG 
SAMMANFATTNING PÅ SVENSKA 

 
Hjärtstillestånd innebär att hjärtats pumpförmåga är upphävd och att 
blodtillförseln till kroppen är otillräcklig för att upprätthålla hjärnans 
basala funktioner. Detta resulterar i medvetslöshet och, inom några 
minuter, irreversibla skador på hjärnan på grund av syrebrist. Varje år 
drabbas drygt 6 000 svenskar av hjärtstillestånd där hjärtlungräddning 
inleds utanför sjukhus och runt 3 000 där hjärtlungräddning inleds på 
sjukhus. Tiden till att återställa cirkulationen är den absolut viktigaste 
faktorn för att undvika skador på hjärnan orsakade av syrebrist. I 
behandlingen av hjärtstillestånd ingår hjärtkompressioner och 
inblåsningar (hjärtlungräddning), elstöt (defibrillering) för att återställa 
hjärtrytmen samt medicinsk behandling med framför allt adrenalin. 
Patienter som återfår hjärtrytm och blodcirkulation men som är fortsatt 
medvetslösa på grund av hjärnans syrebrist vårdas i de flesta fall på en 
intensivvårdsavdelning under den initiala fasen efter hjärtstoppet.  
 
Adrenalinbehandling vid hjärtstopp har använts i över femtio år då man 
känner till att behandlingen höjer blodtrycket under hjärtlungräddning 
och kan öka chansen att återfå egen cirkulation. Studier som har kunnat 
påvisa en positiv effekt av adrenalinbehandling på överlevnad efter 
hjärtstillestånd har länge saknats och det har diskuterats huruvida 
adrenalinbehandling vid hjärtstillestånd skulle kunna vara skadligt eller 
enbart av värde vid vissa former av hjärtstillestånd. De studier som 
genomförts har framför allt omfattat patienter med hjärtstillestånd 
utanför sjukhus, där man nyligen kunnat påvisa en överlevnadsvinst med 
adrenalinbehandling. Vid hjärtstillestånd på sjukhus, som i flera 
avseenden skiljer sig från hjärtstillestånd utanför sjukhus, saknas det 
fortfarande mycket kunskap om effekterna av adrenalinbehandling. I 
arbete I jämförde vi antalet patienter som återfick egen cirkulation och 
som levde vid 30 dagar utifrån om de fått eller inte fått behandling med 
adrenalin vid hjärtstillestånd på sjukhus.  Vi fann att, då vi tog hänsyn 
till hur länge patienterna fick hjärtlungräddning, var effekten av 
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adrenalinbehandling beroende av vilken initial hjärtrytm patienten hade. 
Bland patienter med en icke-defibrilleringsbar rytm, återfick fler 
patienter egen cirkulation om de fått adrenalinbehandling. I gruppen med 
en defibrilleringsbar rytm, var däremot adrenalinbehandling kopplat till 
en lägre frekvens av återkomst av egen cirkulation. Oavsett initial rytm 
uppvisade det sammanlagda antalet patienter som fått adrenalin lägre 
överlevnad vid 30 dagar.  
 
En annan aspekt av behandlingen vid hjärtstillestånd är intensivvården 
av de patienter som återfår egen cirkulation och överlever till inläggning 
på sjukhus. Initialt efter ett hjärtstopp är det vanligt att man är 
medvetslös. Fortsatt medvetslöshet innebär svåra beslut kring hur länge 
intensivvården skall bedrivas. Studier utanför Sverige har visat att flera 
aspekter av vården efter hjärtstopp varierar mellan sjukhus. Exempelvis 
varierar vårdtiden mellan olika intensivvårdsavdelningar. Vi studerade 
hur länge patienter vårdas i respirator efter ett hjärtstillestånd och 
undersökt om en tendens att vårda patienterna längre var kopplad till en 
bättre överlevnad (studie II). Vi fann att bland patienter som inte 
överlevde till utskrivning från sjukhus så varierade tiden hur länge som 
man vårdades i respirator mellan olika sjukhus. Överlevnaden i hela 
gruppen av patienter som vårdats i respirator efter hjärtstillestånd var 
högre på sjukhus med längre vårdtid, jämfört med sjukhus med kortare 
vårdtid. 
 
I arbete III och IV har vi mätt två markörer (p∆CO2 och RQ) i blodet som 
kan användas för att identifiera otillräcklig blodtillförsel respektive 
syrebrist i vävnaden hos patienter som vårdas på intensivvårdsavdelning. 
Två olika patientgrupper användes i arbete III och IV. P∆CO2 och RQ 
har studerats hos patienter med allvarlig blodförgiftning som behöver 
intensivvård och tidigare studier har visat att de är förhöjda hos patienter 
som inte överlever. Det är dock inte studerat huruvida de kan användas 
för att identifiera patienter med ökad risk för tidig död bland patienter 
som vårdas på intensivvårdsavdelning efter ett hjärtstopp. Vi har 
undersökt hur nivåerna av p∆CO2 och RQ skiljer sig åt mellan patienter 
som överlever eller ej och om man kan förutsäga hur det går för en patient 
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i det initiala förloppet genom att mäta dessa markörer. Vi jämförde om 
nivåer av p∆CO2 och RQ är bättre en den traditionella markören laktat 
för att förutsäga utfallet i denna patientgrupp. Vi fann att patologiska 
värden av RQ möjligen är kopplade till sämre utfall, men nivåerna skiljer 
sig mycket lite åt mellan patienterna som inte överlever jämfört med dem 
som överlever och de är därmed inte användbara för att identifiera 
patienter med risk för tidig död. Däremot var laktatvärde i blod högre hos 
patienter som avled under den initiala fasen av vård efter hjärtstopp. 
Laktatnivån fyra timmar efter inläggning kunde identifiera patienter som 
avled inom 96 timmar. 
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1 INTRODUCTION 
 
The definition of a cardiac arrest varies in the scientific literature. To the 
clinician, a cardiac arrest constitutes an unresponsive patient with absent 
or agonal breathing and in whom resuscitation is attempted. The 
cessation of systemic blood flow and rapid decrease in cerebral perfusion 
pressure results in loss of consciousness within seconds, and irreversible 
brain injury or death within minutes unless circulation is restored. When 
this occurs unexpectedly, it constitutes the single most time-critical 
medical condition. The most common reason for a cardiac arrest is a 
primary cardiac disorder; however, the pathophysiologic processes that 
can lead to cessation of systemic blood flow are numerous. Cardiac arrest 
represents among the most common reasons for admission to an 
intensive care unit (ICU), a resource-intensive and finite part of the 
healthcare system. Prognosis is difficult to assess in comatose patients, 
and prolonged care in futile cases can impose stress on family and 
relatives and strain healthcare resources. However, survivors of cardiac 
arrest often have a relatively good outcome with a low frequency of poor 
neurologic function. 
 
Milestones in cardiology and medicine along with cumulative clinical 
experience and research in the field of resuscitation during the 20th and 
21st centuries have increased the understanding of how to prevent and 
treat cardiac arrests. In 1903, Dr. George Crile described closed-chest 
cardiac massage in dogs and the use of adrenaline to increase aortic 
diastolic blood pressure during resuscitation (1, 2). A critical limitation 
to outcome following restoration of circulation was the presence of 
ischemic brain injury. The use of internal defibrillation on a fibrillating 
human heart was first described in 1947 (3), and in 1956, the successful 
use of mouth-to-mouth ventilation to ventilate apnoeic patients was first 
demonstrated (4). The following year, researchers at John Hopkins 
Hospital in Baltimore developed the first portable external defibrillator, 
and a few years later, the same group described modern cardiopulmonary 
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resuscitation (CPR) by combining closed-chest cardiac massage with 
mouth-to-mouth ventilation (5). Previously, CPR could only be 
performed with internal cardiac compressions following a thoracotomy 
or sternotomy and was thus practically limited to cardiac arrests in the 
operating theatre (6). In the 1970s and 1980s, the importance of a pre-
hospital organization with minimum time delays, properly trained 
personnel, and access to defibrillators and airway training was 
demonstrated for successful resuscitation of patients experiencing out-
of-hospital cardiac arrest (OHCA) ((7, 8).  The prognostic importance of 
early initiation of bystander CPR and defibrillation (9, 10) subsequently 
prompted the introduction of public education programs for CPR and 
public access defibrillators, which have had a significant effect on 
outcomes in OHCA patients (11-13). Modern intensive care, as well as 
advances in interventional cardiology and medical treatment of cardiac 
disease, has further increased the chance of surviving a cardiac arrest.  

 EPIDEMIOLOGY OF CARDIAC ARREST  

The incidence of cardiac arrest is estimated from observational studies, 
national registries, and reports from emergency medical services (EMS) 
(14, 15). Variation in the incidence reported in the literature reflects 
differences in the definition of what constitutes a cardiac arrest, study 
methodology, and the registries from which data are derived.  
 
The incidence of CPR for an OHCA were on average 49 per 100 000 
people (range: 19–104) annually according to a study of 27 European 
countries (15). A similar incidence was reported from national registries 
in Sweden (52 per 100 000), Australia (48 per 100 000), and the United 
States (57 per 100 000) (16-18). Additionally, data suggest that OHCA 
incidence has increased over time (16); however, whether this is accurate 
or an artefact of improved registry coverage and reporting is uncertain.  
 
The incidence of in-hospital cardiac arrest (IHCA) is estimated at 1.7 per 
1000 admissions in Sweden and 1.9 per 1000 admissions in the United 
Kingdom according to national registries (19, 20). By contrast, data from 
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the American Heart Association’s Get with the Guidelines-Resuscitation 
registry estimate the incidence in the United States to be nine to 10 per 
1000 admissions (21).  
 
In adults, the incidence of cardiac arrest increases with age, with the 
median age for an OHCA in Sweden at 71 years (22), and the median 
age in women being higher than that for men (74 vs. 70 years). In all age 
groups (except those aged ≥90 years), men are overrepresented and 
constitute 65% to 75% of cardiac arrests (23).  

The incidence of paediatric cardiac arrests is much lower than adult 
cardiac arrests, with OHCA incidence reportedly between five and eight 
per 100 000 people annually (22, 24). An incidence between 0.34 and 2.7 
per 1000 admissions was reported for paediatric IHCA (21, 25). Similar 
to adult cardiac arrests, the incidence is age-dependent, and there is a 
bimodal distribution showing a higher incidence for infants and 
adolescents (24).  

 ETIOLOGY 

A cardiac arrest can occur secondary to a number of different 
pathologies. The primary triggering event may be cardiac, medical but 
non-cardiac (e.g., hypoxia, electrolyte abnormalities, hypovolemia, or 
thromboembolic), or non-medical (e.g., traumatic, exsanguination, 
drowning, or hypothermia) (26). The aetiology is often estimated based 
on patient history, periarrest characteristics, and medical evaluation 
during post-cardiac arrest care. In patients that do not survive, the 
aetiology can be determined by autopsy, although this is performed 
increasingly rarely (27). Establishing aetiology to a cardiac arrest is 
important to the individual patient in order to allow treatment of any 
underlying disease, prevent a new occurrence, and aid in prognosis. 
During CPR, identification of the underlying cause can improve 
prognosis if it reveals a reversible cause amendable to treatment (28).  
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Between 60% and 85% of cardiac arrests are due to a cardiac aetiology 
and sometimes referred to as sudden cardiac arrest (29-31). Many of 
these patients have a structural heart disease, such as coronary artery 
disease, heart failure, valvular pathology, or congenital cardiac disease. 
Coronary heart disease is present in 60% to 80% of patients experiencing 
a sudden cardiac arrest (32-34), although younger patients have a lower 
presence of coronary heart disease (35). Causes of cardiac arrest in young 
adults include coronary artery disease, congenital heart disease, coronary 
anomalies, hypertrophic cardiomyopathy, and arrhythmogenic 
syndromes with or without structural cardiac disease (36, 37). Sudden 
cardiac arrhythmia with a structurally normal heart at autopsy and 
exclusion of non-cardiac causes has been described in up to 30% of 
young adults (37).  
 
Patients with congestive heart failure have a high mortality rate partly 
because of the risk of a cardiac arrest, with the risk in these patients 

Figure 1. Etiologies in cardiac arrest due to a cardiac etiology in adults. Used with 
permission from publisher (21). Abbreviations: ARVC = Arrhytmogenic right ventricular 
cardiomyopathy, BrS = Brugada syndrome, CPVT = Catecholaminergic polymorphic 
vent 
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depending on the aetiology (ischemic or non-ischemic), degree of left 
ventricular failure, and overall functional capacity. Non-ischemic 
cardiomyopathies are present in 10% to 15% of patients with a sudden 
cardiac death and more common in younger patients (38). Valvular 
disease is reported as the cause in 1% to 5% of sudden cardiac arrests, 
with aortic stenosis carrying the highest risk. Finally, in ~5% of patients 
with an apparent cardiac aetiology, no evidence of structural cardiac 
disease can be identified.  
 
A non-cardiac pathology is estimated to cause 15% to 25% of OHCA 
(30, 39). This heterogeneous group includes trauma, non-traumatic 
bleeding (surgical bleeding or gastrointestinal bleeding), intoxication, 
pulmonary embolism, intracranial bleeding, drowning, respiratory 
failure, and asphyxiation (26). Certain patient populations have a higher 
frequency of non-cardiac aetiologies and include paediatric patients, 
young adults, and patients with an IHCA (39, 40). Outcomes following 
a non-cardiac aetiology are worse than for patients with a cardiac 
aetiology (30, 39).  
 
In paediatric cardiac arrests, the most common aetiology is respiratory 
failure (41). For paediatric IHCAs, haemodynamic deterioration is the 
second most common reason after hypoxia. A primary cardiac cause is 
uncommon but can be due to congenital cardiac disease or an inherited 
primary arrhythmia disorder. Consequently, only ~10% of paediatric 
cardiac arrests present with an initial shockable rhythm (42). A non-
shockable rhythm is frequently the presenting rhythm, and for IHCAs, a 
bradycardia with poor perfusion is the initial rhythm in more than 50% 
of the events (41, 42).   

 OUT OF HOSPITAL CARDIAC ARREST  

OHCA is defined as a cardiac arrest for which resuscitation is initiated 
outside the hospital. The distinction from IHCA is important for several 
reasons. The initial emergency response differs between the two settings, 
and there are distinct logistical challenges and opportunities in terms of 
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preventing and treating the arrest. Additionally, there are important 
differences in patient characteristics, arrest aetiology, response times, 
time to advanced cardiac life support (ACLS), and prognosis. 
Furthermore, routines regarding Do Not Attempt CPR (DNACPR) 
orders differ markedly between the two groups. Research on cardiac 
arrest is typically performed separately for OHCA and IHCA, with 
OHCA traditionally receiving more attention than IHCA (43, 44). 
However, guidelines generally do not distinguish between OHCA and 
IHCA.  
 
The location of OHCA has prognostic implications (45). Cardiac arrest 
occurring at home constitutes between 65% and 80% of OHCAs and 
more frequently display poor prognostic factors. Arrests occurring at 
home are associated with an inferior outcome as compared with cardiac 
arrests in a non-residential location (44, 46).  
 
Bystander CPR is among the most important prognostic factors in OHCA 
and has been associated with a doubling in survival rate (47). In Sweden, 
the rate of bystander CPR has increased in recent decades and is currently 
at ~70% (48); however, the rate of bystander CPR varies geographically, 
and many national registries report lower rates. This rate can be increased 
with various interventions (e.g., focused public health interventions 
and/or mobile-phone dispatch of laypersons), which can improve 
survival (49, 50). Defibrillation before arrival of an EMS in patients with 
a shockable rhythm is associated with increased survival (51, 52). 
Moreover, bystander defibrillation is becoming increasingly more 
frequent with the dispersion of automated external defibrillators (AEDs) 
in public places, although the frequency of bystander defibrillation is low 
relative to that of bystander CPR (12, 51). 
 
The initial rhythm is an important prognostic factor. Except for cases that 
occur in the presence of EMS, the absolute majority of OHCAs occur 
without monitoring of the cardiac rhythm. Consequently, the true initial 
rhythm is unknown in the majority of cases. Data from OHCAs in places 
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with short response times suggest that a majority of patients with a non-
traumatic arrest initially experience a ventricular tachycardia (VT) or  
ventricular fibrillation (VF) (46, 53). At the time of monitoring, the 
rhythm is shockable in only 20% to 25% of patients (46). The presence 
of an initial shockable rhythm does not appear to be a fixed factor but is 
rather related to the frequency and quality of bystander CPR and the time 
from collapse until EMS arrival (47, 54).  
 
The chance of surviving an OHCA is low, with an average 30-day 
survival of ~10%; however, the range is wide depending on the presence 
or absence of prognostic factors (Table 1). A 30-day survival >60% have 
been reported for patients with beneficial prognostic factors, such as 
short delays and rapid defibrillation of a shockable rhythm (53, 59). 
Furthermore, survival has increased in recent decades, especially in 
patients with an initial shockable rhythm (60).  

