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ENGLISH SUMMARY 

Postoperative atrial fibrillation (POAF) is a very common complication after cardiac 
surgery, with an incidence of 15-60 % depending on the definition and type of surgery. 
The arrythmia usually presents itself two to three days after surgery. Previously, 
POAF was believed to be a benign and transient phenomenon. However, recent 
research has shown that patients who develop POAF after cardiac surgery have an 
increased risk of other complications, such as stroke, and a higher risk of long-term 
mortality. 

Various measures can be taken to provide the patient with optimal prophylaxis and 
postoperative care in relation to POAF. However, potentially serious adverse events 
from antiarrhythmic drugs as well as limited hospital budgets necessitate a more 
targeted strategy. A risk prediction model for POAF would ideally select patients at 
high risk who could benefit from focused prophylaxis and therapy, but to date, no 
model has been developed with sufficient accuracy and performance to be 
implemented in clinical practice. Another aspect of potential complications related to 
POAF is how to reduce the potential thromboembolic risk associated with atrial 
fibrillation (AF). To decrease this risk, an assessment of each patient’s individual risk 
of ischemic stroke of cardioembolic origin is needed. 

This thesis aims to provide new knowledge about potential new prediction models for 
POAF after cardiac surgery. Furthermore, to investigate the etiology of strokes as well 
as long-term outcomes following coronary artery bypass grafting (CABG) with 
emphasis on POAF as a predictor for ischemic strokes as well as prognosis.  

It is based on three studies; in the first study, an investigation of the use of the C2HEST 
score in predicting POAF was performed. The score consists of readily available 
variables in the clinic and is simple to use. Although the risk score has been tested in 
populations with incident AF of nonsurgical characteristics with good results, our 
study showed that the performance of the risk model in a population of patients 
undergoing cardiac surgery was limited. In the second study, a prediction model for 
POAF was developed with the use of postoperative atrial-derived ECG. The highest 
predictive score was achieved using age, BMI, and two atrial-derived components 
from the temporary epicardial pace wires, which confirms previously published 
studies showing that markers of atrial function can serve as good predictors of POAF. 

The final study was a large retrospective study drawing on data from five registries in 
Denmark to investigate the association of POAF with postoperative ischemic stroke. 
The results showed that patients with POAF had a higher incidence of cardioembolic 
stroke than non-POAF patients, although the finding was not statistically significant. 

 



  

This PhD dissertation provides insights into new approaches to developing prediction 
models for the risk of POAF in patients undergoing cardiac surgery and highlights the 
importance of establishing the most likely cause of stroke when planning the best 
stroke prophylaxis postoperatively. Alongside other scientific contributions, the 
presented studies may support further progress in the risk prediction of POAF and 
provide valuable knowledge about postoperative cardioembolic stroke risk in patients 
undergoing CABG. 

 

 

  



  

DANSK RESUME 

Postoperativ atrieflimren (POAF) er en hyppig komplikation efter hjertekirurgi og 
forekommer hos ca. 20-40 % af patienterne afhængig af definition og operationstype. 
Typisk opstår hjerterytmeforstyrrelsen på 2. eller 3. dagen efter operationen. Hvor 
man tidligere opfattede komplikationen som et forbigående og benignt fænomen, 
tyder større studier nu på, at komplikationen er forbundet med øget risiko for andre 
komplikationer, heriblandt apopleksi samt øget mortalitet. Selvom hjertekirurgiske 
indgreb, brug af hjerte-lungemaskine og anæstesi er forbedret betydeligt gennem de 
sidste årtier, vedbliver POAF at blive en hyppig komplikation. 

Der er flere forebyggende foranstaltninger man kan iværksætte i daglig klinisk 
praksis, for at forebygge og behandle POAF. Dog er mange antiarytmika forbundet 
med betydelig risiko for bivirkninger og desuden vil administration af medicin til 
patienter i risiko ikke altid være omkostningseffektiv. For at lette den kliniske 
beslutningstagning, kan en effektiv klinisk model til risikostratificering for POAF 
være et godt redskab for målrettet terapi, men indtil videre er der ikke udviklet en 
model med tilstrækkelig nøjagtighed og validitet til implementering i daglig praksis. 
Et andet vigtigt aspekt i forhold til komplikationer forbundet med POAF, er 
reduktionen af potentielle thromboemboliske komplikationer i relation til 
atrieflimren. For at kunne vurdere den reelle risiko for postoperativ iskæmisk 
apopleksi, er det nødvendigt med en vurdering af den specifikke risiko for apopleksi 
af kardioembolisk type. 

Denne ph.d.-afhandlings formål er at bibringe ny information om prædiktion af POAF 
samt at undersøge ætiologien af de apopleksier, som patienter, der har fået foretaget 
koronar bypassoperation (CABG), rammes af. 

Ph.d.-afhandlingen bygger på tre studier. I det første studie undersøgte vi om C2HEST 
scoren kan anvendes til prædiktion af POAF. Risikoscoren er nem at anvende og 
består af komponenter, der er let tilgængelige i klinisk praksis. Selvom C2HEST 
scoren er blevet udviklet til og testet i flere populationer med incident atrieflimren 
med gode resultater, viste vores studie at den prædiktive evne er begrænset i en 
population af hjertekirurgiske patienter. I det andet studie, udviklede vi en risikomodel 
til prædiktion af POAF ud fra postoperative atriale elektrogrammer. Den bedste 
prædiktive model bestod af alder, BMI og to variable dannet fra de atriale 
elektrogrammer og bekræfter tidligere publicerede studier, der viser at markører for 
atrial funktion fungerer som gode prædiktorer. Det sidste og tredje studie var et større 
retrospektivt registerstudie, der bygger på 10 års data fra hjertekirurgiske patienter, 
der har fået foretaget isoleret CABG. Her viste vi at forekomsten af iskæmiske 
apopleksier og risiko for død ikke er associeret med forekomsten af POAF, når der 
justeres for risikofaktorer. Ydermere at fordelingen af iskæmiske apopleksier var 



  

forskellig i POAF versus non-POAF-patienter, med en højere andel af 
kardioemboliske apopleksier i POAF-patienter. Dette fund var dog ikke signifikant. 