Factors independently associated with survival after OHCA(55-58) 

  
  

  Positive prognostic factors  Negative prognostic factors 

Prearrest  
  

    
  

 Age 

Periarrest  
  

  Initial shockable rhythm  Initial rhythm of PEA or asystole 

  Witnessed arrest  Residential location 

  Bystander CPR   Duration until CPR 

  Bystander defibrillation Duration until ROSC 

  Cardiac aetiology   Dose adrenaline (mg) 

Hospital admission 
   

    
  

Low arterial pH 

  
 

No pupillary or corneal reflex 

    
  

pCO2 < 4,5 kPa 

  
 

GCS motor score 1 

    
  

Lactate levels (mmol/l) 

CPR = cardiopulmonary resuscitation, GCS = Glasgow Coma Scale, OHCA, out-of-hospital cardiac arrest, pCO2 
= veno-arterial CO2 pressure, PEA = pulseless electric activity, ROSC = return of spontaneous circulation. 

Table 1. Factors independently associated with survival after OHCA. 
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 IN HOSPITAL CARDIAC ARREST  

Patients who receive CPR or defibrillation in the hospital are defined as 
having an IHCA. Compared with OHCA, IHCA has received relatively 
little attention in cardiac arrest research (43). Between 1995 and 2014, 
only 4% of randomized controlled trials (RCTs) of treatment during 
cardiac arrest focused on patients with IHCA (44). However, the interest 
in IHCA has increased in the previous two decades, and data suggest that 
patient outcome has improved over time (61).  
 
Compared with OHCA, the rate of a cardiac aetiology is lower in IHCA 
(62), and a respiratory cause is more common in patients with IHCA. A 
majority of IHCAs are witnessed by healthcare professionals, with CPR 
often initiated immediately (63, 64). Time to defibrillation and ACLS is 
much shorter than that for OHCA, and many patients have intravenous 
access, with some intubated at the time of the arrest (65-69). 
Additionally, patients often have pre-existing comorbidities and acute 
illness that prompted the admission, and the cardiac arrest might be 
preceded by deteriorating physiology (70, 71). DNACPR orders are 
much more frequent in the in-hospital setting; therefore, only 10% to 
15% of patients suffering from cardiac arrest in the hospital actually 
receive CPR in Sweden due to the high rate of DNACPR orders(72). 
 
The rate of a shockable rhythm is similar to that reported for OHCA 
(~20–25%) (64, 69). Given the short delay between collapse and rhythm 
registration in IHCA, the initial rhythm is more often a reflection of 
aetiology, whereas in OHCA, it is more often an indication of duration 
of no flow (28, 54). 
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In Sweden, overall survival following an IHCA is ~30% as compared 
with 10% after an OHCA (20, 73). Survival is particularly good for 
patients with an IHCA and a shockable rhythm, which reflects the 
minimal delay to CPR and defibrillation. Factors related to cardiac arrest 
characteristics (i.e., witnessed status, initial rhythm, time to CPR, 
monitoring, and time to rhythm registration) and pre-existing 
comorbidities are important for prognosis (Table 2) (64, 76, 77).  
 
Presence of sepsis, malignancy, and chronic renal disease are associated 
with a poor outcome, whereas the presence of myocardial infarction is 
associated with better survival (Table2) (78). Furthermore, outcome 
following an IHCA might be less dependent on the presence of hypoxic-
ischemic neurological injury than on the underlying acute illness and 
comorbidities (73, 76).  

Factors independently associated with survival after IHCA(20, 73-75) 

  
  

  

  Positive prognostic factors   Negative prognostic factors 

Prearrest  
  

  

  Acute myocardial infarction   Age > 70 

  Neurologically intact at 
admission  

 
Malignancy 

  
 

  Sepsis 

  
  

High Clinical Frailty Score 

      Cardiac or pulmonary failure 

  
  

Hypotension 

      Hepatic dysfunction 

Periarrest  
  

  

  Initial shockable rhythm   Initial rhythm of PEA or asystole 

  Telemetry monitoring 
 

Duration until ROSC 

  Witnessed arrest     

  Cardiac aetiology 
 

  

PEA = Pulseless electric activity, ROSC = Return of spontaneous circulation 
  

Table 2. Factors independently associated with survival after IHCA. 
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 THE INITIAL RHYTHM 

The initial rhythm refers to the electrocardiographic activity as first 
recorded by an electrocardiogram (ECG) in a person in cardiac arrest. 
Depending on the time of registration, this may or may not be the actual 
rhythm present at the time of collapse. It provides a window of 
information into many important periarrest factors and represents a 
critical dividing line in the subsequent treatment algorithm (79). 
Additionally, it is among the most important prognostic factors for 
outcome. The initial rhythm is generally divided into a shockable 
rhythm, pulseless electrical activity (PEA), or asystole, the relative 
proportions of each depend on the specific patient population and vary 
depending on the location of the arrest, age of the patient, time until start 
of CPR, and aetiology (28, 80, 81).  
 
Ventricular fibrillation and tachycardia 
The most common shockable rhythms are VF and pulseless VT. 
Although rare, the initial rhythm can also be due to a supraventricular 
tachycardia with a rapid ventricular rhythm (79). VF is characterized by 
disorganized electrical activity, which causes loss of organized 
ventricular contractility and diminished stroke volume. In VT, there is 
organized electrical activity and contraction, although the ventricular rate 
is too fast to generate sufficient stroke volume and cardiac output. The 
initiating event in both VT and VF is often a ventricular premature 
complex (either single or multiple) (82, 83). Moreover, it is likely that 
re-entry mechanisms are involved in the initiation and maintenance of a 
majority of VTs and to some extent in VF (84). In a re-entry mechanism, 
an electrophysiological obstacle (anatomical or functional) results in a 
self-propagating electric circuit that continuously re-excites myocardial 
tissue (85). Both animal and human studies demonstrate that VF initially 
presents a high amplitude that subsequently decreases over the course of 
10 to 15 min due to depletion of substrates necessary for myocardial 
depolarisation, finally terminating in electrical quiescence (i.e., asystole) 
(86). 
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The presence of VF or VT as the initial rhythm in a cardiac arrest is 
associated with a cardiac aetiology and also indicates that the time of no 
flow or low flow has not been prolonged (81, 87). The presence of VF is 
inversely proportional to the time between collapse and the start of CPR 
and is more frequent among patients in whom bystander CPR has been 
initiated (88). In OHCA, the proportion of patients with VF approaches 
80% when the rhythm is recorded in close proximity to the collapse (89, 
90).  

The proportion of VF as an initial rhythm in OHCA is declining 
internationally. Forty years ago, the proportion of VF on the initial ECG 
was close to 70%, whereas recent studies report an initial VF in 20% to 
25% of cases (91, 92). There are several proposed explanations for this 
decline. First, there has been an improvement in the prevention and 
treatment of ischemic heart disease (93). Second, the use of an 
implantable cardioverter defibrillator (ICD) has increased and been 
directly associated with the decline in VF (94). Additionally, the use of 
beta-blocker therapy and initiation of CPR in older patients can also 
explain some of the decline in VF as an initial rhythm (95, 96). 

PEA 
PEA describes the presence of an organized rhythm on the ECG that can 
potentially result in cardiac contractions but which fails to provide a 
perfusion sufficient to result in a clinically detectable pulse. This is a 
heterogeneous condition in terms of aetiology, pathophysiology, and 
prognosis and encompasses a spectrum between the profoundly 
hypotensive patient and one without cardiac contractions. Compared 
with patients with an initial shockable rhythm, patients with PEA are 
older, more likely to be women, more likely to have a non-cardiac 
aetiology to the arrest, and have more comorbidities (97, 98). Moreover, 
patients with an initial PEA and that have a cardiac aetiology are more 
likely to have a non-ischemic cause to their arrest (99). In patients with 
OHCA, PEA constitutes 20% of 25% of the initial rhythm (100), whereas 
a third of patients with IHCA have PEA as the initial rhythm (101, 102). 
The prognosis is worse than for patients with an initial shockable rhythm; 
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however, the prognosis for PEA is not as dismal as that for patients with 
asystole (97, 103), with the outcome varying depending on patient age, 
aetiology, and the presence of reversible causes (103). Furthermore, 
paediatric patients with an initial PEA have a better outcome relative to 
adults (101). The presence of cardiac contractions on echocardiography 
during PEA is associated with return of spontaneous circulation (ROSC) 
and survival to hospital discharge (104-106).  
 
Asystole 
Asystole represents electrical senescence on the ECG and is always 
accompanied by cardiac standstill. Compared with patients presenting an 
initial shockable rhythm, patients with asystole are older and have more 
comorbidities (97). An initial rhythm of asystole confers the worst 
prognosis relative to the other rhythms, as most studies report a survival 
rate for patients with an OHCA and asystole at <5% (103, 107-109), 
although patients with an IHCA and asystole have slightly higher 
survival rates (101, 102). Even though outcome is generally poor, it is 
still affected by patient age, location of arrest, time to CPR, witnessed 
status, and aetiology (103). Several observational studies have evaluated 
the effect on outcome of converting from a non-shockable rhythm (PEA 
or asystole) to a shockable rhythm during the resuscitation attempt (110). 
Some observational studies(111-113), although not all (108, 114), have 
found that conversion to a shockable rhythm is associated with better 
outcome in patients with an initial rhythm of PEA or asystole. However, 
studies indicating a favourable effect of rhythm conversion may be 
confounded by differences in duration of resuscitation.  

 TREATMENT OF CARDIAC ARREST 

The approach to cardiac arrest revolves around the “chain of survival” 
(Figure 2), which emphasizes the importance of each link in the chain to 
improve patient outcome (115). The four links are 1) recognition of the 
arrest and alerting emergency medical dispatchers, 2) immediate start of 
CPR, 3) early defibrillation, and 4) ACLS and post-resuscitation care. 
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Recognition and dispatch of life support  
The first link (recognition of the arrest and alerting of emergency medical 
dispatchers) involves both attention to symptoms that might indicate an 
impending cardiac arrest (e.g., chest pain and/or signs of 
cardiorespiratory failure) and recognizing that a person actually is in 
cardiac arrest in cases of sudden collapse or when found unresponsive 
with absent or agonal breathing. Early notification of emergency medical 
dispatchers and rapid recognition by the dispatcher of a potential cardiac 
arrest are required. Dispatcher-assisted CPR can increase the rate of 
bystander CPR and is associated with improved survival in OHCA (116). 
A mobile-phone dispatch system can be used to guide laypersons trained 
in CPR to a person in cardiac arrest, which has been demonstrated to 
increase the frequency of bystander CPR(117). 
 
Start of CPR 
The second link is early start of CPR. The importance of immediate start 
of chest compressions in order to partly resituate circulation and cerebral 
perfusion cannot be overstated. CPR is the most important factor for 
surviving a cardiac arrest, along with defibrillation of a shockable rhythm 
(118). Time between collapse and start of CPR is associated with 
survival, presence of a shockable rhythm, and neurological function in 
survivors (119, 120). In recent decades, the proportions of patients 
receiving bystander CPR have increased substantially following 
implementation of public education programs and increased awareness 
in the community (11, 13). However,  there is regional variation, and in 
some areas, the proportion of patients receiving bystander CPR remains 
low (121). The survival rate approximately doubles when bystander CPR 
is provided before the arrival of EMS (122).  
 
Early defibrillation  
Early defibrillation is the third link of the chain of survival, and if 
accomplished, results in the greatest chance of ROSC in patients with an 
initial shockable rhythm. External defibrillation can be performed with 
an automated, semi-automated, or manual external defibrillator. With the 
widespread use of AEDs, early defibrillation can be performed by non-
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medically-trained personnel (e.g., bystanders, police officers, 
firefighters, or other first responders) (12). The success of defibrillation 
is time-sensitive, and bystander defibrillation before the arrival of EMS 
is associated with improved survival (53, 123). Furthermore, the time 
between recognition of the arrest and defibrillation is directly 
proportional to the risk of death in patients with a shockable rhythm 
(118).   
 
Advanced cardiac life support and post-resuscitation care 
The fourth link involves ACLS and post-resuscitation care. Compared 
with other links in the chain of survival, the beneficial effects on patient 
outcome for many of the interventions involved in this phase have not 
been well established by scientific evidence (124, 125). ACLS includes 
vascular access, drug administration, and airway management by 
medically-trained EMS personnel, as well as treatment of any 
precipitating event (e.g., airway obstruction, respiratory failure, 
hypothermia, or hypovolemia), respiratory and cardiovascular 
stabilization following ROSC, and rapid transport to hospital for further 
care. Upon hospital admission, patients are often unconsciousness and 
require intensive care with invasive mechanical ventilation (MV) and 
circulatory support (126).   

Figure 2. The chain of survival. Published with permission. 
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 BASIC LIFE SUPPORT 

Basic life support (BLS) includes airway manoeuvres and ventilation, 
closed-chest compressions, and defibrillation (79, 127) and constitutes 
three of the four links in the chain of survival. The potential benefit of 
early institution and correct performance of these interventions on patient 
outcome is higher relative to other interventions during and after 
resuscitation. 

Recognition of the cardiac arrest victim focuses on confirmation of 
unconsciousness and the absence of breathing or presence of agonal 
breaths. Pulse control is not recommended before CPR initiation, as this 
might be difficult and time consuming. To assess breathing, airway 
patency needs to be ascertained, and immediate initiation of chest 
compressions is recommended if breathing is absent, agonal, or 
uncertain.  

Chest compressions                    
The goal of chest compression is to increase aortic blood flow in order 
to build up an aortic pressure to generate cerebral and cardiac perfusion. 
The physiology of closed-chest compressions has been a matter of debate 
since its first description (128). Closed-chest compression involves a 
compression phase during which intrathoracic pressure is increased, and 
the heart is compressed between the sternum and the spine, resulting in 
forward blood flow into the aorta via the aortic valve. The elevated 
intrathoracic pressure increases both left- and right-side cardiac pressure, 
as well as venous and intracerebral pressure (129, 130). The chest recoils 
following release, and intrathoracic and intracardiac pressure lowers 
quickly. During the decompression phase, the heart is refilled when 
blood pressure outside of the heart increases above intracardiac pressure. 
This filling is more insufficient during CPR than in normal physiology 
and negatively affected by positive pressure ventilation, leaning on the 
chest during CPR, and compression rates (131, 132).   
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The recommended compression depth is 4.5 cm to 5.5 cm, with survival 
rates increasing along with increased compression depth up to 4.5 cm to 
5.0 cm (133-135). However, a compression depth >6 cm is associated 
with an increased rate of intrathoracic injuries (134). The recommended 
compression rate is 100 to 120 per min, which is associated with the 
highest survival rate (136, 137), whereas deviation from the 
recommended depth and rate is associated with a worse outcome. Errors 
during chest compressions are common and remain an important barrier 
to improved outcomes.  

When performed correctly, closed-chest compression produces between 
15% and 25% of normal cardiac output (138). Invasive haemodynamic 
studies in animals and humans demonstrate the importance of generating 
a sufficient coronary perfusion pressure to achieve ROSC (139-142). In 
one observational study in humans, a coronary perfusion pressure of 20 
mmHg was necessary during CPR to achieve ROSC (142).  

Airway management and ventilation 
The goal of airway management in BLS is to achieve a patent airway 
through the use of simple airway manoeuvers (e.g., chin lift and/or head 
tilt) and provide mouth-to-mouth breathing during CPR (79). Current 
guidelines recommend that breaths be provided at a ratio of two breaths 
per 30 compressions in adult patients (143), and tidal volumes should be 
such that there is visible elevation of the chest (144).  
 
Following a sudden cardiac arrest, blood oxygen levels remain relatively 
stable before CPR is initiated (145). Because CPR can optimally generate 
a cardiac output of ~20% to ~25% of normal output, oxygen 
consumption will also be lower than normal. Animal studies show that 
blood oxygen levels decrease relatively slowly when the endotracheal 
tube is removed and ventilation withheld during CPR (146, 147). 
However, other studies suggest that arterial oxygen levels drop quickly 
when the airway is occluded, which is often the case in human cardiac 
arrest (144, 148). A rationale for withholding ventilation in BLS 
(compression-only CPR) would be to increase the likelihood of 
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bystander CPR by simplifying the algorithm and improving chest 
compressions upon omission of interrupted ventilation. Several 
observational studies report non-inferior outcomes with compression-
only CPR in patients with OHCA (149-151). Additionally, three RCTs 
of dispatcher-instructed compression-only CPR or standard CPR showed 
no difference in survival to hospital discharge (152-154). Current 
guidelines recommend that all providers perform chest compressions, 
and that providers trained in chest compressions with ventilatory breaths 
should provide standard CPR (79, 127). 

 ADVANCED CARDIAC LIFE SUPPORT 
ACLS involves resuscitative interventions performed by healthcare 
personnel in addition to CPR and defibrillation (Figure 3). This includes 
but is not limited to advanced airway management, vascular access, drug 

Figure 3. An algorithm of Advanced cardiac life support published by the European 
resuscitation council. Published with permission (119). 
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administration, echocardiography, treatment of reversible causes, and 
more complex cardiovascular interventions (e.g., coronary angiography 
and extracorporeal membrane oxygenation) (125). An example of an 
ACLS algorithm is shown in Figure 3. Although the benefits of early 
CPR and rapid defibrillation have been clearly demonstrated (118, 155), 
implementation of ACLS in a pre-hospital environment is not associated 
with a similar degree of benefit in terms of patient outcome (124, 156-
159). In OHCA, the duration between collapse and start of ACLS is often 
substantial, with such delays possibly decreasing the benefits of ACLS 
and complicating efforts to prove any benefits in clinical trials. The 
duration between the emergency call and EMS arrival varies at between 
5 and 10 min in observational studies of OHCA, with 8 to 11 min lapsing 
until the first shock (47, 51, 60, 160) and time until vascular access 
varying between 15 and 18 min (161, 162). Data from randomized trials 
show that the duration between emergency call and drug administration 
is often ~20 min (157, 163-165). In IHCA, the duration between 
recognition of cardiac arrest and start of ACLS is generally short (66); 
however, few interventions in the ACLS algorithm have been evaluated 
in clinical trials in patients with IHCA (43, 67, 166).  

 AIRWAY MANAGEMENT 
Advanced airway management during resuscitation involves the use of 
bag-mask ventilation (BVM), endotracheal intubation (ETI), or 
placement of a supraglottic airway (SGA) to provide a patent airway, 
oxygenation, and ventilation (125). The use of ETI and SGA are 
technical procedures and rely on operator skill to avoid unnecessary 
interruptions in CPR, device malpositioning, aspiration, 
hyperventilation, and other complications (167). Data from a recent 
randomized clinical trial suggests that ETI is not superior to SGA or 
BVM during CPR when performed in an environment with a high ETI 
success rate (168, 169). However, in situations where ETI success rates 
are low, the use of SGA might improve survival in patients with OHCA 
(170). There are no RCTs of airway management in patients with IHCA. 
Some observational studies have found that ETI is associated with a 
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worse outcome in IHCA (171-173), whereas one study failed to 
demonstrate a difference in outcome with regard to the airway strategy 
(174). Due to the lack of randomized controlled data, it remains unknown 
whether the negative association between ETI and survival is due to a 
true negative effect of advanced airway management in IHCA (e.g., 
interruptions in chest compressions and/or delayed defibrillation) or due 
to covariation between airway strategy and other poor prognostic factors 
(e.g., CPR duration). 
 
Despite the lack of evidence to refute or recommend any specific airway 
strategy in cardiac arrest, ETI is considered a more definitive airway that 
reduces the risk of aspiration and provides a reliable measurement of 
end-tidal CO2 (169). End-tidal capnography provides verification of 
correct placement of the airway device and airway patency and allows 
monitoring of CPR quality and presence of ROSC (175, 176). Regardless 
of the strategy, airway handling must not cause unnecessary interruptions 
in compressions or delay defibrillation (125). Additionally, it is 
important to avoid hyperventilation, which can cause increased 
intrathoracic pressure and  decreased cardiac output (177). If patients do 
not quickly regain consciousness after ROSC, an endotracheal tube 
should be placed to ensure airway patency, oxygenation, and ventilation 
and avoid pulmonary aspiration (126).  

 PHARMACOTHERAPY DURING CPR 
Drug administration during CPR improves the rate of ROSC by various 
mechanisms. A systematic review of studies on humans conducted 
between 1990 and 2015 identified 17 different drugs that had been 
evaluated in pharmacotherapeutic studies during resuscitation. Forty-
eight of 88 studies were classified as RCTs, of which one study 
demonstrated a superiority with one therapy over another in terms of 
neurological outcome (178). Currently, two drugs comprise the major 
pharmacotherapeutic options during resuscitation: adrenaline and 
amiodarone (125). In special circumstances (e.g., hyperkalaemia, 



Andreas Lundin 

 25 

thromboembolic events, or intoxication), other drugs might be indicated 
(26).  
 
Adrenaline 
Adrenaline is the most frequently used drug during CPR. Guidelines 
recommend that adrenaline be administered every 3 to 5 min beginning 
immediately if the initial rhythm is PEA or asystole and after the 3rd 
defibrillation if the initial rhythm is VF (125).  
 
The use of adrenaline in treatment of cardiac arrest was first described 
over 100 years ago (1), and during the 1960s, adrenaline was 
systematically studied in animal models of cardiac arrest (179-182). A 
dose of 1 mg increased the rate of ROSC when administered to dogs with 
cardiac arrest induced by asphyxia (182). Adrenaline increases 
aortodiastolic and coronary-perfusion pressure during CPR (138, 141, 
142, 183-185), and coronary-perfusion pressure during resuscitation is 
associated with ROSC in humans (142). Moreover, experimental studies 
show that adrenaline might be associated with decreased myocardial and 
cerebral blood flow and can increase the risk of post-resuscitative 
myocardial dysfunction and organ failure (183, 184, 186-188). Notably, 
observational studies evaluating the association between adrenaline 
administration during resuscitation and survival or neurologic outcome 
report conflicting results, and adrenaline administration during 
resuscitation is associated with both worse (189-195) and improved 
patient outcomes (192, 196).  
 
Two randomized trials have compared adrenaline and placebo 
administration in OHCA (157, 163). In a 2011 study of 500 patients, 
Jacobs et al. (162) demonstrated an increased rate of ROSC and survival 
until hospital admission in patients that received adrenaline. The 
beneficial effect on ROSC was higher for patients with a non-shockable 
rhythm. There was no difference in the rate of survival to hospital 
discharge, although the study lacked power to demonstrate such a 
difference (163).  
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The PARAMEDIC2 study published in 2018 randomized 8 000 patients 
with OHCA receiving adrenaline or placebo and found that adrenaline 
administration resulted in a higher survival at 30 days; however, the rate 
of neurologically-favourable survival [i.e., cerebral performance 
category (CPC) score: 1–2] did not differ significantly between groups, 
and surviving with a severe neurological impairment was more common 
in patients receiving adrenaline (157). A post-hoc analysis revealed that 
the beneficial effect of adrenaline was higher in patients with a non-
shockable rhythm (197). Duration until drug administration was 
subsequently evaluated in another post-hoc analysis, and although the 
rate of ROSC and survival decreased in both the placebo and adrenaline 
groups, the beneficial effects of adrenaline relative to placebo on ROSC 
increased over time (198).  

In a meta-analysis of the two randomized trials, adrenaline was found to 
increase ROSC and survival to hospital discharge, with no difference in 
survival with a favourable neurologic outcome (199). Notably, the 
median [interquartile range (IQR)] time between collapse and drug 
administration in the included trials was 21 min (16-27). Observational 
studies suggest that earlier treatment with epinephrine is associated with 
a more favourable outcome (200, 201). 
 
Data on the use of adrenaline in IHCA are scarce, and there are no 
randomized trials. It is possible that a shorter duration between collapse 
and drug administration could increase the benefits of adrenaline in the 
in-hospital setting (202); however, in patients with IHCA and an initial 
shockable rhythm, early administration of adrenaline is associated with 
worse outcome (203). In patients with IHCA and a non-shockable 
rhythm, earlier administration of adrenaline is associated with a more 
favourable outcome (65, 204). Patients with IHCA of a non-cardiac 
cause often present with a non-shockable rhythm (98). It is possible that 
adrenaline could provide distinct benefits when the cardiac arrest is 
precipitated by respiratory and/or circulatory deterioration.  
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Amiodarone 
Amiodarone is a pluripotent antiarrhythmic with sodium-, potassium-, 
and calcium-channel blocking and b-receptor-antagonistic effects. Both 
oral and intravenous amiodarone is used in the prevention and treatment 
of atrial fibrillation, ventricular arrhythmias, and sudden cardiac death. 
Compared with placebo and lidocaine, amiodarone is more effective at 
terminating VF and increase survival to hospital admission in OHCA 
(158, 205, 206). Guidelines recommend that amiodarone be administered 
to patients with VF resistant to at least three defibrillations (125).  

 POST-RESUSCITATION CARE 

Post-resuscitation care involves stabilization of vital functions, 
identification and treatment of the underlying cause of the arrest, and 
providing supportive care to avoid secondary neurological insults and 
organ failure during the phase of neurologic recovery. Prognostication 
and redirection of care toward palliation when the prognosis is dismal is 
also an important aspect of post-resuscitation care. Although some 
patients rapidly regain consciousness after ROSC, the majority present 
with neurological impairment requiring sedation, airway control, and 
admission to an ICU. Survival in patients admitted to an ICU following 
ROSC is between 40% and 60% (207-209), and death in this patient 
population is due to neurological damage in ~65% of patients after an 
OHCA and 25% after IHCA (126, 210). Death due to cardiovascular 
failure is more common during the first 3 days after admission (211), and 
for patients with an IHCA, pre-arrest comorbidity accounts for a 
significant proportion of deaths (73, 212, 213). 
 
Death in the hospital is often preceded by withdrawal of life-sustaining 
therapy (WLST). Data from Europe, the United States, and Australia 
show that >90% of patients survive with relatively good neurological 
function (210, 214-217). However, there is geographical variation in the 
proportion of patients surviving with a good neurological function that 
possibly reflects differences in judicial and cultural aspects of initiation 
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and termination of resuscitation and WLST during post-cardiac arrest 
care (218, 219). 
 
Many aspects of post-resuscitation care are similar to other areas of 
critical care and cardiology. The benefits of mild therapeutic 
hypothermia (MTH) have recently been questioned (220), (207) and 
there currently exists no intervention specifically guided toward post-
cardiac arrest patients that has unequivocally been demonstrated to 
improve outcomes. The high impact of neurological injury on patient 
outcome implies challenges pertaining to extracerebral organ support, 
neuroprognostication, WLST, and ethical considerations.  

 POST-CARDIAC ARREST SYNDROME 
Similar to systemic inflammatory-response syndrome (SIRS) in sepsis 
patients, post-cardiac arrest syndrome (PCAS) was coined to describe 
organ effacements that might occur following resuscitation from cardiac 
arrest (221). It is less well defined than SIRS, although there is some 
resemblance to the pathophysiological events that occur with severe 
infection.  
 
Myocardial dysfunction 
The heart is the second most commonly affected organ in PCAS after the 
brain. Systolic and/or diastolic myocardial dysfunction occurs in ~70% 
of patients due to myocardial stunning secondary to ischemia and 
reperfusion (222). Typically, myocardial stunning is reversible and 
improves in the first 48 h to 72 h (223); however, death due to multiorgan 
failure is associated with a persistent myocardial dysfunction (223). 
Coronary disease is common in this population, and between 30% and 
70% of post-cardiac arrest patients have an acute coronary lesion, with 
15% to 40% presenting with an acute coronary occlusion (33, 34, 224). 
Previous studies show that immediate coronary angiography in patients 
without ST-segment elevation on the ECG does not appear to improve 
outcomes (34, 225, 226). Despite the high frequency of cardiac 
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dysfunction in the post-resuscitation phase, cardiac morbidity has a 
lower impact on survival relative to neurological injury.  
 
Haemodynamic shock 
Haemodynamic shock can result from myocardial dysfunction, 
vasoplegia, or a combination. Shock defined as hypotension requiring 
vasopressor therapy is present in 50% to 70% of post-cardiac arrest 
patients (208). Vasoplegia can result from endotheliopathy secondary to 
ischemia-reperfusion. In PCAS, there is evidence of neutrophil 
activation, cytokine release caused by reactive oxygen species, and 
increased production of nitric oxide along with relaxation of vascular 
smooth muscles cells, resulting in vasoplegia (227, 228).  
 
A haemodynamic study found that although transient myocardial 
dysfunction was followed by an improved cardiac index during the first 
24 h, superimposed vasoplegia was responsible for continuous need of 
vasopressor therapy (223). Moreover, relative adrenal insufficiency can 
aggravate haemodynamic failure and impair the release of anti-diuretic 
hormone, thereby contributing to vasoplegia in the post-resuscitation 
phase (229-231). The benefit of corticosteroids in the treatment of post-
resuscitation shock remains uncertain. Retrospective studies suggest a 
beneficial effect on survival (232, 233). However, randomized clinical 
trials of corticosteroids in post-cardiac arrest patients have been 
relatively few and shown conflicting results (67, 234).  
 
Multiorgan failure 
Respiratory failure can occur in up to 50% of patients after cardiac arrest 
and is more common in non-survivors (209). Lung-protective ventilation 
with tidal volumes of 6 ml/kg to 8 ml/kg is recommended during post-
resuscitation care (126). In observational studies, tidal volumes ≥8 ml/kg 
are associated with worse neurologic outcomes and higher rates of 
pulmonary complications (235, 236). Between 30% and 60% of patients 
develop acute kidney injury to some degree (237). Acute kidney injury 
is an independent predictor of ICU and hospital mortality, although not 
of neurologic outcome after cardiac arrest (209, 238). As noted, 
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ischemia-reperfusion causes release of reactive oxygen species along 
with activation of the immune system and coagulation (228, 239). 
Hypoxic hepatitis is defined as a dramatic increase in aminotransferase 
levels after a circulatory event and occurs in up to 15% of patients. It is 
correlated with the duration of resuscitation and associated with 
increased ICU mortality and unfavourable neurologic outcome (240, 
241).  

 LACTATE IN POST-CARDIAC ARREST SYNDROME 

Among the non-neurologic prognostic markers evaluated in post-cardiac 
arrest patients, serum lactate remain the most heavily studied. Lactate 
increase when pyruvate is converted by lactate dehydrogenase to lactate 
instead of to acetyl-CoA. This primarily occurs under anaerobic 
conditions when levels of dihydronicotinamide adenine dinucleotide 
(NADH) increase (242). Conversion of pyruvate to lactate allows NADH 
conversion to adenine dinucleotide (NAD+), which is necessary to 
maintain anaerobic glycolysis (243). Thus, lactate rise in hypoxic tissue. 
Other sources of increased lactate include endogenic or exogenic 
catecholamines, decreased hepatic lactate clearance, malignancy, 
thiamine deficiency, metformin intoxication, and inborn errors of 
metabolism (244, 245). Under normal physiological conditions, hepatic 
clearance constitutes 70% of lactate clearance, with the remaining lactate 
converted to pyruvate by cardiac and skeletal myocytes and tubule cells 
(246). Hyperlactatemia results when lactate production is higher than its 
clearance.  

In post-cardiac arrest patients, lactate levels are initially elevated due to 
global ischemia during the no-flow and low-flow period. After ROSC, 
levels decrease following restoration of tissue perfusion and hepatic 
blood flow (247). Several studies report an association between the 
degree of lactate elevation and/or clearance and survival in post-cardiac 
arrest patients (247-252). The prognostic value of lactate seems to be best 
at admission and decreases thereafter with increasing duration from 
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ROSC (248). Conversely, some studies found no association between 
lactate levels at admission and survival (252, 253).  

Elevated levels of lactate in the post-cardiac arrest patient might be 
secondary to global ischemia, high catecholamine levels due to 
endogenous production and/or treatment with adrenaline during ACLS, 
therapeutic hypothermia, decreased clearance of lactate due to hepatic 
dysfunction, or ongoing tissue hypoxia due to persistent haemodynamic 
shock. It may be difficult to differentiate between the various sources of 
increased lactate. The association between lactate levels and outcome 
possibly reflect events that occur prior to ROSC, such as duration from 
collapse until ROSC and the amount of administered adrenaline (254). 
Although increased lactate clearance is associated with better outcome, 
the presence of an elevated lactate in a particular patient might not be 
informative of whether this is due to the initial global ischemia or 
ongoing occult shock.  

 VENO-ARTERIAL CARBON DIOXIDE DIFFERENCE 
Measurement of veno-arterial CO2 partial pressure difference (p∆CO2) is 
performed by simultaneous collection of central or mixed venous and 
arterial blood gases. The content of arterial CO2 is primarily affected by 
pulmonary gas exchange. The content of CO2 increases when blood 
passes the capillary bed and CO2 from tissues diffuses across the 
endothelium, resulting in a slightly higher partial pressure of venous 
relative to arterial CO2 (255). If metabolism and ventilation are in a 
steady state, a decrease in blood flow across the capillary bed will 
theoretically result in more CO2 content per unit of venous blood (Figure 
4). This has been proven in experimental studies and in clinical situations 
of circulatory failure (256-258). Reduced blood flow results in an 
increased p∆CO2, whereas tissue hypoxia with preserved blood flow will 
not result in an elevated p∆CO2 (259).  
 
The partial pressure of CO2 is used as a surrogate of CO2 content (CCO2). 
The relationship between CO2 partial pressure and CCO2 is influenced 
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by several factors, including low pH, low haemoglobin saturation, and 
elevated temperature, all of which increase the partial pressure of CO2 
per CCO2 (260). Both mixed and central venous p∆CO2 are capable of 
identifying septic patients with an increased risk of a poor outcome 
(261). 
 
The relationship between cardiac output and p∆CO2 is curvilinear, with 
p∆CO2 progressively increasing along with decreasing cardiac output 
(262). Septic patients with elevated p∆CO2 also show impaired 
microcirculation, reflecting that p∆CO2 is not purely a surrogate of 
cardiac index but rather of global perfusion (263). Observational studies 
of patients with septic shock (261, 264-266) and after high-risk surgery 
(267, 268) show that an elevated p∆CO2 is associated with a worse 
outcome.  
 