Dette ph.d.-studie bidrager med ny viden om prædiktorer for POAF og tester nye 
risikomodeller til at prædiktere komplikationen. Ydermere belyser afhandlingen 
vigtige aspekter i forekomsten og typer af apopleksier som hjertekirurgiske patienter 
rammes af. Sammen med andre videnskabelige bidrag, kan studierne i denne 
afhandling bidrage til at optimere prædiktionsmodellerne for POAF og ydermere 
bidrage med vigtig information om risiko for postoperative iskæmiske apopleksier 
blandt patienter, der har fået foretaget CABG. 
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CHAPTER 1. INTRODUCTION 

Since its development in the 1960s, open cardiac surgery has undergone tremendous 
advancements with respect to the procedures themselves, the cardiopulmonary bypass 
system and anesthetic and postoperative intensive care. Surgery is now being offered 
to a wider range of patients in terms of comorbidities and advanced age. 
Approximately 2500 adult open chest cardiac surgical procedures are performed in 
Denmark every year[1]. In comparison, the US performs approximately 300.000 
operations annually[2]. 

Despite overall advancements, new-onset postoperative atrial fibrillation (POAF) 
remains a very common complication after cardiac surgery. It occurs in approximately 
one-third of the patients undergoing cardiac surgery, usually within the first week[3]. 
Although the arrythmia is mostly self-limiting, and the majority of patients are 
discharged in sinus rhythm, researchers have shown that the rate of subsequent atrial 
fibrillation (AF) development is higher in the patients with episodes of POAF than in 
those without[4,5]. Furthermore, patients experiencing POAF after cardiac surgery 
have a longer hospital stay and greater short- and long-term mortality than with 
patients without this postoperative complication[6–8]. 

Prevention of POAF through prophylactic drugs has been shown to be effective in 
multiple studies[9]. However, indiscriminate use of treatments as part of a routine 
may cause an unacceptable risk of side effects and added hospital costs for the 
patients. Identifying patients at high risk of developing POAF would help guide the 
clinicians in providing targeted prophylaxis and postoperative care in relation to 
stroke prophylaxis. Furthermore, targeted prevention may most likely be cost-
effective. 

Research into the prediction of POAF has accelerated in recent years through the 
identification of key predictors related to patient characteristics and increased 
knowledge of the pathophysiology of POAF, combined with improved technology for 
the development of valid prediction models (machine learning, artificial intelligence 
(AI), etc.). Even though strong efforts have been made to provide clinicians with a 
valid and easy-to-use prediction model for POAF in cardiac surgery, none thus far 
been of adequate quality for implementation in daily practice.  

Identifying patients at risk of POAF may also benefit patients in the long term in 
relation to later complications and adverse events. 

The evidence about a possible association between POAF and late ischemic stroke 
and other thromboembolic complications is conflicting, and several larger registry-
based studies have not been able to answer whether the risk is reduced or equal to 



CHAPTER 1. INTRODUCTION 

4 

nonsurgical de novo AF[10,11]. Thus, the question of whether long-term 
anticoagulants are warranted for this group is still unanswered. 

This PhD thesis will focus on different aspects of POAF, and the multifaceted 
approach needed in the risk assessment and care of the cardiac surgical patients with 
this arrhythmia. It will highlight the different aspects concerning risk prediction 
models for POAF and touch upon some of the long-term consequences of POAF with 
emphasis on stroke and death. 

This thesis consists of 10 chapters and is divided thematically into two parts: one 
focuses on predictors and risk prediction models for POAF, and one is concerned with 
long-term outcomes in relation to POAF and stroke. After this brief introduction in 
Chapter one, Chapter two presents an overview of the available knowledge about 
POAF and its implications for patients undergoing cardiac surgery. Chapter three 
introduces the aims and hypotheses of the thesis. In Chapter four, the data sources and 
settings for the included papers are described. 

In Chapters five and six, the results of the three papers are presented and placed in the 
context of the current available literature on these subjects. It reviews and critiques 
highlighted papers on the topic and introduces the applied risk scores studied. 

Chapter 8 discusses the main study findings and the studies’ limitations and strengths. 
Before this, Chapter 7 will provide some methodological considerations in relation to 
the papers included in the thesis. Finally, Chapter 9 will focus on some of the 
perspectives of the thesis, and the remaining part of the thesis (Chapter 10) will 
provide the conclusions.  

Whenever the abbreviation POAF is used in this thesis, it will refer to the phenomenon 
of new-onset postoperative atrial fibrillation. Although POAF also occurs in 
noncardiac surgery patients, this thesis will focus solely on POAF in a cardiac surgery 
setting. 

The next chapter of the thesis will give an overview of postoperative complications 
following cardiac surgery, with an emphasis on POAF, and touch upon some of the 
identified pathophysiological mechanisms and predictors of POAF. It examines the 
implications for the patients and strategies to prevent and treat the complications. 
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CHAPTER 2. BACKGROUND 

2.1. POSTOPERATIVE COMPLICATIONS IN RELATION TO 
CARDIAC SURGERY. 

Today, patients referred for coronary revascularization procedures are older, typically 
with several comorbidities, and are likely to have more extensive extracardiac 
vascular disease than patients evaluated for such procedures in the past[12]. Despite 
more complex procedures on high-risk patients and an ageing patient group, the 
overall mortality rate for cardiac surgery has continued to decline[13]. Nevertheless, 
adverse cardiac and neurologic outcomes are still a major concern for the older 
patients[14]. 