P∆CO2  
  

 

CO ¯ 
a-CO2  « 

 

Blood flow  ¯ 

Lactate           

v-CO2          

 

Figure 4.  Reduced blood tissue blood flow increases venous CO2 content and veno-
arterial pCO2 difference (p∆CO2) 
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Myocardial dysfunction and impaired cardiac output are common in 
post-cardiac arrest patients, and hypoperfusion and organ failure are 
associated with poor outcomes in patients admitted to the ICU after 
ROSC (223, 269, 270). Despite this, data concerning p∆CO2 in post-
cardiac arrest patients are scarce, with only one study currently available 
(271), and that showing no association between levels of p∆CO2 and 
survival in post-cardiac arrest patients. 

 RATIO OF VENO-ARTERIAL CARBON DIOXIDE 
CONTENT DIFFERENCE AND ARTERIO-VENOUS 
OXYGEN CONTENT DIFFERENCE  

During normal aerobic metabolism, the ratio of CO2 production (VCO2) 
and oxygen consumption (VO2) (i.e., respiratory quotient) is between 0.7 
and 1.0. During anaerobic metabolism, the respiratory quotient will 
increase above 1.0, because VCO2 decreases proportionately less than 
VO2 due to non-aerobic CO2 production. Anaerobic CO2 production 
occurs due to the buffering of intracellular hydrogen ions caused by 
cellular anaerobic metabolism (256, 272). The respiratory quotient can 
be measured by indirect calorimetry, which measures O2 and CO2 gas 
exchange (273).  
 
According to Fick’s principle, VO2 is equal to the product of cardiac 
output and the difference in arterio-venous O2 content. Similarly, VCO2 
is equal to the product of cardiac output and the difference in veno-
arterial CCO2. Therefore, the ratio between the difference in veno-
arterial CCO2 and the difference in arterio-venous O2 (i.e., RQ1) should 
approximate VCO2/VO2 (Figure 5). A previous study showed that RQ is 
predictive of elevated arterial lactate levels as a measure of global 
anaerobic metabolism in critically ill patients (274). Additionally, RQ is 

                                                
1 Throughout this thesis “RQ” refers to the ratio of veno-arterial carbon dioxide content 
difference and arterio-venous oxygen content difference, derived from central or mixed 
venous and arterial blood gas analysis. In contrast, the term “respiratory quotient” refers 
to the physiological entity of the ratio between VCO2 and VO2, traditionally measured 
via indirect calometry.    
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predictive of increased VO2 following fluid boluses and of outcome in 
septic patients (275-280). Measurement of RQ is performed by 
simultaneous collection of central or mixed venous and arterial blood 
gases. Compared with p∆CO2, calculation of RQ is more complex. Both 
the difference in veno-arterial partial pressure of CO2 and CO2 content 
have been used to calculate RQ.  

 HYPOXIC-ISCHEMIC BRAIN INJURY 
Hypoxic-ischemic brain injury is the major cause of death in patients 
admitted to the hospital following ROSC (126). Neurological injury is 
initiated by the cessation of blood flow to the brain and proportional to 
the duration of no flow and low flow (118, 281). Neurological injury can 

DO2 ¯ 

Tissue hypoxia 

Lactate    

H+ + HCO3- ® CO2 + H2O 

VO2 ¯¯ VCO2 ¯ 

 

C(v-a)CO2   «  
 C(a-v)O2         ¯ 
 

VCO2/VO2  

Figure 5. Tissue hypoxia results in a decrease in VO2 and VCO2. Anaerobic CO2 
production due to buffering of H+ results in a relatively less decrease of VCO2. 
This can be measured by blood gas analysis (C(v-a)CO2/C(a-v)O2) or respiratory gas 
exchange (VCO2/VO2).  
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be further aggravated by secondary insults from hypoxia, hypocapnia, 
hypotension, metabolic aberrations, reperfusion injuries related to the 
cytotoxic effects from the formation of oxygen radical species, and 
inflammation (282-285). Significant brain injury is often suspected by 
days 3 or 4 after ROSC if the patient is persistently comatose after 
sedation is weaned.  
 
In the post resuscitation phase, cerebral blood flow (CBF) is significantly 
altered. Immediately after ROSC, a transient hyperaemic phase have 
been described in experimental models of cardiac arrest. The reason for 
the initial increase in CBF is not known and there is uncertainty about 
the potential detrimental effects, caused by reperfusion injuries(286). 
Within minutes CBF decreases and there is transition towards a longer 
period of hypoperfusion (287). During the first 72 h after ROSC, CBF is 
gradually restored, and in survivors, this is accompanied by an increase 
in the O2-extraction ratio (288). In non-survivors, mean flow velocity in 
the middle cerebral artery is increased as a measure of increased cerebral 
vascular resistance, and despite a gradual increase in CBF, there is a 
persistently low O2-extraction ratio due to neuronal death (289). There is 
evidence of impaired cerebral autoregulation following ROSC (290). 
The optimal blood pressure and cerebral perfusion pressure in post-
cardiac arrest patients remain unknown, as does to what degree this 
varies between individual patients. Clinical studies that randomized 
patients to a higher mean arterial pressure could not detect an 
improvement in outcome (291, 292).  
 
Hyperthermia is associated with poor outcome following cerebral 
ischemia (293). Previous RCTs demonstrated that MTH after cardiac 
arrest was neuroprotective and improved outcome after cardiac arrest 
(294, 295). However, recent larger clinical trials have questioned the 
benefit of MTH in post-cardiac arrest patients (207). Hypocapnia causes 
cerebral ischemia after cardiac arrest and is associated with poor 
neurological outcome (282, 296). The relationship between arterial 
hypercapnia and outcome is less certain, and the potential role of mild 
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hypercapnia as a treatment in post-cardiac arrest patients remains unclear 
(297-299).  
 
Clinically, hypoxic-ischemic brain injury is predominantly seen as 
impaired consciousness. Recovery of brainstem functions, even if 
initially absent, is common during the first days after ROSC, because the 
brainstem is relatively resistant to ischemia (300). Brain death can occur 
in up to 16% of patients admitted to the ICU following a cardiac arrest, 
although this is more common in younger patients with a non-cardiac 
aetiology and a non-shockable rhythm (301, 302). Magnetic resonance 
imaging acquired 3 to 5 days after ROSC identified ischemic injuries 
particularly in cortical structures, putamen, and cerebellum as predictive 
of impaired consciousness (303).  

Seizures are common in post-cardiac arrest patients and can be of 
epileptogenic or non-epileptogenic origin. Continuous 
electroencephalography can detect epileptic activity in ~50% of patients 
within the first 24 h, although not all of these manifest as clinical seizures 
(304). Myoclonus, defined as sudden jerks of involuntary muscle activity 
and most often of non-epileptogenic origin (305), represents the most 
common form of seizure in post-cardiac arrest patients (18–25% of 
patients) (305). It is unknown whether treatment of electrographic 
epileptic activity improves outcome. Seizures regardless of type and 
origin are associated with a poor prognosis (306).  

Longitudinal studies of patients who remain comatose or with impaired 
consciousness at ICU discharge suggest that neurologic improvement 
during follow up is rare, although it may be more common in younger 
patients (307, 308).   

In patients who regain consciousness, long-term cognitive impairments 
are common (126), with problems with memory, executive functions, 
and attention the most frequent (309-311). Symptoms of anxiety and 
depression are also common in survivors of cardiac arrest (312). Despite 
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this, a majority of patients employed before the cardiac arrest were able 
to return to work (313, 314). 

 MILD THERAPEUTIC HYPOTHERMIA 

MTH refers to induced hypothermia to mitigate neurological injury in 
comatose survivors of a cardiac arrest. As of 2021, guidelines on post-
resuscitation care recommend maintenance of a temperature between 
32°C and 36°C for at least 24 h in patients remaining comatose after 
ROSC and regardless of the initial rhythm (126). A large body of 
evidence supports MTH with regard to neurobehavioral outcomes, brain 
histology, and mortality in animals after experimentally-induced cardiac 
arrest (315, 316). Animal models show that MTH induced after ROSC 
affects numerous pathways that might impact the neurological injury 
caused by ischemia and reperfusion. For example, hypothermia 
decreases the amount of glutamate release involved in intracellular 
calcium accumulation and excitotoxic cell death (317), attenuates 
oxidative stress (318), suppresses levels of proapoptotic factors, and 
increases those of anti-apoptotic factors (319).  

Two RCTs published in 2002 demonstrated higher survival rates with 
good neurological outcomes in patients treated with MTH (294, 295). 
Both trials included patients with OHCA and shockable rhythms (a total 
of 352 patients were included). In the treatment groups, temperature was 
maintained at between 32°C and 34°C for 12 h to 24 h, whereas control 
patients received no temperature control. In 2019, a randomized 
controlled trial included patients with either OHCA or IHCA and an 
initial non-shockable rhythm(320). Patients were randomized to either 
33±0.5 °C or to 36.5 to 37.5°C. More patients in the hypothermia group 
had a CPC score of 1 to 2 at 90 days. The Targeted Temperature 
Management (TTM) trial published in 2013 randomized 995 patients 
with OHCA to temperature control at either a range from 32°C to 34°C 
or 36°C (207) and found no difference in survival or neurologic outcome 
between the two treatment arms. The largest clinical trial of MTH in 
post-cardiac arrest patients to date, the TTM2 trial published in 2021 
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randomized 1900 patients with OHCA to temperature control at 33°C or 
targeted normothermia (≤37.5°C), revealing no difference in survival or 
functional neurologic outcome at 6 months(220). The publication of the 
TTM and TTM2 trials have questioned the beneficial effects of MTH as 
it is currently used in post-cardiac arrest patients.  

 NEUROPROGNOSTICATION 
Prognostication is an integral aspect of post-resuscitation care, given that 
~65% of patients die due to neurological damage, with a majority doing 
so after WLST (208, 211). Neuroprognostication after cardiac arrest 
implies a collection of diagnostic tests, including clinical, biochemical, 
neurophysiological, and radiological tests, that aim to predict whether a 
comatose patient will have a poor neurological outcome.  
 
The sensitivity of a diagnostic test is the proportion of true positives 
identified by the test. In neuroprognostication, a diagnostic test for a poor 
neurological outcome with a 100% sensitivity will identify all patients 
who have a poor outcome. The specificity of a test refers to the 
proportion of true negatives that are correctly identified. A diagnostic 
test for neuroprognostication with 100% specificity will always be 
negative if the patient does not have a poor neurological outcome. The 
false positive rate (FPR) is defined as 1-specificity. A test with a high 
specificity will, therefore, have a low FPR. A test of 
neuroprognostication with an FPR of zero will only be positive in 
patients who have a poor neurological outcome. Each test used for 
neuroprognostication has its own sensitivity and specificity and it is 
recommended that the FPR is close to zero in order to avoid WLST in 
patients who would not have had an unfavourable outcome.  
 
Examples of test characteristics are presented in Table 3. Sensitivity and 
specificity can vary substantially between studies due to differences in 
test population, inconsistent definitions, different outcomes, and 
threshold values (321).  
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Several tests have only moderate interrater reliability between observers, 
and some tests are confounded by sedatives and neuromuscular 
blockade. Moreover, sensitivity and specificity can vary depending on 
when the test is performed during the post-cardiac arrest phase. For 
example, absent pupillary reflexes are relatively common initially after 
ROSC but will recover in patients who regain consciousness. Therefore, 
the FPR of bilateral loss of pupillary reflexes decreases along with 
duration from ROSC and is close to zero at days 4 and 5 after ROSC 
(210). A limitation of some observational studies assessing 
prognostication tests is that the clinicians responsible for WLST were not 
blinded to the outcome of the test, thus introducing a risk of self-fulfilling 
prophecy (329). In clinical practice, the choice of how to utilize tests, 
when to perform them, and what thresholds to use is a balance between 
achieving a low FPR without losing too much sensitivity.  

Test        Timing§  Threshold  Sensitivity % 
[95%CI] 

FPR % 
[95%CI] 

Motor score ≤ 2(322)* ≥96 h N.A 56.9 [46.7–66.6]      5.7 [0.7–19.2] 

Bilateral absent pupillary 
reflexes(210) 

≥96 h N.A 30.5 [21.9–40.2] 0 [0–12.7] 

Neuron-specific 
enolase(323) 

72 h 50 52.1 [46.6–57.5] 0 (0–0.9) 

Neurofilament light 
chain(324) 

72h 309 72.2 [46.5–90.3] 0 [0–6.7] 

Bilaterally absent N20 
SSEP wave(325)  72h N.A 52.4 [44.5–60.2] 0 [0–4] 

Background suppression or 
burst suppression on 
electroencephalogram(326) 

72 h N.A. 19.7 [11.5–30.5] 0 [0–10.5] 

Grey matter/white matter 
ratio on brain CT(327)** ≤ 24 h 1.21 42.1 [35.6–48.9] 0 [0–2.4] 

Lowest mean regional 
apparent diffusion 
coefficient on brain 
MRI(328)*** 

46 (37–52) h 
555.5x10-6 

mm2/s 65.0 [48.3–79.4] 0 [0–23.8] 

 
*Absent or extensor motor response, **Basal ganglia, ***Frontal region, §Timing refers to when the test was performed in the study referred 
to in this table. 

Table 3. Sensitivity, specificity, and false positive rate of some commonly used tests for 
neuroprognostication. 
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Guidelines specifically recommend not to rely on a single test but to use 
a multimodal approach, and that doubts concerning the prognosis 
warrant further observation (126). Ultimately, it remains a clinical 
decision as to what strategy to use when performing prognostication. 
Guidelines recommend that prognostication be performed in patients that 
remain comatose and with a Glasgow motor score ≤3 at ≥72 h after 
ROSC (126). It has been proposed that MTH would slow metabolic and 
neuronal processes and some studies have demonstrated that patients 
treated with MTH need longer time to regain consciousness (330, 331). 
However, it remains uncertain whether MTH affects the prognostic value 
of tests used for neuroprognostication (210). Although a majority of 
patients that ultimately regain consciousness will have done so within 72 
h following a cardiac arrest, patients may regain consciousness later than 
72 h and have a favourable neurologic outcome (332). Age, renal failure, 
and post-resuscitation shock can increase the risk of delayed awakening 
(333); therefore, 72 h should be considered a minimum time before 
neuroprognostication and WLST. However, observational studies 
suggest that early WLST is common, and that the duration of intensive 
care after a cardiac arrest varies between hospitals (334, 335). It remains 
uncertain whether such variations in practice and deviations from 
recommendations affect outcomes in post-cardiac arrest patients. 

 MEASURING OUTCOMES IN POST-CARDIAC ARREST 
PATIENTS  

Frequently reported outcomes for patients after a cardiac arrest include 
ROSC, survival to hospital admission, survival to hospital discharge, 
survival at 30 days, and neurologic outcome at hospital discharge or at 
30 days. The Utstein criteria were developed in the early 1990s as a 
framework for reporting cardiac arrest research. These sets of guidelines 
aim to conform the terminology and reporting used in registries and 
studies of cardiac arrest research. In accordance with these guidelines, 
outcome following a cardiac arrest should include ROSC, survival at 
discharge or at 30 days, and neurological outcome using either CPC 
score or modified Rankin scale (mRS) (336). Importantly, all outcomes 
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measured in proportions (e.g., percentage survival at 30 days) are 
dependent on the denominator, which can vary between countries, 
registries, and studies. 
 

CPC score and mRS are ordinal scales that measure global disability. The 
CPC score has been widely used in cardiac arrest research, whereas the 
mRS has been more common in stroke research (337). The CPC score is 
a five-point scale, with 1 denoting no neurological sequelae and 5 
denoting dead (Table 4) (338). The mRS contains six levels from 1 to 6, 
with 1 denoting no significant disability and 6 denoting death (Table 4) 
(339). Level 0 in the mRS is sometimes included to describe patients 

Grade Cerebral performance category score 

1 
Good cerebral performance: conscious, alert, able to work, could have mild neurological or 
psychological impairment.  

2 
Moderate cerebral disability: conscious, managing independent activities of daily life. Able to 
work in a sheltered environment. 

3 
Severe cerebral disability: conscious, dependent on others for daily support due to impaired 
brain function. Ranges from ambulatory state to severe dementia or paralysis.  

4 
Coma or vegetative state. Unawareness, even if appears awake, no interaction with 
environment; may have spontaneous eye opening and sleep/awake cycles. Cerebral 
unresponsiveness.  

5  Death 

Table 4. Cerebral performance category score and modified Rankin scale. 

Grade     Modified Rankin scale 

1 No significant disability. Able to carry out all usual duties and activities  

2 Slight disability: unable to perform all previous activities but managing independent 
activities of daily life 

3 Moderate disability: requiring some help but able to walk without assistance  

4 Moderately severe disability: unable to walk without assistance and unable to attend to own 
bodily needs without assistance  

5 Severe disability: bedridden and requiring constant nursing care and attention  

6 Death  
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without any symptoms (340). Measurement of neurological outcome 
should be performed with either scale at hospital discharge or at 30 days. 
 