Coronary artery bypass grafting (CABG) has been a beneficial treatment for coronary 
artery disease (CAD) since its development in the 1960s and is the most commonly 
performed cardiac procedure. It is being offered as a symptom-relieving treatment 
primarily for patients with coronary artery disease in the left main coronary artery, 
multivessel disease and patients with CAD and diabetes[15]. The second most 
commonly performed surgical procedure is replacement of the aortic valve, followed 
by mitral valve repair or substitution. Most patients will have surgery performed with 
extracorporeal circulation (ECC), which functions as a physiological substitute for the 
heart and lungs during surgical procedures on the heart. The use of ECC often triggers 
a significant inflammatory response due to the patient’s blood coming into contact 
with the synthetic surfaces of the tubes and filters of the heart-and-lung machine[16]. 
Other potential complications associated with the use of ECC involve vasospasm and 
disturbances of platelet-endothelia cell interactions, as well as potential allergic 
reactions to the protamine sulphate used for reversing heparin[17]. Off-pump surgery 
for isolated CAD has been introduced in order to eliminate the risks associated with 
the use of ECC[18]. 

In a recent study, Pahwa et al. investigated complications after cardiac surgery and 
their impact on survival in 26221 patients[19]. In this study, postoperative blood 
product use was considered a complication and was the most common (47.3%), 
followed by POAF (32%). Other less common complications were prolonged 
ventilation, renal failure, reoperation for bleeding and the need for an ICD/pacemaker. 
Stroke, renal failure, and pneumonia were significantly associated with higher 
mortality. The 30-day mortality following isolated first-time CABG is approximately 
3.2% in Denmark, in line with cardiac centres in the US and the UK[20–22]. However, 
a direct comparison between countries is difficult, as most cardiac centres do not have 
follow-up data on patients after they are discharged from the surgical ward. In recent 
decades, postoperative complications, including POAF, have been better handled with 
improved technology and refined procedures. 
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2.1.1. ABOUT POAF 

POAF is the most common arrythmia and the most common adverse event after 
cardiac surgery[23]. Consequently, it has been the subject of intensive research over 
the past decades. Several studies have shown the effect of preventive and treatment 
strategies, but the incidence remains high. In fact, there has been no decrease in the 
risk-adjusted incidence of POAF after CABG [24]. 

POAF was previously believed to be a mostly transitionally and benign phenomenon, 
but research has provided new insights concerning its frequent complications and their 
long-term consequences. Several studies investigating the long-term outcomes of 
POAF contradict the notion that new-onset POAF is merely a benign phenomenon. 
El-Chami et al.[25] found a relative increase in mortality of 21% over a mean follow-
up period of six years among POAF patients. Patients undergoing cardiac surgery 
have a much higher risk of POAF than with patients undergoing noncardiac 
surgery[7]. Additionally, there is a tendency towards a higher risk of POAF when 
cardiac surgery becomes more complicated. Most studies report a higher risk of POAF 
in connection to valve and concomitant revascularization surgery than for isolated 
CABG. When compared with the much less invasive percutaneous coronary 
intervention (PCI) procedure, the incidence of POAF has been reported to be much 
higher after surgery[26]. Furthermore, patients experiencing POAF after surgery carry 
an up to fivefold risk of later AF recurrences and stroke in the months after the 
surgery[27].  

POAF does not differ from AF in its definition and presentation: it is defined as a 
supraventricular tachyarrhythmia with consequent neutralized mechanical atrial 
contractions (Figure 1). 

Figure 1. Electrical pathways in sinus rhythm and atrial fibrillation 
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This results in an irregular rhythm on the ECG; the normal P waves are replaced by 
fibrillatory waves that vary in size and shape. The QRS-complexes are typically 
irregular and have a rapid rate of 150 to 200 beats/min[28]. This can be accompanied 
by symptoms such as palpitations, shortness of breath and dizziness, but most patients 
are asymptomatic. 

The pathophysiology underlying the development of POAF still needs to be 
established; it is most likely caused by multiple factors. Several risk factors and 
electrophysiologic changes associated with POAF have been identified through 
ongoing research. They can be divided into factors concerning the patient, risk factors 
in connection with the operation and finally the postoperative factors. 

Figure 2 gives an overview of the identified risk factors with the best evidence.
 

Figure 2. Patients developing POAF most likely have a preexisting atrial structural substrate 
that interacts with pre- and postoperative factors. Adapted from Echahidi [29] 

The risk factor with the strongest association with POAF across multiple studies has 
been increasing age[4,30–32]. Other patient-related risk factors independently 
associated with POAF are male sex, history of AF, congestive heart failure, 
hypertension, chronic obstructive pulmonary disease (COPD), and obesity[7,33,34].  

Surgical trauma itself may also induce conditions that elevate the risk of POAF. 
Hypotension or inadequate cardioprotection during the procedure, pericarditis and 
myocarditis, postoperative decreases in left ventricular function associated with 
elevated atrial pressures, administering adrenergic and cholinergic drugs that change 
the chemical balance, hypoglycemia or hypothyroidism, and reflex autonomic 
activation have all been shown to increase the susceptibility to POAF[33]. 

Risk factors
- Advanced age
- Male sex
- Hypertension
- Diabetes
- Obesity
- Left atrial enlargement
- P-wave duration
- Diastolic dysfunction
- Left ventricular hypertrophy

Perioperative factors
- Type of surgery
- Surgical atrial injury
- Atrial ischemia
- Pulmonal vein vent
- Venous cannulation
- Acute volume changes

POAF

Postoperative factors
- Volume overload
- Hypotension

Structural & electrophysiological atrial substrate

- Inflammation 
- Oxidative stress
- Electrolyte imbalance
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When investigating the pathophysiology behind POAF, the necessary factors for 
disturbances of the normal physiological conduction system of the heart are similar to 
nonsurgical AF. In 1964, Moe et al.[35] proposed the multiple wavelet theory of AF, 
which still forms the basis of our understanding of AF pathophysiology. Multiple 
propagating waves in the presence of correspondently short and heterogeneous 
refractoriness of the atrial myocardium sustain the supraventricular arrhythmia. Later, 
it was shown that even a single premature atrial beat blocked in the refractory regions 
of the atrium could cause re-entrant activation, resulting in multiple wavefronts with 
subsequent fibrillation[36]. Moreover, AF also causes changes in atrial electrical 
conduction and can maintain or facilitate reinduction of the tachyarrhythmia: “AF 
causes AF”[37]. 

The literature distinguishes between electrical and structural remodeling as a 
prerequisite for the development of AF. Large atria and abnormal intrathoracic 
pressure are often seen in patients with a high body surface area; this may increase 
their susceptibility to POAF through altered electrophysiological properties[38]. 
Proarrhythmic changes are also often seen in congestive heart failure or valve 
pathology that seem to cause dilated atria. On the biochemical level, the structural 
changes in the atria involve upregulating gene expression that favors shortening of the 
refractory period[34].  

Thus, the multifactoral mechanism of POAF is likely to be similar to that in patients 
with nonsurgical AF, although electrophysiologic studies of POAF are sparse. From 
the presented overview of the etiology of POAF, it is fair to say that in at least some 
of the patients developing POAF after cardiac surgery, substantially altered atrial 
function is already present preoperatively. 

2.1.1.1 Clinical features and diagnostics 

The incidence of POAF varies considerably with the definition of POAF, population 
and type of surgery. As previously stated, POAF is a very common complication after 
cardiac surgery; it occurs in approximately 30% of CABG cases, approximately 50% 
of valve surgery cases and up to 60 % of combined graft and valve surgery 
cases[39,40]. It is likely that there is a higher incidence of POAF than reported 
because some centers only record POAF when it requires treatment, as demonstrated 
by Filardo et al.[41]. An investigation of 9268 patients revealed a 6.4% higher 
incidence of POAF when including the observed incidences on telemetry, and they 
also found a significantly higher risk of mortality (odds ratio (OR) 2.08, 95% 
confidence interval (CI), 1.17-3.69) than those captured. Furthermore, the reported 
increased incidence over the last 20 years is most likely due to an increased focus on 
the complications, advanced age of the patients and increased complexity of  
cardiothoracic surgery[28,42]. 
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The onset of POAF is typically occurs on day two or three but can occur at any point 
during the hospital stay[43,44]. Often, the patients are asymptomatic, but some 
patients do experience palpitations, chest pain, shortness of breath, or generalized 
anxiety. Other hemodynamic complications, such as congestive heart failure, renal 
insufficiency, infections, increased need for pacing or inotropic support, have been 
shown to be associated with POAF[33,45]. Several studies have shown an association 
between POAF and an increased risk of thromboembolism, stroke and 
death[4,30,46,47]. A direct causal relationship between POAF and these 
complications has not been established; most likely, advanced age and structural 
damage to the heart in combination with POAF will result in a higher propensity for 
other complications. 

POAF often converts to sinus rhythm spontaneously, regardless of the therapeutic 
strategy, but persistent episodes of AF and those where the patient is 
hemodynamically unstable require clinical intervention. Consequently, patients who 
experience POAF often have with longer hospital stays and undergo additional 
investigations, resulting in increased health care costs[30,48].  

2.1.1.2 Prevention and Treatment of POAF 

There are limited approaches available to effectively prevent POAF. Those with the 
highest levels of evidence are summarized and discussed in the following review. 

In the 2020 European Society of Cardiology (ESC) Guidelines for the management of 
AF developed in collaboration with the European Association for Cardio-Thoracic 
Surgery (EACTS), it is recommended that patients start treatment with beta-blocker 
therapy after cardiac surgery (Class I, Level A) [49]. Another recommendation is 
amiodarone, which can be given as a prophylactic therapy before cardiac surgery 
(Class I, Level A). 

A large meta-analysis from 2006 found that the odds ratio for the effect of beta-
blockers on the incidence of POAF was 0.36 (95% CI 0.28-0.47, P <0.001), but after 
trials confounded by postoperative nonstudy beta-blockers withdrawal were excluded, 
the OR was 0.69 (95% CI 0.54-0.87, p<0.001)[50]. Similarly, the eighteen trials 
included evaluating amiodarone for the prevention of POAF showed that amiodarone 
reduced POAF from an average incidence of 33.2% in the control group to 19.8% 
(OR 0.48, 95% CI 0.40-0.57). However, the administration of amiodarone was 
associated with bradycardia and ventricular tachycardia (VT) or ventricular 
fibrillation (VF).  

In the randomized RASCABG trial, 259 patients undergoing elective, isolated CABG 
were allocated to receive either amiodarone or placebo as prophylaxis for POAF with 
a follow-up of 30 days[51]. The occurrence of POAF was significantly reduced in the 
group receiving prophylactic amiodarone compared with the placebo group (11% vs. 
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26%, p<0.01). The postoperative prophylactic treatment did not result in a reduction 
in the length of stay but was associated with a lower cost (mean total cost per patient 
was €7639 in the amiodarone group and € 7814 in the placebo group (p>0.01))[52]. 

A number of recent studies have shown beneficial effects of simple or complex 
overdrive pacing or atrial demand pacing (30-45 bpm) for the prevention of 
POAF[50]; however, in the European Association for Cardio-thoracic Surgery and the 
Canadian Cardiovascular Society guidelines[53,54], only biatrial pacing is 
recommended as an intervention that significantly decreases the occurrence of POAF. 