It is recommended to measure health-related quality of life at ≥90 days 
and report patient-reported outcome measures using standardized 
questionnaires (e.g., EQ-5D) (341). More detailed neurocognitive 
assessments may be required to assess mild-to-moderate cognitive 
impairment, fatigue, and emotional problems that are common after 
cardiac arrest (342).  
 
Survival to hospital discharge or at 30 days is a good measure of long-
term survival, given that it is consistent with 1-year survival in >90% of 
patients. Moreover, at 5 years, survival is as high as 80% in patients 
discharged alive from the hospital following an OHCA (343). A 
favourable neurological outcome (i.e., CPC score 1–2) at hospital 
discharge or at 30 days is expected to be maintained through follow up 
at 6 months and at 1 year in the majority of patients after OHCA (344, 
345). 

 THESIS BACKGROUND 

 PAPER I 
The use of adrenaline in the treatment of cardiac arrest has been 
questioned due to the lack of evidence demonstrating favourable effects 
on neurological outcome and for potential negative effects (183, 187, 
194, 346). Additionally, studies of the use of adrenaline in cardiac arrest 
include primarily patients with OHCA (178). Few studies have assessed 
the relationship between adrenaline treatment and outcome in patients 
with IHCA (43). Despite important differences between patients with 
OHCA and IHCA, results have been extrapolated between these patients. 
A meta-analysis of two RCTs of adrenaline versus placebo in patients 
with OHCA found higher survival in patients receiving adrenaline, 
although there was no difference in survival with good neurological 
function (199).  
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In summary, evidence for the use of adrenaline in IHCA is weak due to 
a lack of studies assessing its effect on patient outcome.  

 PAPER II 
The most common cause of death in comatose patients admitted to 
hospital after cardiac arrest is due to neurological injury (210). 
Neurological prognostication is performed in patients with persistent 
coma, and if the patient is determined to have a poor prognosis, life-
sustaining therapy (e.g., invasive ventilation or circulatory support) is 
terminated, and treatment is directed toward palliative care. Often the 
patient dies within hours to days following WLST. Current guidelines 
recommend that neurological prognostication should not be performed 
earlier than 72 h after cardiac arrest, and in the absence of definitive signs 
of a poor prognosis, continued active intensive care is recommended 
(300). Furthermore, some patients may need longer than 72 h to regain 
consciousness, and there is a risk of poor outcome if intensive care is 
terminated too early (126, 333, 347). A previous study identified 
differences between hospitals in the duration of intensive care provided 
to post-cardiac arrest patients (335), and other studies report that 
outcomes after cardiac arrest vary geographically and between hospitals 
(348-353). Studies assessing whether differences in duration of intensive 
care efforts affects patient outcome are scarce(334). 
 
In summary, it is possible that the duration of intensive care provided to 
patients after cardiac arrest varies between hospital, and the effect of such 
variations on patient outcome is uncertain. 

 PAPERS III AND IV 
PCAS can involve neurological injury, myocardial dysfunction, and 
multiorgan failure (354). An important aspect of intensive care during 
the post-resuscitation phase is optimisation of cardiorespiratory 
functions and tissue perfusion to allow neurological recovery and avoid 
secondary neurological insults and multiorgan failure. Evaluation of 
serum lactate as a prognostic marker in this context revealed that elevated 



Cardiac arrest – an epidemiologic perspective on pharmacotherapy and post 
resuscitation care  

 44 

lactate levels are associated with worse outcomes in post-cardiac arrest 
patients (76, 249, 355). The association between lactate and outcome in 
the post-resuscitation phase might be confounded by the effect of CPR 
duration on lactate levels rather than ongoing tissue hypoxia or 
hypoperfusion (356). Despite the association with poor outcome, the 
prognostic accuracy of lactate as a predictor of survival in post-cardiac 
arrest patients has been questioned (248).  
 
P∆CO2 and RQ have gained increased interest as markers of circulation 
in critically ill septic patients. P∆CO2 is a marker of global perfusion and 
increases when blood flow is reduced in relation to CO2 production (261). 
RQ is a surrogate marker for the ratio between VCO2 and VO2 and 
increases during tissue hypoxia (275). Both markers are prognostically 
relevant in patients with severe sepsis and those undergoing high-risk 
surgery. 
 
In summary, it remains unknown whether p∆CO2 and/or RQ is useful in 
post-cardiac arrest patients for identifying those at risk of a poor 
outcome.  
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 AIMS  
 

• The aim of paper I was to assess the relationship 
between adrenaline treatment, ROSC, and survival in 
patients with IHCA. 
 

• The aim of paper II was to explore the association 
between the duration of intensive care and survival 
following cardiac arrest.  
 

• The aims of papers III and IV were to assess whether 
p∆CO2 and RQ are associated with mortality after 
cardiac arrest. 
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 PATIENTS AND METHODS 

 PAPER I 

Paper I is a retrospective observational study using data collected from 
the Swedish Registry of Cardiopulmonary resuscitation (SRCR). 
Inclusion criteria were age ≥18 years with an IHCA and initiated CPR, 
defibrillation, or both, and the inclusion period was 1 January 2015 to 30 
June 2017. Primary outcome variables were ROSC and 30-day survival, 
and secondary outcome was survival to discharge with good neurological 
function (CPC score 1–2). Patients were excluded if data for any of the 
primary outcomes or adrenaline exposure were missing.  

The outcomes for patients who had received adrenaline were compared 
with those for patients who had not received adrenaline. Due to the large 
number of subjects in our study we used the standardized difference to 
assess the balance of baseline characteristics between the two groups. To 
assess whether each of the baseline characteristics altered the association 
between adrenaline administration and outcome we used logistic 
regression, comparing the unadjusted odds ratio for those with non-
missing of the specific variable with the odds ratio adjusted for the 
variable.  

In the analysis of ROSC and 30-day survival, we stratified patients by 
initial rhythm and CPR duration.  We used logistic regression applying 
Firth’s penalized likelihood method to calculate odds ratios with 
corresponding 95% confidence intervals for adrenaline administration in 
relation to no adrenaline.  
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 PAPER II 

Paper II is a retrospective register study using data collected from two 
national quality registers: the Swedish Intensive Care Registry (SIR) and 
SRCR. Inclusion criteria were as follows: aged ≥18 years, admitted to a 
general ICU during the study period, a main diagnosis of cardiac arrest 
(ICD-code: I49.0) at admission, received invasive MV, and identification 
in both registers. Patients from hospitals with <10 cardiac arrests 
registered during the study period were excluded. The study period was 
from 1 January 2011 to 31 December 2016.  
 
Patients were initially identified in the SIR according to the inclusion 
criteria, after which data from the SIR and SRCR were merged to obtain 
a complete dataset. Patients that could not be identified in both registries 
were excluded. In the first part of the analysis, hospitals were sorted by 
the median duration of MV (MVDUR) provided to patients that did not 
survive until hospital discharge. Hospitals were divided into quartiles 
(hospital groups 1–4), with group 1 having the shortest MVDUR and group 
4 the longest.  
 
The primary outcome was the association between the variable ‘hospital 
group’ and 30-day mortality. Additionally, we compared outcomes in 
hospital groups 2 through 4 using hospital group 1 as a reference. We 
then performed secondary analyses based on initial rhythm and arrest 
location (i.e., IHCA vs. OHCA). Furthermore, we analysed the primary 
outcome after excluding patients with a length of stay in the ICU 
(ICULOS) of <48 h. Patients with an ICULOS >48 h die more often 
secondary to WLST related to a perceived poor prognosis than from 
cardiopulmonary failure. We used logistic regression to test associations 
between hospital group and outcome. Because the data could be viewed 
as clustered at the hospital level, we adjusted for covariates at both the 
patient and hospital levels.  
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 PAPER III  

Paper III is a retrospective study using data derived from an institutional 
database at the Erasme University Hospital (Brussels, Belgium). All 
patients admitted to the ICU after an IHCA or OHCA were included in 
the database. The study period was between January 2007 and December 
2016, and the inclusion criteria were as follows: altered consciousness 
[Glasgow Coma Scale (GCS) < 9] on admission, age >18 years, and 
survival for at least 24 h after admission. Patients with a traumatic 
cardiac arrest or that lacked data for lactate, central venous oxygen 
saturation (ScvO2), pDCO2, or RQ were excluded. The primary outcome 
was the association between pDCO2 or RQ and ICU mortality and 
neurological outcome. We also assessed the ability of pDCO2, lactate, 
and ScvO2 to identify patients with an elevated RQ. Elevated RQ was 
defined as a value >1.0, elevated p∆CO2 was defined as >8 mmHg, and 
elevated lactate as >4.0 mmol/l. 
 
To measure pDCO2 and RQ, simultaneous arterial and venous blood gas 
samples were obtained from a central venous line and an arterial catheter 
at the discretion of the attending clinician. pDCO2 was defined as the 
difference between venous and arterial CO2 partial pressures, and RQ 
was calculated as the ratio between the difference in venous-arterial CO2 
content and the difference in arterial-venous O2 content. Oxygen content 
was determined using a standard formula, and CO2 content was 
determined according to the Douglas formula (Table 5) (357). Details 

Blood CO2 content (ml) = Plasma CCO2 ´ [1 − 0.0289 ´ (Hb)/(3.352 − 0.456 ´ SO2) ´ 
(8.142 − pH)] 
Plasma CO2 content = 2.226 ´ S ´ plasma PCO2  ´ (1 + 10pH − pK’) 
 
S (plasma CO2 solubility coefficient) and pK’ (apparent pK) were calculated as follow:  

i. S = 0.0307 + [0.00057 ´ (37 − T)] + [0.00002 ´ (37 − T)2] 
ii. pK’ = 6.086 + [0.042 ´ (7.4 − pH)] + ((38 − T) ´ (0.00472 + 

[0.00139 ´ (7.4 − pH)])) 
 
T = temperature in Celsius.  

 
 
 
 
 

Table 5. Douglas formula for calculating blood CO2 content.  
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concerning the institutional protocol for post-resuscitation care are 
provided in the article and the supplementary appendix.  
 
The primary outcome was analysed using logistic regression and we used 
a receiver operating characteristics (ROC) curve to assess the ability of 
lactate, ScvO2, and pDCO2 to identify an elevated RQ.  
 

 PAPER IV 

Paper IV is a prospective single-centre study that included patients from 
a large randomized controlled study of temperature management during 
the post-resuscitation phase (ClinicalTrials.gov identifier: 
NCT02908308). The study period was between March 2018 and 
November 2019. The outcomes of interests were the relationship 
between RQ, p∆CO2, and lactate and survival status at 96 h and during 
follow up (30 days).  
 
In the main study, adult patients with OHCA that were unconscious at 
hospital admission were randomized to either MTH (i.e., 33°C) for 28 h, 
followed by rewarming for 12 h, or to active temperature management in 
the event of a rise in body temperature above 37.7°C. All patients 
received sedation and MV. The intervention period was 40 h, after which 
the patients were weaned of sedation. Patients that were unconscious at 
96 h underwent neurologic prognostication. WLST before 96 h was not 
recommended according to the main study protocol.  
 
Patients included in the study had a central venous catheter placed in the 
superior vena cava after ICU admission according to the clinical practice. 
Simultaneous sampling of blood from the arterial and central venous 
catheter was performed at various times after inclusion (4, 8, 12, 16, 24, 
48, and 72 h). Determination of RQ and p∆CO2 was performed as 
described for paper III, with kPa used instead of mmHg.  Blood CCO2 
was calculated from pCO2 using the Douglas formula (Table 5). Elevated 
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RQ was defined as a value >1.0, elevated p∆CO2 as >0.8 kPa, and 
elevated lactate as >4.0 mmol/l.  
 
We compared RQ, p∆CO2, and lactate levels during the first 72 h in 
patients alive at 96 h with those that were not. We compared outcomes 
in patients with elevated and normal RQ, p∆CO2, and lactate levels at 4 
h after study inclusion to determine whether levels at this time point were 
predictive of survival status at 96 h or during follow up. 

 THE SWEDISH REGISTRY OF CARDIOPULMONARY 
RESUSCITATION  

The SRCR is a national quality registry that collects data on patients who 
receive CPR both in and out of the hospital. The SRCR was started in 
1990 and currently receives data from every Swedish EMS concerning 
OHCA. A report in the registry is created when resuscitation is initiated 
in the pre-hospital setting, with registration completed by the EMS crew 
according to the Utstein guidelines. In patients admitted to a hospital, 
additional data are registered by designated healthcare personnel. The 
registration includes hospital intervention(s), survival to hospital 
discharge, and neurological outcome (CPC score), with neurological 
outcome generally obtained from medical records. Survival is recorded 
at hospital discharge or at 30 days.  
 
Data concerning IHCA have been reported since 2006, and 98% of 
Swedish hospitals currently report incidences to the registry. Patients are 
included in the registry if CPR, defibrillation, or both are started. It is 
possible that registry coverage is lower for IHCA than for OHCA, given 
that arrests of very short duration (e.g., immediate defibrillation during 
coronary angiography) or under special circumstances (e.g. in the 
operating theatre) are less likely to be reported. Additionally, the 
reporting of re-arrests is low and variable. Initial registration is 
performed by healthcare personnel at the location where the arrest 
occurred and completed according to the Utstein criteria to include 
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important patient characteristics, periarrest characteristics, and 
interventions during and after resuscitation. Survival is recorded at 
hospital discharge or at 30 days. Neurological function according to CPC 
score is estimated from medical records upon hospital admission and at 
discharge.  
 
Data from the SRCR were used in paper I (only IHCA data) and paper II 
(both IHCA and OHCA data).  

 THE SWEDISH INTENSIVE CARE REGISTRY 

The SIR is a national quality registry that collects data from patients 
admitted to a Swedish ICU. Both general and specialised ICUs (i.e., 
neuro-, thoracic, and paediatric ICUs) report outcomes to the registry, 
which was founded in 2001 and (as of 2018) receives reports from 95% 
of specialised and 100% of general ICUs. The registry contains data on 
patient demographics, diagnoses, comorbidities, treatments and 
interventions, complications, outcomes, and quality of life after intensive 
care.  

The Simplified Acute Physiology Score 3 (SAPS3) score is registered 
for patients at admission. The SAPS3 score is the sum of three areas (i.e., 
boxes) used to estimate a standardized mortality rate. BOX I summaries 
data on patient background, including age, comorbidities, and how long 
the patient had been in the hospital before ICU admission. BOX II 
contains information on the circumstances prompting ICU admission, 
whether it was an elective or non-elective admission, any surgical 
intervention prior to admission, and the presence of infection. BOX III 
summarizes the degree of physiological aberrations based on parameters 
measured at ±1 hour from admission. The worst measured value is used 
to calculate the SAPS3 BOX III score. The measured physiological 
parameters include lowest level of consciousness (GCS), highest body 
temperature (°C), highest heart rate, lowest systolic blood pressure 
(mm/Hg), highest serum bilirubin level (µmol/l), highest serum 



Cardiac arrest – an epidemiologic perspective on pharmacotherapy and post 
resuscitation care  

 52 

creatinine level (mmol/l), highest blood leucocyte count (109/l), lowest 
arterial pH, lowest blood platelet count (109/l), and lowest PaO2/FiO2 
ratio. Data are included in the registry by doctors and nurses at the 
bedside and designated healthcare personnel. Data from the SIR were 
used in paper II.  

 ETHICAL APPROVALS  

All papers included in this thesis received ethical approval prior to study 
initiation. Papers I and II received ethical approval from the regional 
ethical committee in Gothenburg, Sweden.  

Paper III was approved by the local Research Ethics Committee at 
Erasme University Hospital (Brussels, Belgium). The need for informed 
consent was waived because of the retrospective nature of the study.  

Paper IV was performed as a sub-study in the context of a multicentre 
RCT. Ethical approval was obtained as an addendum to the main study. 
According to the ethical approval of the main study protocol, due to the 
nature of the disease, patient consent could not be obtained at study 
inclusion. Patient relatives were informed of the study at the first possible 
opportunity, and patients who regained consciousness were informed of 
the study and asked to provide written consent.  

 STATISTICAL METHODOLOGY  

Several statistical analyses, including descriptive statistics, were used in 
the papers included in this thesis. Continuous parametric variables were 
presented as means with standard deviations, and continuous or ordinal 
non-parametric variables were presented as medians with an IQR or 10th 
and 90th percentiles (paper I). ROC curves were used in papers III and 
IV to graphically depict test characteristics. In paper IV, we used 
Kaplan–Meier curves to depict survival during follow up.  
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We applied different statistical analyses to make inferences from the 
sampled data. Statistical hypothesis testing was utilized in all four papers 
to compare outcomes between groups. For papers II, III, and IV, we used 
statistical hypothesis testing to compare baseline variables between 
groups, with this shown in Table I of each paper.  
 