In some studies, decreased levels of the serum electrolytes potassium and magnesium 
have been associated with POAF. Rectifying these levels can be prophylactic[50,55]. 

For patients requiring treatment of POAF, the pharmacologic strategies are either rate 
or rhythm control, and when appropriate, treatment with anticoagulation. The 
guidelines recommend the use of one or more of the abovementioned medications: 
beta blockers, amiodarone and calcium channel blockers[28,54]. In daily clinical 
practice, usually one agent is administered at a time, as all three drugs may lead to 
bradycardia and hypotension. In a recent prospective clinical study[56] comparing 
rate versus rhythm control, 523 patients who underwent cardiac surgery and 
subsequently developed POAF were randomly assigned to either receive medications 
to slow the heart rate or were treated with amiodarone with or without a rate-slowing 
agent. If POAF persisted for 24 to 48 hours after randomization, direct-current 
cardioversion was recommended. The results showed that neither treatment strategy 
offered a significant clinical benefit over the other in terms of length of stay, bleeding 
or thromboembolic events, postoperative mortality, or freedom from AF at 60 days. 

Although POAF may once have been considered a benign and predominantly benign 
complication, its associations with increased morbidity, such as renal dysfunction, 
infections and stroke, and increased mortality, are now well established. Hence, there 
is a need for more studies on prediction models as well as research into long-term 
outcomes after POAF. 
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CHAPTER 3. AIMS AND HYPOTHESES 

The overall aims of this thesis were to develop and evaluate new predictive models of 
POAF in cardiac surgery as well as to explore the type of strokes and long-term 
outcomes following POAF after CABG. This thesis is based on three studies that all 
centre around POAF after cardiac surgery, and these studies are discussed in relation 
to the literature. 

More specifically, the aims of the individual new studies included in the thesis were 
as follows: 

1) To test the C2HESTscore’s ability to predict POAF after cardiac surgery in 
a large Danish population and compare its performance with an age-
modified mC2HEST score as well as with the CHADS2 and CHA2DS2-
VASc scores. 
We hypothesized that the C2HEST-score would perform equally well in a 
cardiac surgical population as it has been shown to perform well in 
nonsurgical AF populations. 

2) To investigate whether it is possible to predict POAF following cardiac 
surgery with the use of atrial electrograms recorded early postoperatively 
from temporal pacing wires routinely placed on the epicardial surface of the 
right atrium. 
We hypothesized that because variables associated with atrial function serve 
as good predictors of POAF, variables derived directly from the atria would 
perform well as predictors in a model. 

3) To investigate the types of ischemic strokes that patients undergoing 
CABG suffer from and whether POAF results in an increased risk of later 
cardioembolic stroke and mortality. 
We hypothesized that patients suffering from ischemic stroke after cardiac 
surgery and POAF are more likely to suffer from cardioembolic stroke than 
patients who do not have this complication. 
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CHAPTER 4. DATA SOURCES AND 
SETTING 

In this chapter, a summary of the materials and methods for each study included in 
this thesis is provided. A detailed description can be found in the respective published 
papers. 

Danish registries in Studies I and III 

The Danish registries provide unique possibilities for etiological understanding and 
knowledge of the possible prevention of certain diseases. All Danish citizens are 
registered with a unique personal identification number, their CPR-number, which is 
used in all national registers, facilitating linkage among all the national registers. 

Western Denmark Heart Registry 

The Western Denmark Heart Registry (WDHR) is a clinical quality database, 
containing data on all adult patients in Western Denmark referred for coronary 
angiography (CAG), PCI or cardiac surgery. It serves as a monitor for the quality of 
cardiac intervention in Central and Western Denmark, comprising approximately 
three million inhabitants, which is equivalent to 55% of the Danish population[57,58]. 

The Danish Civil Registration system  

The Danish Civil Registration system was established in 1968, and every resident in 
Denmark is provided with a unique civil registration number at birth or immigration. 
The unique 10-digit number, their CPR-number, consists of 6 digits representing the 
date of birth, followed by 3 serial digits that represent the century of birth, and the last 
digit signifies the sex (even for females, odd for males). The registry contains 
information on name, sex, date of birth, place of birth, citizenship, identity of parents 
and vital status for each citizen in Denmark[59]. Because registration is required by 
law, the data quality is very high and is continuously validated by its use in all public 
institutions[59]. 

The Danish National Patient Register  

The Danish National Patient Register (DPR) has registered all hospital admission and 
discharge diagnoses in Denmark since 1977. Diagnoses are classified according to the 
International Classification of Diseases (ICD). From 1977 through 1993, the ICD-8 
version was used, and the newest ICD10 version was used from 1994 and onwards. 
Information on emergency room contacts and hospital outpatient clinics has been 
available since 1995[60]. All contacts with the Danish health care system are 
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registered with a unique record ID, that can be linked to the CPR-number. In addition 
to administrative data, such as municipality and region of residence, the registry 
contains information on admission type (acute or elective, etc.), contact type (in- or 
outpatient), specialty of medicine, department, contact diagnoses and dates of 
admission and discharge. 

The Danish National Prescription Registry 

The Danish National Prescription Registry (DNPR) contains individual-level 
information on all prescription drugs, including Anatomical Therapeutic Chemical 
classification (ATC) codes and units, claimed from Danish pharmacies since 
1995[61]. 

Clinical setting for study II 

The Department of Cardiothoracic Surgery, Aalborg University Hospital, is one of 
four cardiac surgical centres in Denmark, providing care for the inhabitants of the 
Northern Region (approx. 600.000 citizens). Between 350-400 open adult cardiac 
surgical procedures are performed every year in this hospital. 

 

4.1. ETHICAL AND LEGAL ISSUES 

In Denmark, no ethical approval is necessary for studies using data based entirely on 
registries.  

Study I and II were approved by the institutional review board at Aalborg University 
Hospital (id- number 2020-022 and 2020-015). 

Study III was approved by the Danish Patient Safety Authority (3-3013-3229/1 and 
31-1522-73) and registered in the North Denmark Region research database(id-2019-
115).  

The chapter that follows will present the theoretical background for the first part of 
this thesis by reviewing the current literature on the prediction models for POAF after 
cardiac surgery. 
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CHAPTER 5. PREDICTING POAF 

As mentioned in the previous paragraphs, 30 to 40% of cardiac surgical patients who 
experience POAF are at increased risk of renal dysfunction/failure[32,62], 
stroke[30,63], and congestive heart failure[11]. These complications often necessitate 
more health care resources with a longer need for intensive care and extended hospital 
stays. These outcomes translate into a considerable financial impact; one study 
estimates an annual cost of approximately $2 billion specifically for POAF-related 
care[29]. 

The adverse effect of preventive/therapeutic interventions and the costs of longer 
hospital stays and medical treatments make a more targeted strategy necessary. Hence, 
research into valid prediction models that can identify patients at high risk of POAF 
has markedly increased. 

5.1. PREDICTION MODELS IN GENERAL 

Risk prediction models help clinicians customize treatments and provide guidance for 
patients. In general, prediction models use variables collected prior to the outcome of 
interest and should contain fairly easily obtainable variables if they are to be 
implemented on a clinical basis. The performance of a prediction model is measured 
on two levels: calibration, which is a measure of how well the predicted probability 
agrees with the observed probabilities, and discrimination, which refers to the model’s 
ability to separate diseased individuals from the healthy individuals.  

The area under the receiver operating characteristic (ROC) curve (AUC) is the most 
commonly used performance measure to discriminate between those with and without 
the outcome (ex POAF vs. non-POAF). ROC is equal to the plot of sensitivity (the 
true positive rate) on the y-axis and 1 minus specificity (the false-positive rate) on the 
x-axis for all possible classification thresholds. For binary data, the AUC is identical 
to C-statistics for time-to-event data, and each cut point is associated with a different 
sensitivity and specificity[64].  
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Text Box 1.  

 

The AUC is the probability that, for two random individuals from the population (one 
who experiences POAF and one who does not), the model will predict a higher risk 
for the first patient. The AUC ranges from 0.5 (the model is no better than flipping a 
coin) to 1 (a perfect model that predicts every case accurately). When presented alone, 
the AUC lacks direct clinical application and is best viewed as a summary of the 
discrimination of the model. It is often more informative to present the ROC with all 
meaningful classification thresholds and a calculated positive predictive value (PPV) 
and negative predictive value (NPV)[65]. One should bear in mind that even important 
predictive variables with significant odds ratios may only have a small impact on the 
AUC.  

 

5.2. EXISTING RISK SCORES 

The following risk factors for POAF after cardiac surgery have previously been 
identified: Advanced age is one of the risk factors for POAF that is most widely 
reported in the literature[31,32,41,66–70]. Other, often mentioned predictors of POAF 
in patients undergoing cardiac surgery are hypertension, diabetes, race, body mass 
index (BMI) >30, previous myocardial infarction (MI), COPD, previous stroke, low 
LVEF, and type of surgery[31,42,44,71]. Several intraoperative risk factors have also 
been reported: use of ECC, time on ECC, blood transfusion[33]. 

The sections below cover the literature on existing prediction models on POAF after 
cardiac surgery. The systematic search was performed using PubMed and Embase 
(Appendix A for search terms). Only studies where cardiac surgery patients (n≥ 100) 

Terms used in prediction studies.[16] 

Sensitivity: defined as the fraction of true positive classification among the total 
number of patients with the outcome 

Specificity: defined as the fraction of true negative classifications among the total 
number of patients without the outcome. 

AUC: the probability that a randomly selected subject who experienced the 
outcome will have a higher risk score of having the outcome occur than a randomly 
selected subject who did not experience the outcome. The area under the ROC 
curve is equivalent to the C-statistic or concordance statistic. 
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comprised the population and where discriminative ability and calibration were 
included. 
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As outlined above, previous prediction models on POAF have been sparsely tested 
outside the population of development. Leaving out the existing risk models, 
developed for other purposes(Society of Thoracic Surgeons (STS) score), few of the 
risk models meet the defined criteria for independent validation[64]. The 
discriminative capacities range from AUC 0.58-0.78, and some risk models include 
variables that are not very easily obtainable.  

The search for a valid prediction model that can accurately predict POAF after cardiac 
surgery has led many researchers to test existing risk scores designed for other 
purposes in this setting.  

The CHADS2 score, HATCH score and STS score generally showed poor 
discrimination AUC <0.6 or were assessed in small populations[68,75,76]. The 
CHA2DS2VASc score, an updated CHADS2 score (Table 2), is a simple risk score 
scheme developed for stroke and thromboembolic risk stratification in patients with 
AF. This risk model is widely used in clinical practice, despite its only moderate 
discriminative power during development[77]. It serves as a guidance tool in the 
decision to initiate life-long anticoagulation in AF patients with a certain score (≥2 for 
women and ≥1 for men). In this context, the risk model stratifies patients according to 
a certain threshold and helps physicians identify patients at the greatest risk, which 
provides more clinical value than discriminative power. Several studies have tested 
the CHA2DS2VASc score’s ability to predict POAF after cardiac surgery with 
moderate to good results[68,78–80].  

The C2HEST score has recently been validated for predicting incidental AF in both 
the general population and patients with ischemic stroke with good results[81,82]. 
That is why we thought it would be interesting to see if the score had similar good 
performance in predicting POAF after cardiac surgery. 