Logistic regression was used in papers I, II, and III to estimate the 
relationship between independent variable(s) and outcome(s). In paper I, 
we used univariate logistic regression to estimate the relationship 
between adrenaline exposure and primary outcomes. In papers II and III, 
we used multivariate logistic regression to control for non-random 
differences (i.e., potential confounders) in the baseline characteristics 
between groups. In paper II, logistic regression was multi-level, as there 
was variation in baseline variables at both the patient and hospital levels.  
 
In paper IV, serial samples were obtained from patients during the first 
72 h after admission. Variation within each patient was expected to be 
less than that between non-dependent samples. We used a mixed linear 
model to compare repeated measures of RQ, pDCO2, and lactate between 
groups.  
 
In paper IV, survival curves were compared using the log-rank test. 
Additionally, we used Cox regression analysis to test whether levels of 
RQ, pDCO2, or lactate increased the hazard ratio of death during follow 
up. Measurements were performed at up to seven time points and applied 
as segmented time-dependent variables. This was done in order to 
consider the effect of each parameter on the hazard ratio for mortality 
until completion of the next measurement.  
 
To evaluate the relationship between continuous variables in paper III, 
we used Pearson’s correlation coefficient and Spearman’s rank 
coefficient for parametric and non-parametric data, respectively.   
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An overview of the analyses is provided in Table 6. A two-tailed p < 0.05 
was considered statistically significant throughout this thesis.  
 

 
 

 
 
 

    Paper I Paper II Paper III Paper IV 

Comparison between two groups      
Continuous variables        
Independent t test     x x  

ANOVA     x   

Mixed linear model      x  

Mann–Whitney U test    x x   

Log-rank test     x  

Dichotomous variables         

Fischer’s exact test   x x x x  

Correlation analyses        

Pearson’s coefficient     x   

Regression analyses        

Logistic regression   x x x   

Cox regression     x  

Trend tests        

Dichotomous variables        

Mann–Whitney U test    x    

Continuous/ordered variables        
Spearman's rank test    x    

Table 6. Statistical analyses used in this thesis 
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 RESULTS 

 PAPER I 

Paper I included 6 033 patients from the SRCR, with 4 055 (67%) 
receiving at least one dose of adrenaline during CPR. Patients in the 
adrenaline group had lower rates of ROSC (72% vs. 98% for shockable 
rhythm and 50% vs. 65% for non-shockable rhythm; p < 0.0001 for both) 
and lower survival at 30 days (30% vs. 85% for shockable and 12% vs. 
48% for non-shockable rhythm; p < 0.001 for both).  
 
There was an imbalance between groups in the median duration of CPR 
(19 min vs. 3 min; p < 0.001) (Figure 6). Logistic regression analysis of 
the effect of baseline variables on the relationship between adrenaline 
exposure and outcomes showed that only the variables “CPR duration” 
and “intubation” demonstrated a more than minimal alteration in the 
relationship between adrenaline exposure and outcomes, with “CPR 
duration” having a larger effect than “intubation”. For the outcome 

0%

5%

10%

15%

20%

25%

30%

35%

40%

0-1 min

2-3 min

4-5 min

6-7 min

8-9 min

10-11 min

12-13 min

14-15 min

16-17 min

18-19 min

≥ 20 min

CPR duration 

Pe
rc

en
ta

ge
 o

f p
at

ie
nt

s Adrenaline
No Adrenaline

 Figure 6. Distribution of CPR duration in patients receiving or not receiving adrenaline. 
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“ROSC”, there was also an interaction effect between adrenaline 
exposure and the initial rhythm.  
 
We restricted our analysis to dividing the cohort by initial rhythm and 
stratifying patients by CPR duration (Figure 7). Patients with an initially 
shockable rhythm had a lower frequency of ROSC when given 
adrenaline in all but one time stratum of CPR duration. For patients with 
non-shockable rhythm, ROSC frequency was higher when given 
adrenaline in all but the first time stratum of CPR duration. In a weighted 
average, the odds ratio (OR) for ROSC in patients with non-shockable 
rhythm and treated with adrenaline was 2.03 [95% confidence interval 
(CI): 1.54–2.69] when stratified by CPR duration. 
 
Survival at 30 days was lower for adrenaline treated-patients regardless 
of initial rhythm both before and after stratification for CPR duration 
(shockable rhythm OR = 0.22, 95% CI: 0.15–0.33; and non-shockable 
rhythm OR = 0.62, 95% CI: 0.46–0.83).  
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Figure 7. Return of spontaneous circulation in the adrenaline vs. no-adrenaline groups 
in patients with (A) VT/VF and (B) PEA/asystole. Survival at 30 days in patients with 
(C) VT/VF and (D) PEA/asystole. Outcomes were stratified by CPR duration. 

 Odds ratio 
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 PAPER II 

Paper II included 5 113 patients from 56 hospitals. The median MVDUR 
for patients who did not survive to hospital discharge ranged from 17 h 
in hospital group 1 to 56 h in hospital group 4 (Figure 8).  
 
Patients in the different hospital groups differed in the type of hospital 
(i.e., county, district, or regional) to which they were admitted. Patients 
in hospital group 1 were more often admitted to smaller hospitals with 
fewer cardiac arrests per hospital annually, whereas patients in hospital 
groups 3 and 4 more often were treated in larger hospitals and university 
hospitals. There were few statistically significant differences in between 
hospital groups in age, aetiology of cardiac arrest, initial rhythm, and 
physiological parameters and no difference was considered to be 
clinically relevant.  
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Figure 8. Hospitals ordered by median duration of mechanical ventilation (MVDUR) 
for post cardiac arrest patients who did not survive to hospital discharge. Four groups 
of 14 hospitals were defined by the quartiles of MVDUR. 
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There was a correlation between hospital group and survival, as survival 
to ICU discharge and at 30 days ranged from 47% to 56% and 29% to 
37%, respectively, in hospital group 1 through 4.  
 
We considered hospital group an ordinal variable and adjusted for 
several baseline variables at patient and hospital levels for multi-level 
logistic regression analysis. After adjustment, hospital group was 
associated with 30-day survival (Table 7). When patients were divided 
by initial rhythm, the results were only significant for patients with an 
initially non-shockable rhythm. The OR for survival at 30 days for a 
patient with a non-shockable rhythm admitted to an ICU in hospital 
group 4 relative to hospital group 1 was 1.84 (95% CI: 1.18–2.88; p = 
0.008).  
 
In a secondary analysis, we excluded patients with an ICULOS of <48 h, 
resulting in inclusion of 2 762 patients, and created new hospital groups. 
The median MVDUR in non-survivors ranged from 62 h in hospital group 
1 to 98 h in hospital group 4. In line with findings from the initial 
analysis, patients in hospital group 1 were more often admitted to district 
hospitals with fewer cardiac arrests per hospital per year, and patients in 
hospital groups 3 and 4 were more often admitted to regional hospitals 
and university hospitals. However, in this analysis there was no 
significant difference in survival between hospital groups. Survival to 
ICU discharge and at 30 days were 68% and 65% and 43% and 44% in 
hospital groups 1 and 4, respectively. After adjustment for baseline 
characteristics at patient and hospital levels, we found no association 
between hospital group and 30-day survival in patients with an ICULOS 
of ≥48 h.  
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 G
roup 1            964 of 1058                 ref 

 
236 of 254 

ref 
                        493 of 544 

ref 

 G
roup 2            891 of   988                 0.94 (0.70,1.27)    0.68 

458 of 501 
0.98 (0.64,1.47)         0.90              521 of 552 

1.26 (0.80,1.99) 
0.31 

 G
roup 3          1616 of 1688                1.16 (0.88,1.54)     0.30 

602 of 639 
0.80 (0.53,1.21)         0.29              755 of 800 

1.16 (0.75,1.78) 
0.50 

 G
roup 4           1295 of 1379               1.35 (1.01,1.81)     0.05 

383 of 399 
0.83 (0.54,1.27)         0.39              643 of 688 

1.84 (1.18,2.88) 
0.008 

 T
est for trend  4766 of 5113               1.12 (1.02,1.23)     0.02 

1679 of 1793     
0.92 (0.81,1.05)          0.23             2412 of 2584  1.21 (1.05,1.39)  

0.01 

________________________________________________________________________________________________________________________________________ 

 Table 7. R
esults of 30-day survival per hospital group and stratified by initial rhythm
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 PAPER III 

Paper III included 308 patients all of whom were mechanically ventilated 
and with 284 (92%) receiving MTH. Samples were taken during the 
initial 24 h after ICU admission, and measurements were grouped 
according to sampling time after admission: 0 h to 6 h (6H), 6 h to 12 h 
(12H), or 12 h to 24 h (24H). RQ was elevated in 167 (54%) patients, 
p∆CO2 in 220 (71%) patients, and lactate in 94 (34%) patients. There 
was no difference in the distribution of RQ between different sampling 
intervals. For samples at 24H, p∆CO2 and lactate were lower relative to 
those sampled at 6H.  

174 patients (56%) died before ICU discharge, and 198 patients (64%) 
had a poor neurological outcome at 3 months. The proportion of 
survivors until ICU discharge did not differ significantly between 
patients with elevated or normal p∆CO2 or RQ. Patients with elevated 
lactate levels had a higher ICU mortality as compared with patients 
without elevated lactate levels (Figure 9A). The proportion of patients 
with an unfavourable neurological outcome did not differ between 
patients with elevated or normal RQ, p∆CO2, or lactate (Figure 9B).  
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Figure 9. Cumulative intensive care unit mortality (A) and unfavourable neurological 
outcome (B) in patients with normal and abnormal RQ, p∆CO2, lactate and ScVO2. 
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There was a linear correlation between arterial pCO2, arterial pH, and 
p∆CO2 with RQ. There was no significant correlation between lactate, 
ScvO2, or temperature with RQ. Only p∆CO2 demonstrated a significant 
ability to classify patients with an RQ >1.0 (area under the ROC curve 
(AUC) for p∆CO2: 0.76 (95% Cl: 0.71–0.82; p < 0.001). Neither lactate 
nor ScvO2 identified patients with an elevated RQ.  
 
Non-survivors at ICU discharge showed a higher RQ (1.13 vs. 0.97; p < 
0.01). The OR for ICU mortality for every 0.1 increase in RQ was 1.09 
(95% CI: 1.04–1.14; p < 0.01), and for an RQ >1.0, the OR was 1.82 
(95% CI: 1.04–3.19; p = 0.04) (Table 8A). 
 
P∆CO2 did not differ between survivors and non-survivors at ICU 
discharge (9 mmHg vs. 9 mmHg; p = 0.66); however, in the adjusted 
analysis, every 1.0 mmHg increase in p∆CO2 changed the OR for ICU 
mortality by 0.92 (95% CI: 0.86–0.99; p = 0.02) (Table 8A).  
 
Neither RQ nor p∆CO2 differed between patients with an unfavourable 
and favourable neurological outcome. In the adjusted analysis, only 
p∆CO2 was associated with an unfavourable neurological outcome. 
Every 1.0 mmHg increase in p∆CO2 changed the OR for an unfavourable 
neurological outcome by 0.93 (95% CI: 0.87–0.99; p = 0.02) (Table 8B).  
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 A   Unadjusted analysis    Adjusted analysis 

    OR 95% CI  p   OR 95% CI  p 

RQ 1.05 1.01 1.08 0.01 
 

1.09 1.04 1.14 <0.01 

RQ > 1.0 1.59 1.01 2.50 0.05 
 

1.82 1.04 3.19 0.04 

pDCO2 
 

1.01 0.96 1.06 0.66 
 

0.92 0.86 0.99 0.02 

pDCO2 > 6 mmHg 1.44 0.88 2.37 0.15 
 

0.93 0.51 1.70 0.81 

 B   Unadjusted analysis   Adjusted analysis  

    OR 95% CI  p   OR 95% CI  p 

RQ 1.01 0.98 1.04 0.60 
 

1.10 0.99 1.23 0.08 

RQ > 1.0 0.83 0.51 1.36 0.47 
 

0.90 0.50 1.63 0.74 

pDCO2 
 

0.98 0.94 1.02 0.37 
 

0.93 0.87 0.99 0.02 

pDCO2 > 6 mmHg 0.97 0.57 1.65 0.91 
 

0.89 0.42 1.88 0.76 

 
 

Table 8. Association between RQ and p∆CO2 and ICU mortality after cardiac arrest (A) 
and unfavourable neurological outcome at 3 months after cardiac arrest (B). 
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 PAPER IV 

In paper IV, 78 patients were assessed for eligibility during the study 
period, and 68 patients were included in the study. Patients were 
followed for 30 days, and all had been sedated and received MV. Thirty-
one patients (52%) received MTH for 28 h after study inclusion in 
accordance with the main study protocol. The 96-h and 30-day mortality 
was 22% and 54%, respectively.  
 
The distribution of RQ, p∆CO2, and lactate during the first 72 h after 
study inclusion is shown in Figure 10. There were no significant 
differences in the average levels of RQ or pDCO2 between survivors and 
non-survivors at 96 h, whereas lactate was on average higher in non-
survivors at 96 h (p < 0.001). Additionally, there was no difference in 
RQ or p∆CO2 between patients receving and not receiving MTH, while 
lactate was on average higher in patients treated with MTH (p = 0.02).We 
then compared the ability of RQ, p∆CO2, and lactate measured 4 h  
after study inclusion to identify non-survivors at 96 h. Only lactate 
showed good performance, with an AUC of 0.85 (95% CI: 0.73–0.98), 
which was significantly better than RQ or p∆CO2 (p < 0.001) (Figure 11). 
 
We identified no difference in the degree of physiological disturbance as 
measured by SAPS3 at admission between patients with elevated and 
normal RQ or p∆CO2 at 4 h. By contrast, patients with elevated lactate 
at 4 h and non-survivors at 96 h had higher SAPS3 scores relative to 
patients with non-elevated lactate levels and survivors at 96 h. 
 
Survival curves for patiens with elevated RQ, p∆CO2, and lacate at 4 h 
are shown in Figure 12. Patients with elevated lactate had significanly 
lower survival rates during the follow-up period, whereas there was no 
difference between patients with normal or elevated RQ or p∆CO2. 
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Figure 10. Distribution of RQ, p∆CO2, and lactate over the first 72 h in post-
cardiac arrest patients. In a mixed linear model, patients that did not survive 
beyond 96 h after study inclusion showed higher average lactate (p < 0.001), 
whereas there was no difference in average RQ and p∆CO2 between groups. 



Cardiac arrest – an epidemiologic perspective on pharmacotherapy and post 
resuscitation care  

 66 

Finally, we performed Cox regression analysis that included 
measurements of RQ, p∆CO2, and lactate obtained during the initial 24 
h after adminssion. We considered RQ, p∆CO2, and lactate to be time-
dependent variables. The hazard ratio for death during the follow-up 
period increased by 1.23 per each mmol/l increase in lactate during the 
initial 24 h after admission (p < 0.001). By contrast, RQ and p∆CO2 

measurements during the initial 24 h period were not associated with an 
increased hazard ratio for death during the follow-up period.  
 
 
 
  

Figure 11. Receiver operating characteristic curves of RQ, p∆CO2 and lactate for the 
prediction of death by 96 hours after study inclusion. Area under the curve for RQ, 
p∆CO2 and lactate at 4 hours were 0.59 (95%CI 0.44-0.74), 0.60 (95%CI 0.43-0.77) 
and 0.85 (95%CI 0.73-0.98), respectively. Lactate at 4 hours was a significantly 
better predictor for death at 96 hours compared to RQ and p∆CO2 (p < 0.001). 
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Figure 12. 30-day survival in patients with an RQ ≥1.0 and <1.0, p∆CO2 ≥0.8 and <0.8 
kPa, and lactate ≥4 and <4 mmol/l at 4 h after study inclusion. There was no statistical 
difference in survival for patients with elevated and normal RQ (40% vs. 53%; p = 0.31) 
or p∆CO2 (45% vs. 48%; p = 0.61). Patients with lactate showed a lower 30-day survival 
rate (18% vs. 51%; p = 0.004). 
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 DISCUSSION 

 WHAT IS THE ROLE OF ADRENALINE DURING CPR FOR 
IHCA? 

The results of paper I suggested that adrenaline might be beneficial for 
achieving ROSC in patients with a non-shockable rhythm, although not 
in patients with a shockable rhythm. Survival at 30 days was lower in the 
adrenaline group regardless of initial rhythm. These findings are 
supported by previous observational studies. For example, a 
retrospective study of IHCA demonstrated a lower rate of ROSC and 
survival to hospital discharge when early-administered adrenaline was 
compared to adrenaline administered later or not at all in patients with 
VT/VF (203).  

Why would the effects of adrenaline be different in patients with 
IHCA as compared to those with OHCA?  

Currently, the best data on the effect of adrenaline on patient outcome 
after cardiac arrest comes from the PARAMEDIC2 trial (157), which 
showed that adrenaline improved survival in patients with OHCA but not 
survival with a favourable neurological outcome. The evidence 
supporting adrenaline use in IHCA is limited to observational studies.  