Table 2. Risk scores used in this thesis 

Acronym Risk Factor Points 
C2HEST score 
C2 CAD/COPD 1-2 
H Hypertension 1 
E Elderly (age ³ 75 y) 2 
S Systolic HF 2 
T Thyroid 

disease(hyperthyroidism) 
1 

 Total points 0-8 
CHADS2 risk score 
C CHF 1 
H Hypertension 1 
A Age > 75 1 
D Diabetes 1 
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S Stroke or TIA 2 
CHA2DS2-VASc 
C CHF or LVEF ≤ 40% 1 
H Hypertension 1 
A Age ≥ 75 2 
D Diabetes 1 
S Stroke/TIA/thromboembolism 2 
V Vascular disease 1 
A Age 65–74 1 
S Female 1 

Abbreviations: CAD: coronary artery disease; COPD: chronic obstructive pulmonary 
disease; HF: heart failure; CHF: congestive heart failure; TIA: transient ischemic attack; 
LVEF: left ventricular ejection fraction. 

 

5.3. STUDY I 

Study I was conducted in collaboration with Jan Jesper Andreasen, Søren Lundbye-
Christensen, Sam Riahi, Søren Paaske Johnsen and Gregory Y.H. Lip[83]. 

The study aimed to evaluate the performance of the C2HEST score for the prediction 
of POAF in a cohort of cardiac surgery patients. The performance of the C2HEST 
score was compared with an age modified C2HEST score, the CHA2DS2VASc score 
and the CHADS2 score.  

Methods: 

The study was a registry-based observational study, and the study population was 
identified in the WDHR. The data were linked with data from nationwide Danish 
registries to obtain complete data on all of the components of the risk scores. All 
patients undergoing cardiac surgery ≥18 years were included.  

Results:  

The study population comprised 14279 patients, and 4298 (30.1%) of those developed 
POAF. In general, the discriminative capacities, as measured by the AUC, were 
modest. 
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Figure 3. Performance of the risk scores for predicting postoperative atrial 
fibrillation after cardiac surgery. 

  

C2HEST indicates coronary artery disease or chronic obstructive pulmonary disease (1 point 
each), hypertension (1 point), elderly (age ≥75 years, 2 points), systolic heart failure (2 
points), thyroid disease (1 point); mC2HEST is a modified version with one additional 
variable (m= age between 65-74 years, 1 point); CHADS2, congestive heart failure, 
hypertension, age ≥75 years, diabetes mellitus, stroke or transient ischemic attack; CHA2DS2-
VASc, congestive heart failure, hypertension, age ≥75 years, diabetes mellitus, stroke or 
transient ischemic attack, vascular disease, age 65 to 74 years, sex category.[83] 

Conclusion: 

The C2HEST score’s ability to predict POAF in a population of patients who 
underwent cardiac surgery was limited. The C2HEST score seems to be of limited 
value as a screening tool for identifying patients at high risk of POAF, even though 
higher risk scores were associated with an increased risk of POAF. The predictive 
abilities of the C2HEST score were similar to those of the CHADS2 and CHA2DS2-
VASc scores in the studied population. 

Currently, there is no widely accepted clinical risk model for predicting POAF, and 
the last section of this chapter highlights some of the pitfalls in developing a valid risk 
model for POAF. With the exception of advancing age, the reported risk factors and 
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predictors are frequently contradictory. Furthermore, most of the mentioned risk 
models do not have external validation and lack calibration assessments. 

Altogether, this laid the groundwork for the next study, where we developed and 
tested a new risk score specifically developed for patients undergoing cardiac surgery. 
First, some thoughts on how to improve the current risk models are discussed. 

5.4.  IMPROVEMENT OF RISK PREDICTION MODELS 

The prediction of POAF after cardiac surgery may be difficult using clinical predictors 
alone. As concluded in the previous section, multiple studies have shown that 
prediction models for POAF after cardiac surgery are very similar in their 
performance. Increasing research is now turning to ECG and echocardiographic 
measurements in attempts to make the risk models more precise. 

When stratifying patients at high risk of POAF after cardiac surgery, certain 
characteristics in the ECG have shown great potential as predictors in risk models. In 
a recent large study of 180922 patients with 649931 normal sinus rhythm ECGs, it 
was shown through an AI model that subtle patterns on the normal sinus rhythm ECG 
can suggest the presence of AF[84]. Similarly, in a large Danish study on incident AF 
with more than 280.000 in the study population, both short and long P-wave duration 
in the ECG were associated with an increased risk of AF during a median follow-up 
of 6.7 years[85]. In contrast, Rader and colleagues[86] evaluated clinical and ECG 
predictors of POAF in 13356 patients who underwent cardiac surgery and found that 
only P-wave amplitude in lead aVR and lead V1 were strong predictors of POAF. 
They found no relationship between the P-wave duration, PR interval, QRS duration 
and semiquantitative ECG diagnosis of atrial enlargement and an increased risk of 
POAF. 

These findings, in combination with knowledge from a previous study from our 
research group[87], led us to the following study. Changes in the atria and duration of 
the P-wave have been associated with POAF in multiple reports[38,88,89], but the 
potential of incorporating atrial electrogram measures into POAF prediction models 
has not been explored. The temporary pacing wires placed perioperatively in most 
cardiac procedures provide a greatly enhanced tracing of atrial activity. 

5.5. STUDY II 

Study II was conducted in collaboration with Jan J. Andreasen, Sam Riahi, Gregory 
Y.H. Lip, Søren Lundbye-Christensen, Jacob Melgaard and Claus Graff [90]. 