The average beneficial effect on survival from adrenaline use in OHCA 
is likely to be minimal. In the PARAMEDIC2 trial, the absolute risk 
reduction for 30-day mortality was 0.89%, suggesting that 112 patients 
with an OHCA would need to be treated with adrenaline to save the life 
of one patient (157). As previously discussed, there are important 
differences between patients with OHCA and those with IHCA. Patients 
with OHCA typically receive pharmacologic treatment later than patients 
with IHCA. In clinical trials, the time until drug administration was ~20 
min (157, 164, 165). By contrast, the median total duration of 
resuscitation in the adrenaline group was 19 min in paper I. Furthermore, 
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in IHCA, a non-shockable rhythm might be suggestive of a non-cardiac 
aetiology rather than a prolonged time in no flow (29, 54, 98, 358). 
Because the effect of the intervention in the OHCA population is close 
to neutral, the differences between OHCA and IHCA in the properties of 
the intervention (e.g., timing of adrenaline treatment) and the patient 
(e.g., differences in aetiology) could theoretically change the effect of 
the intervention in either a more beneficial or more harmful direction. 
 
Why would adrenaline decrease the chance of ROSC in patients with 
an initial shockable rhythm?  
Data from animal experiments on shockable cardiac arrests suggest a 
time-sensitive model of cardiac arrest physiology with three phases 
(359). During the initial “electric phase” of VF, immediate defibrillation 
is the goal and associated with a high likelihood of survival (53). 
Adrenaline administration early in patients with a shockable rhythm 
could theoretically decrease the likelihood of successful defibrillation 
and has been demonstrated to increase the rate of recurrent VF after 
ROSC (202). After several minutes of untreated VF, there is a 
“haemodynamic phase” during which patients are dependent on 
sufficient coronary perfusion pressure and myocardial O2 delivery in 
order for defibrillation to be successful (142). Prolonged time in 
untreated cardiac arrest lessens the beneficial effect of any intervention 
due to the presence of hypoxic-ischemic brain injury (referred to as the 
“metabolic phase”). Using this theoretical framework, it is possible that 
IHCA patients with a shockable rhythm more often are in the electric 
phase, and that adrenaline would be less beneficial and potentially 
harmful, as suggested by the results of paper I and a previous study (203). 
By contrast, the duration between the arrest and subsequent interventions 
is longer in OHCA, and patients are more likely to be in the 
haemodynamic or metabolic phase. In this situation, the benefits of 
adrenaline might be more substantial, given that the effect of 
defibrillation decreases with increased duration of no flow and low flow 
(118).  
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Is adrenaline beneficial for achieving ROSC in patients with IHCA 
and an initial non-shockable rhythm?  
In the unadjusted analysis of the data, adrenaline exposure was 
associated with a lower rate of ROSC in patients with a non-shockable 
rhythm. Stratifying patients by CPR duration reversed the relationship 
between adrenaline exposure and ROSC in favour of adrenaline. The 
reversed relationship is explained by the imbalance in CPR duration 
between patients either receiving or not receiving adrenaline. CPR 
duration was the strongest confounder of the relationship between 
adrenaline exposure and outcomes. This is an example of “resuscitation-
time bias”, where exposure to an intervention is coupled to the duration 
of resuscitation, which in turn is directly linked to outcome. To stratify 
by or in other ways control for time is the appropriate way to address 
resuscitation-time bias in observational studies of resuscitation (360). 
 
The retrospective nature of the study makes it unable to determine a 
causal relationship in the association between adrenaline and ROSC in 
patients with non-shockable rhythm. It is possible that patients in the no-
adrenaline group did not receive adrenaline, because resuscitation was 
deemed futile and, therefore, did not achieve ROSC. However, this 
explanation is difficult to reconcile with the higher 30-day mortality in 
the adrenaline group. Patients with an initial non-shockable rhythm and 
in whom adrenaline was administered were more likely to receive 
defibrillations, suggesting that they converted to a shockable rhythm 
during resuscitation. Rhythm conversion is associated with an increased 
rate of ROSC and survival in OHCA (110). Previous observational 
studies on IHCA support these findings and suggest that adrenaline 
might be beneficial in patients with a non-shockable rhythm (65, 204).  
 
Why was adrenaline positively associated with ROSC but not with 
30-day survival in patients with an initial non-shockable rhythm 
after controlling for CPR duration?  
Although 30-day survival is the more important outcome, ROSC is the 
primary effect of adrenaline administration during CPR. The relationship 
between adrenaline and ROSC is more direct than that between 
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adrenaline and survival at 30 days, which in IHCA is affected by factors, 
such as comorbidities and the reason for admission (20, 76). CPR 
duration had a substantial effect on the relationship between adrenaline 
and ROSC in patients with a non-shockable rhythm; however, it did not 
change the direction of the relationship between adrenaline and survival. 
It is possible that although the effect of resuscitation-time bias on the 
relationship between adrenaline and ROSC was mitigated by controlling 
for CPR duration, this was not the case for 30-day survival.  In other 
words, it is unlikely that adrenaline in itself caused increased mortality 
at 30 days after increasing the rate of ROSC. Rather we were not able to 
single out the effect of adrenaline given that it covaried with other poor 
prognostic factors. In summary, ROSC is a more sensitive marker of the 
effects of adrenaline in the setting of an observational study of cardiac 
arrest, although an imperfect one.  
 
Similar to previous observational studies of adrenaline in OHCA and 
IHCA, our study is hypothesis-generating, and the results call attention 
to the importance of an RCT of adrenaline in IHCA patients. This would 
be particularly important for patients with IHCA and a shockable rhythm, 
where the benefits of adrenaline are questionable, and where adrenaline 
might potentially be harmful.  

 DOES THE DURATION OF INTENSIVE CARE AFFECT 
OUTCOME IN POST CARDIAC ARREST CARE? 

 
In paper II, we demonstrated that the MVDUR in non-survivors of cardiac 
arrests varies considerably between Swedish ICUs. In patients that did 
not survive until hospital discharge, the median MVDUR ranged from 17 
h to 51 h in in hospital group 1 through 4.  
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Why did patients who ultimately did not survive receive more than 
double the MVDUR in hospital group 4 relative to hospital group 1?  
We were unable to determine the reason for this variation from the data. 
Smaller hospitals tended to have a shorter MVDUR as compared with 
larger hospitals, and hospitals with a longer MVDUR reported more 
cardiac arrests per year during the study period. Moreover, the frequency 
of ICU transfer was more common in hospital group 4 as compared with 
hospital group 1.  
 
One weakness with our study was the lack of information concerning 
why MV was stopped. Therefore, we cannot determine the extent to 
which termination of intensive care was intentional by the treating team 
after consideration of prognosis and the wishes of the patient and their 
relatives or to what extent this occurred due to the death of the patient 
despite full intensive care. We cannot rule out that ICUs in hospital group 
1 experienced increased early mortality despite their best efforts to 
continue intensive care, and as a result had a shorter MVDUR and lower 
overall survival. A smaller hospital would be expected to have less 
experience in post-cardiac arrest care, lower availability of invasive 
cardiac interventions (e.g., coronary angiography, thoracic surgery, and 
extracorporeal membrane oxygenation), and on-call echocardiography. 
These are factors that could be associated with increased mortality in 
critically ill post-cardiac arrest patients. Importantly, our results suggest 
that the difference in MVDUR between hospital groups was not caused by 
clinically relevant differences in patient characteristics, such as age, 
initial rhythm, witnessed status, or a cardiac aetiology for the arrest.  
 
Variation between hospitals in post-cardiac arrest patients concerning 
interventions, treatment strategies, and patient outcome is not new. This 
has been demonstrated for duration of CPR (361), use of therapeutic 
hypothermia (362), length of stay in intensive care (335), and survival 
after cardiac arrest (351). The reason for such variation is not completely 
understood and likely multifactorial.  
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Does increased duration of intensive care improve survival in post-
cardiac arrest patients? 
Several previous studies report that survival after cardiac arrest varies 
between hospitals. We hypothesized that variation in MVDUR in non-
survivors, which we consider a surrogate of intensive care efforts in this 
patient population, could explain some of the variation in outcome 
between hospitals.  
 
In the early phases of post-resuscitation care, patients are entirely 
dependent on life-sustaining therapies due to a reduced consciousness 
and varying degree of respiratory and circulatory failure. Early 
withdrawal of intensive care will, therefore, result in death. Additionally, 
early neurologic prognostication is uncertain and not recommended prior 
to 72 h after ROSC. Haemodynamic instability is often a reversible 
phenomenon, given that many patients recover from myocardial stunning 
and vasoplegia due to PCAS. Coronary angiography is indicated if 
ischemia is suspected to contribute to myocardial dysfunction. The 
findings in paper II suggested that prematurely terminated intensive care 
efforts resulted in the death of patients, some of which would have had a 
chance to recover. These findings are supported by other observational 
studies that compared outcomes in patients receiving or not receiving 
early WLST (334, 363). However, we could not demonstrate that a 
difference in MVDUR in patients that were in the ICU for >48 h was 
associated with survival.  
 
Could our findings be explained by factors other than MVDUR?  
The unadjusted 30-day survival increased from 29% in hospital group 1 
to 37% in hospital group 4. As previously discussed, this difference in 
survival does not seem to be explained by differences in prognostic 
factors at the patient level (e.g., initial rhythm, proportion of witnessed 
arrests, or proportion of OHCA). Due to the large sample size, there were 
statistically significant differences for some patient characteristics (e.g., 
age, cardiac aetiology, and initial pH), although from a clinical 
perspective, the magnitudes of these differences were not considered 
significant.  
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Observational studies demonstrate that the frequency of cardiac 
interventions (cardiac catheterization and/or percutaneous coronary 
intervention), time until targeted temperature, and number of patients 
with cardiac arrests per centre are among the factors that differ between 
hospitals with different outcomes for post-cardiac arrest patients (351).  
 
In paper II, district and county hospitals with fewer cardiac arrests per 
year were more prevalent in groups 1 and 2, whereas regional hospitals 
(e.g., academic hospitals) were more prevalent in groups 3 and 4. In the 
adjusted analysis we controlled for the type of hospital to which patients 
could be admitted and the number of cardiac arrests per year in each 
hospital group. Therefore, these differences do not explain the 
association between outcome and hospital group. However, we cannot 
rule out that the association is affected by unmeasured confounding 
factors, such as familiarity with post-cardiac arrest care or availability of 
diagnostic and therapeutic interventions, as previously discussed.  
 
Why was the association between hospital group and survival only 
significant in patients with a non-shockable rhythm? 
When patients were analysed according to initial rhythm, there was a loss 
of sample size due to missing data, which increased the risk for a type II 
error. However, there is a plausible explanation for an interaction 
between initial rhythm and the association between hospital group and 
outcome. A non-shockable rhythm is a known risk factor for early WLST 
and poor outcome (334, 363, 364). It is possible that the threshold to 
terminate intensive care is higher in patients with an initial shockable 
rhythm, because the outcome for this patient group is relatively good. By 
contrast, numerous studies have demonstrated very low survival rates in 
patients with a non-shockable rhythm, which could lower the threshold 
for early WLST due to a perceived poor prognosis. However, in line with 
the previous discussion, it is possible that patients with a non-shockable 
rhythm were sicker and more unstable at admission as compared with 
patients with a shockable rhythm, and, therefore, had higher mortality 
and shorter MVDUR despite full intensive care efforts. 
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Why was there no difference in survival in patients with an ICULOS 
>48 h? 
The scientific basis for paper II was that some patients require prolonged 
time before they regain consciousness, and that early WLST would 
increase the risk of patients dying before regaining consciousness. This 
is similar to a previous finding for duration of CPR (361). In the 
secondary analysis, after exclusion of patients with an ICULOS <48 h the 
median MVDUR in non-survivors ranged from 62 h to 98 h in all hospital 
groups. However, there was no difference in survival to ICU discharge 
or at 30 days between hospital groups, and the adjusted analysis revealed 
that hospital group was no longer significantly associated with survival. 
Although this could be caused by a lack of power due to a smaller sample 
size, it is also possible that the association demonstrated in the primary 
analysis was driven by differences in the early phase (i.e., <48 h) of post-
resuscitation care. There was a slightly higher proportion of patients with 
an initial shockable rhythm (40.5% vs. 35.5%) included in the secondary 
analysis, reflecting the shorter survival in patients with a non-shockable 
rhythm. In contrast to the primary analysis, non-survivors at 30 days had 
longer MVDUR as compared with survivors (81 h vs. 63 h; p < 0.001) 
when we excluded patients with an ICULOS <48 h. This suggests that 
there was a tendency to wait longer before terminating intensive care in 
non-survivors that survived the initial 48 h.  

 CAN CO2-BASED PARAMETERS IMPROVE EARLY 
DETECTION OF SHOCK ASSOCIATED WITH A POOR 
OUTCOME? 

 
In papers III and IV, we measured RQ, p∆CO2, and lactate in post-
cardiac arrest patients. RQ and p∆CO2 have been evaluated in critically 
ill septic patients as surrogate markers for tissue hypoxia and 
hypoperfusion, respectively. The aim of papers III and IV was to 
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determine whether RQ and/or p∆CO2 are associated with and predictive 
of outcome in post-cardiac arrest patients.    
 
In paper III, we demonstrated that RQ is associated with a higher rate of 
ICU mortality but not with unfavourable neurological outcome at 3 
months. By contrast, p∆CO2 was associated with lower rates of both ICU 
mortality and poor neurological outcome. In paper IV, RQ and p∆CO2 
did not differ between patients with early mortality or mortality during 
the follow-up period. Moreover, in paper IV, we confirmed results from 
earlier studies showing that lactate is a good predictor of mortality in 
post-cardiac arrest patients.  
 
What is the physiological basis for RQ? 
The physiological basis for RQ is not as well established as that for 
p∆CO2, and its accuracy as a surrogate for the respiratory quotient is 
controversial. RQ rises along with decreasing oxygen delivery in both 
ischemic and hypoxic hypoxia (365). An animal study demonstrated a 
moderate correlation between RQ, as measured by mixed venous and 
arterial blood gases, and the respiratory quotient, as measured by indirect 
calorimetry. However the degree of haemodilution correlated better with 
RQ than did the respiratory quotient(366). Additionally, RQ might also 
be affected by ScvO2 regardless of the presence of anaerobic metabolism 
(367). These studies suggest that RQ might be primarily affected by 
factors that change the relationship between pCO2 and CCO2 rather than 
by the presence of tissue hypoxia. Another animal study demonstrated 
that RQ increases not only from tissue hypoxia due to insufficient 
delivered oxygen but also from mitochondrial VO2 impairment induced 
by metformin intoxication (368).  
 
Several studies have linked RQ with elevated lactate levels, reduced 
lactate clearance, oxygen supply dependency, and outcome in septic 
patients; however, some studies could not replicate these findings (369, 
370). Given the number of variables involved in calculating RQ (each 
with its own variation coefficient), calculation and/or measurement 
errors could explain these findings. There is controversy as to whether 
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RQ should be derived from pCO2 (i.e., p(v−a)CO2/c(a−v)O2) or from CCO2 
(i.e., c(v−a)CO2/c(a−v)O2), and different studies have demonstrated the 
superiority of both methods in predicting tissue hypoxia and 
mortality(275, 280). Moreover, RQ was originally derived using mixed 
venous blood (274), and agreement between oxygen saturation and pCO2 
between mixed and central venous blood is poor and might be non-
predictive in critically ill patients (371). Nevertheless, RQ derived from 
central venous blood have also been found to be predictive of 
hyperlactataemia and mortality (275, 278, 279). 
 
What is the physiological basis for p∆CO2? 
Several studies have demonstrated the relationship between p∆CO2 and 
cardiac output. P∆CO2 is also associated with impaired tissue perfusion 
and patient outcome in different categories of critical illness. 
Additionally, p∆CO2 might be confounded by the pCO2/CCO2 
relationship. Both changes in pH and arterial oxygen saturation can affect 
p∆CO2 (367, 372), and changes in ventilation can affect p∆CO2 in 
different ways. Specifically, acute changes in ventilation will alter 
arterial pCO2 and thereby affect p∆CO2 before establishment of a new 
equilibrium (373). Additionally, one previous study showed that 
hyperventilation increases VO2, which correlated with a sustained 
increase in p∆CO2 (374). P∆CO2 has been evaluated using both central 
venous and mixed venous blood, although the agreement between 
p∆CO2 derived from mixed and central venous blood is poor, with the 
latter being less predictive of cardiac output (371, 375). However, 
pulmonary arterial catheters are rarely used in general critical care 
patients, and p∆CO2 derived from central venous blood is reportedly 
predictive of outcome in patients with sepsis and postoperative 
patients(266, 267).  
 
Why did we use different outcomes between papers III and IV? 
Paper III was an exploratory study using data collected from a database; 
therefore, we were limited to analysing endpoints for which there were 
available data. ICU mortality was chosen as one of the primary 
outcomes, because this would be expected to have a higher association 
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with PCAS as compared with neurological outcome. However, the 
majority of patients that do not survive to ICU discharge still die from 
neurological injuries rather than cardiovascular or multiorgan failure.  
Paper IV was a prospective study with variables chosen before the 
initiation of the data collection. We chose 96-h mortality and 30-day 
mortality as the outcomes of interest based on a hypothesis that 96-h 
mortality rather than ICU mortality would better reflect any potential 
benefit of RQ, p∆CO2 or lactate as indicators of early mortality due to 
PCAS. In the main study protocol, WLST due to a presumed poor 
prognosis before 96 h was not allowed unless further care was considered 
unethical or the patient was declared brain dead. Therefore, we 
hypothesized that death by 96 h would be primarily due to cardiovascular 
or multiorgan failure. In paper IV, we used mortality at 30 days as a 
secondary outcome. In a Swedish context, survival status at 30 days is 
comparable to neurological outcome, as suggested by data from the 
SRCR (16).  
 
Why were the results different between papers III and IV? 
Table 9 describes some of the study characteristics of papers III and IV 
and highlight important differences that could explain the diverging 
results. In paper III, there was a lower frequency of patients with a 
shockable rhythm and bystander CPR. Additionally, in paper III we 
included patients with IHCA and patients that had received 
extracorporeal cardiopulmonary resuscitation, which represent factors 
that could potentially increase the risk for death secondary to 
cardiopulmonary failure. On the other hand, patients included in paper 
IV had a longer time until ROSC and higher lactate at admission. The 
frequency of non-neurological death was similar between studies, and 
importantly, more patients were included in paper III. The results 
suggested that if RQ and p∆CO2 are associated with outcome after 
cardiac arrest, this association is weak and smaller than that of lactate. 
Therefore, the smaller sample size of paper IV combined with 
differences in the patient populations possibly prevented demonstration 
of a significant result.  
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Why was p∆CO2 associated with a lower risk of ICU mortality and 
unfavourable neurological outcome in paper III? 
A majority of patients included in papers III and IV showed elevated 
p∆CO2. This is not surprising based on the known impairment in cardiac 
function during the initial post-resuscitation period. The unadjusted data 
showed no difference in p∆CO2 between ICU survivors and non-
survivors or between patients with an unfavourable or favourable 
neurological outcome; however, logistic regression analysis 
demonstrated p∆CO2 as independently associated with a lower OR for 
ICU mortality and an unfavourable neurological outcome. This was 
unexpected, given the findings of previous studies of p∆CO2 in septic 
patients and its role as a surrogate for global blood flow. The relationship  

 Table 9. Study characteristics of papers III and IV. 

 
Paper III Paper IV 

Study design Retrospective Prospective 

Included patients 308 68 

Age (y) 63±15 69±12 

Bystander CPR 62 % 90 % 

Time to ROSC (min) 17 (10–29) 26 (15, 40) 

VT/VF 47 % 74% 

IHCA 38 % N.A. 

Lactate at admission, mmol/l 6.1 (4.5, 9.1) 8.0 (5.3, 9,9) 

ECPR (%) 14% N.A. 

RQ* 1.05 (0.74, 1.46) 0.93 (0.69, 1.49) 

p∆CO2 mmHg* 9.0 (6.0, 11.0) 8.3 (5.3, 10.8) 

Lactate, mmol/l* 2.8 (1.8, 5.1) 1.9 (1.4, 3.1) 

ICU-mortality 57 % 32 % 

30-day mortality N.A 54 % 

Non-neurologic death 17 % 18 % 

Unfavourable neurologic outcome 69 % N.A 

In paper IV, we report the value measured at 4 h. 
Abbreviations: CPR = cardiopulmonary resuscitation, ECPR = extracorporeal cardiopulmonary 
resuscitation, ICU, intensive care unit, pCO2 = difference in veno-arterial CO2 pressure, ROSC = return 
of spontaneous circulation, RQ = respiratory quotient. 
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could be explained by the fact that p∆CO2 is a surrogate of cardiac index.  
Observational studies show that bradycardia during the post-cardiac 
arrest phase is associated with better neurological outcome (376, 377); 
however, whether this is a causal relationship and the underlying 
mechanism remain unclear. Because bradycardia would be expected to 
cause lower cardiac output, it might confound the relationship between 
p∆CO2 and outcome in this population. 
 
Why did lactate levels not correlate with RQ? 
Previous studies in septic patients showed a correlation between serum 
lactate levels and RQ(274). When RQ was first described as a surrogate 
measure of tissue hypoxia, support for this definition was based on a 
correlation between RQ and lactate. In paper III, we assessed the 
correlation between lactate and RQ and could not replicate the findings 
from previous studies. This is possibly because lactate levels in post-
cardiac arrest patients are primarily affected by tissue hypoxia during 
circulatory standstill. When the patient achieves stable ROSC, lactate 
levels almost always decrease initially.  
 
The aetiology of hyperlactatemia has been debated in patients with sepsis 
and other forms of critical illness. Lactate is strongly associated with 
outcome in patient with sepsis and in other categories of critical illness; 
however, the concept that elevated blood lactate levels occur as a result 
of increased lactate production due to insufficient oxygen delivery, tissue 
hypoxia, and anaerobic glycolysis in sepsis has been questioned in 
animal and human studies (378, 379). Elevated levels of lactate could 
also represent a general marker of physiological stress and/or a signal of 
the degree of acute illness. Although cardiac arrest is an obvious example 
of tissue hypoxia, with elevated lactate following ROSC as a 
consequence of hypoxic tissues, little is known regarding whether lactate 
production during the later stages following cardiac arrest arises from 
similar non-hypoxic mechanisms as in other categories of critically ill 
patients.  
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The majority of patients in the study cohort presented elevated p∆CO2 
and RQ, and among lactate, ScvO2, and p∆CO2, only p∆CO2 correlated 
with RQ and identified patients with elevated RQ.  
 
What is the clinical value of RQ and p∆CO2 in post-cardiac arrest 
patients? 
The results of papers III and IV suggest that the association between RQ 
and p∆CO2 and mortality in this patient population was of little clinical 
importance. Although we identified an association between RQ and ICU 
mortality in paper III, the absolute difference in RQ between survivors 
and non-survivors was small (0.97 vs. 1.13; p < 0.01). In paper III, 
p∆CO2 was associated with a lower rate of ICU mortality and a lower 
rate of an unfavourable outcome at 3 months after controlling for 
confounding factors. However, there was no difference in the measured 
levels of p∆CO2 between patients with or without either outcome.  
 
In paper IV, we identified no difference in levels of either RQ or p∆CO2 
between patients with early death or death during follow up as compared 
with survivors. Elevated levels of either parameter were neither 
informative of the clinical course nor correlated with aberrations in 
physiological parameters at admission. Therefore, the data suggest that 
RQ and p∆CO2 cannot be recommended for use in prognosticating 
outcome in post-cardiac arrest patients. However, lactate was higher in 
patients with early mortality, and elevated lactate predicted mortality at 
96 h with good precision.  

 METHODOLOGICAL CONSIDERATIONS 

 STUDY DESIGN 
 
Papers I through III are retrospective observational studies with data 
derived from registries. Although the level of evidence based on this 
study design is low, it has several advantages. Large patient cohorts can 
be included relatively easily and at a small cost. Furthermore, 
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hypothesis-generating research using registry data can be performed with 
minimal risk of patient harm prior to conducting larger trials with 
interventions that pose a greater risk to patients.  
 
Patients in registries often differ in terms of interventions or outcomes in 
a non-random manner. One example is “resuscitation-time bias” 
discussed in paper I. Interventions are linked to the duration of the 
cardiac arrest or the resuscitation attempt, which is linked to the risk of 
death. Thus, it is difficult or impossible to isolate the effect of an 
intervention without a randomized study.  
 
In paper II, we used differences between hospitals to assess the 
relationship between MVDUR and survival, which provided the advantage 
that differences between patients would be small and thus unlikely to 
explain the observed differences in outcomes. This is similar to an 
instrumental variable that is used as a form of “pseudorandomization” in 
epidemiological research. 
 
Paper IV was a prospective observational study, the design of which has 
the advantage of decreased bias in the inclusion of study patients. A 
retrospective study limits the inclusion of patients to those reported to 
the registry, which often makes it impossible to identify patients that 
were not included in the registry and in what way they differed from the 
included patients. For example, in paper III, patients were included if 
they had a measurement of RQ and p∆CO2 completed during the initial 
24 h after admission. It is possible that patients in whom a measurement 
was not taken were more stable or in another way less sick, which 
resulted in no measurement being performed. This would potentially bias 
the results, such that measuring RQ/p∆CO2 would appear more beneficial 
in identifying patients with a poor outcome than it actually is when 
measured in all patients.  
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 REGISTRY DATA 
 
In papers I and II, we used data from the SRCR and the SIR, two national 
quality registries. Data from Swedish national quality registries are often 
comprehensive and include a large part of the healthcare system. Using 
a social security number, data can be merged between different registries, 
as was performed in paper II. Few patients are lost to follow up in terms 
of survival, because national quality registries are linked to the Swedish 
population register. However, data from national quality registries suffer 
from similar shortcomings as other registry data, in that the variables are 
fixed according to the design of the register, and there is often missing 
data. 
 
Missing data is problematic, given that it is often non-random. Some data 
in the SRCR are derived from information registered at the bedside 
during the actual cardiac arrest and often under stressful and chaotic 
conditions. Patients missing one item in the registry are more likely to 
also be missing other data, suggesting that the circumstances during the 
arrest were such that registration was not adequately performed. 
Additionally, missing data is often more frequent in data from registries 
as compared with prospectively collected data.  
 
In paper I, there was a substantial amount of missing data concerning the 
initial rhythm, which resulted in 21% of patients being analysed with an 
unknown initial rhythm. Given the importance of the initial rhythm on 
the relationship between adrenaline and outcomes, this might have 
affected the conclusions drawn from the data. In paper II, we could not 
determine the reason for termination of MV in non-survivors, which was 
a major limitation of the study. In the SIR, clinicians can register a 
decision of WLST; however, only 23% of patients had any registered 
information of the treatment strategy. Due to the high degree of missing 
data, we used termination of MV as a surrogate for termination of 
intensive care. 
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In paper II, we merged data from the SRCR and the SIR using social 
security numbers, which allowed examination of the coverage of the 
SRCR. We identified 7 045 unique admissions from the SIR, of which 5 
432 patients could be identified in the SRCR. An additional 300 patients 
were identified in both registers but excluded due to a lack of data (e.g., 
survival data) or due to non-matching dates, which could have been 
erroneously entered. Approximately 1 600 of 7 045 (23%) patients 
admitted to the ICU with a main diagnosis of cardiac arrest could not be 
identified in the SRCR, with the majority of these patients admitted via 
the emergency department (52%) or the general ward (29 %). We were 
unable to determine why cases could not be identified in the SRCR, 
although there are several possible reasons. In IHCA, the resuscitation 
effort may be brief, and, therefore, not acknowledged by those 
responsible for registration. Moreover, patients may be in extremis and 
subject to multiple resuscitation efforts, causing confusion as to whether 
there was a cardiac arrest. In both OHCA and IHCA, registration can be 
missed due to a high workload. 

 STATISTICAL METHODOLOGY 
 
Statistical hypothesis testing and estimation allow for inference from 
sampled data; however, the conclusions drawn from the data are 
ultimately a result of the quality of the data and methodology of the 
study. For example, in paper I, patients who received adrenaline were 
expected to differ in a non-random manner from those who did not. Our 
initial aim was to control for differences in measured baseline variables 
by matching patients from the two groups and compare the outcome 
between the matched groups. We planned to use Propensity Score 
Matching where the propensity score is the probability that a patient is 
exposed to, for example, a treatment (in our case adrenaline) based on a 
number of independent variables (baseline characteristics). A propensity 
score is generated for each patient with logistic regression and patients 
with adjacent scores are matched in a 1:1 ratio. If propensity score 
matching was not possible we aimed to compare the outcome between 
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the groups using multiple logistic regression to control for confounders. 
However, there was a marked imbalance in our data which made PS 
matching inappropriate due to too few matched pairs. Furthermore, this 
imbalance complicated the interpretation of a multiple logistic regression 
analysis and following consultation with our statistician and reviewers, 
we employed a simpler approach using data stratification. Due to the 
nature of the data our results were ultimately similar to those derived 
using a multiple logistic regression analysis (unpublished data) since one 
variable (i.e. CPR duration) had such a large effect on the relationship 
between our independent and dependent variables.  
 
In papers II through IV, we used hypothesis testing to compare baseline 
variables between study groups. From a statistical standpoint, it can be 
argued that this does not provide proof that groups are similar, as 
statistically significant differences often arise due to large sample sizes. 
In paper II, we found several significant differences between study 
groups whose clinical relevance was considered to be small. For 
example, there was a statistically significant difference in age between 
the hospital groups; however, the median ages were 70, 70, 68, and 69 in 
hospital groups 1 through 4, which constituted a clinically irrelevant 
difference. In paper I, we instead used a standardized difference to 
compare data between study groups in order to avoid the dichotomization 
of hypothesis testing and p-values. The standardized difference is the 
ratio of the mean to the standard deviation of the difference between two 
groups.  
 
In paper IV, we measured independent variables at several time points. 
There are different ways to analyse longitudinal data, the most common 
of which is ANOVA for repeated measures. In this context, the variation 
within each subject is less than that between subjects. We chose to use 
mixed linear analysis to analyse the difference in our independent 
variables between survivors and non-survivors at 96 h. One advantage 
with mixed linear analysis versus ANOVA is that missing data is 
tolerated in the former.  
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 ETHICAL CONSIDERATIONS 
 
Using retrospective data from patients to answer research questions 
(papers I−III) implies few risks for patient harm. Large healthcare 
registries are of value for answering research questions and developing 
healthcare strategies; however, patients have a right to not have their data 
registered and must be able to withdraw any registered data. Patients’ 
rights and the management of personal data is regulated by the General 
Data Protection Regulation and chapter seven of the Patient Data Act. 
Extracting and using registry data for research purposes must be 
approved by an ethics review board, the purpose of which is to represent 
the interests of study participants according to the Declaration of 
Helsinki (380).  
 
The potential harm to the individual that could come from using data 
from national quality registers is considered minimal, given that 
published data is aggregated, and no individual or personal information 
can be found after publication if data is handled correctly. Survivors are 
informed of their registered data and may withdraw their data from the 
registry.  
 
Paper IV was a prospective study that involved collection of blood 
samples from patients admitted to the ICU following a cardiac arrest. 
Blood was sampled from the central venous catheter and an arterial 
catheter, both of which were placed at admission as a part of clinical 
practice. The patients were already included in a large RCT, and most of 
the blood sampling and data collection was performed according to the 
primary study plan. However, in the studies outlined in this thesis, an 
additional 1 ml to 2 ml of central venous blood was sampled at up to 
seven time points. The samples were analysed immediately, and not 
stored. This intervention was not considered an increase to patient risk 
and was therefore approved by the regional ethics committee.  
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 CONCLUSIONS 
 

I. Adrenaline treatment might be beneficial for achieving 
ROSC in patients with an IHCA and a non-shockable 
rhythm.  
 

II. The role of adrenaline in the treatment of patients with 
IHCA and a shockable rhythm should be evaluated in 
an RCT, given that it could worsen outcomes in this 
patient group. 
 

III. There is variation between Swedish ICUs in how long 
MV is provided to post-cardiac arrest patients who do 
not survive until hospital discharge.  

 
IV. A short MVDUR is associated with increased mortality in 

post-cardiac arrest patients and should be avoided.  
 

V. RQ and pCO2 are not useful predictors of survival in 
post-cardiac arrest patients.  
 

VI. Lactate levels are higher in non-survivors, and levels at 
4 h after admission identify patients with early 
mortality.  
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 FUTURE PERSPECTIVES 

Research in the field of resuscitation is thriving. Traditionally, research 
in resuscitation has been weighted towards animal and observational 
studies.  There are inherent difficulties with recruitment and delivery of 
interventions in the periarrest situation complicating inclusion of patients 
into clinical trials.  Low survival mandates large sample sizes to power 
studies for patient important outcomes. There are also ethical concerns 
about including comatose patients into clinical trials. Recently, however, 
several large randomized trials have been conducted in the setting of 
large research networks (34, 157, 158, 168, 207, 381). The multi-centre 
design has enabled trials of sufficiently large size in order to answer 
relevant research questions. Insights gained from observational studies 
of epidemiologic methods, registers, and large-scale patient data are still 
important and can be incorporated into the design of clinical trials. 
Registry-based RCTs provide an opportunity to collect and analyse large 
amounts of data on patients included in clinical trials, and post-hoc 
analyses can potentially identify subgroups of patients within trials that 
could benefit from interventions.  

Medical advancements in the field of cardiology and other aspects of 
medicine have made it possible for patients to live longer lives. Cardiac 
arrest is both a medical emergency and a part of every natural dying 
process. Some patients who receive CPR, advanced cardiac life support, 
and post-resuscitation care will survive and go on to live independent, 
meaningful lives, whereas others will not due to prearrest comorbidities, 
frailty, or cerebral injuries inflicted by the arrest. More progress will 
inevitably be made in the development of increasingly complex and 
resource-intensive procedures; however, questions of who will benefit 
from our interventions and when we should stop will continue to be valid 
in research, as well as in clinical practice.   
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