The study aimed to test whether the addition of atrial electrograms would improve the 
predictive capabilities of a risk model for POAF after cardiac surgery previously 
developed in our research group[87]. 
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Methods: 

The study was a prospective observational study in which all patients undergoing 
cardiac surgery at Aalborg University Hospital were screened from June 2019 to 
March 2020. The outcome was the development of POAF within one month 
postoperatively. As part of the routine, four temporary epicardial pacemaker wires are 
installed at the end of all cardiac procedures in Aalborg University Hospital. If not in 
use for pacing, the two wires placed on the right atrium can be used for recording an 
atrial electrogram. On the first postoperative morning, a 12-lead standard ECG and 
two atrial unipolar electrograms were recorded for at least one minute. Patients with 
known AF or who had AF on the recorded ECG were excluded. Hemodynamic 
parameters detected by the Swan-Ganz catheter were recorded with Vital Recorder, 
and the obtained ECGs were transferred to the GE MUSE Cardiology Information 
System (vs. 9.0) and analysed with the 12SL software (vs. 243; GE Healthcare, 
Wauwatosa, WI, USA). 

Figure 4. The configuration of the ECG and atrial electrograms in patients with 
and without POAF. 
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The figure shows how the variables derived from the atrial electrograms, local activation time 
(uLAT) and fractionation (uFRAC), were calculated. ECG lead II is shown as a 
reference.[90] 

Results: 

Using measurements derived from the ECG, aECG and patient characteristics, three 
multivariable prediction models for POAF were constructed. The Atrial-Clinical 
Model, which consists of age, BMI and two unipolar electrogram measurements 
quantifying the local activation time and fractionation, was strongly associated with 
the outcome POAF, and when the performance of the model was assessed through 
ROC with cross-validation, the AUC was improved (AUC 0.796, 95% CI 0.698-
0.894) compared with previous ECG-clinical and clinical models (AUC 0.716, 95% 
CI 0.606-0.826 and AUC 0.718, 95% CI 0.613-0.822, respectively). 

Figure 5. Receiver operating characteristic curves for multivariable POAF 
prediction models 

 

The best prediction model for POAF was the atrial-clinical model. A) Model without cross-
validation. B) Model with 10-fold cross validation. The clinical model consisted of age, sex 
and BMI, and the ECG-clinical model consisted of PR interval, duration of P-wave, left atrial 
enlargement and QRS duration. The atrial-clinical model consisted of age, BMI, uLAT 
(unipolar local activation time) and uFRAC (unipolar fractionation).  

Conclusion: 

This study shows that there was a strong association between the atrial-derived 
variables, uLAT and uFRAC, and POAF, and as anticipated, these predictors 
improved the predictive abilities of the risk model. However, because of the small 
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sample size, these promising results, should be validated in future studies with more 
participants and perhaps impact analyses. 

The chapter that follows is the second part of the thesis, which entails a short 
theoretical background section on outcomes after cardiac surgery with emphasis on 
postoperative strokes. This serves as a platform for the third study. 
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CHAPTER 6. NEUROLOGICAL 
COMPLICATIONS OF CARDIAC 
SURGERY   

After heart failure, neurologic complications are the most common cause of morbidity 
and mortality after cardiac surgery. There is a lack of clear understanding of the 
pathophysiology of postoperative neurologic events, making the development of 
preventive strategies difficult. For decades, there was a general assumption that 
adverse neurologic events were specifically related to the use of ECC. This led to the 
development of off-pump surgery, where CABG is performed without the use of ECC. 
However, large randomized studies comparing conventional on-pump surgery with 
off-pump surgery in relation to the risk of adverse neurologic outcomes have not 
shown a significant reduction associated with off-pump surgery[18,91,92].  

Therefore, more surgical centres are now focusing on reducing the risk factors related 
to the patient. Preoperative and perioperative screening to evaluate, for example, the 
degree of atherosclerosis of the aorta or carotids may result in further imaging tests or 
change the surgical approach[15] 

Neurologic deficits can be roughly divided into encephalopathy, stroke and 
neurocognitive dysfunction[93,94]. Some studies have shown that up to 45% of the 
patients who have undergone cardiac surgery will have new ischemic brain lesions 
that are clinically undetected[14]. The most reported risk factors for stroke after 
cardiac surgery are advanced age, prior cerebrovascular disease, prior carotid artery 
stenosis, prior peripheral vascular disease, prolonged ECC time and POAF[46,95].  

Overall, the incidence of stroke in relation to cardiac surgery ranges from 1.5-6% 
depending on the patient characteristics and type of procedure. It is well known that 
valve surgery and manipulation of the aorta during surgery puts patients at higher risk 
of a subsequent stroke. A retrospective report from the Society of Thoracic Surgeons  
National Cardiac Database of 49264 cardiac surgeries between 2001 and 2012 
reported a higher risk-adjusted association among POAF patients and subsequent 
stroke with increased complexity of the surgery (CABG, OR 2.31 (1.92-2.79), aortic 
valve replacement, OR 2.70 (1.56-4.67) and mitral valve replacement/plastic OR 4.21 
(1.60-11.11)[39]. 

The neurologic complications in the form of stroke in relation to CABG patients will 
be reviewed in the following section. 
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6.1. STROKE AFTER CABG 

Despite advances in surgical techniques and postoperative care, the incidence of 
perioperative stroke has remained largely unaffected[20,96]. It is estimated that half 
of these patients with stroke will have permanent complications, e.g., paresis or 
aphasia. Half of these will have a need for help or extra care in their daily life. A 
significant portion of stroke patients suffer from late symptoms after stroke, such as  
depression, pain, tiredness, and epilepsy[97]. 

Well-investigated potential causes of perioperative embolic strokes stem from aortic 
manipulation (e.g., clamping, cannulation) and sudden flow through the aortic cannula 
against the aortic wall that sends an embolic shower of atheromatous debris or 
cholesterol through the cerebrovascular system[47,98]. 

An intraoperative stroke may be diagnosed when the patient recovers from anesthesia 
and is likely related to the surgical procedure. It may be the result of air or 
atheromatous emboli during manipulation or cannulation of the aorta. Other strokes 
present themselves later in the postoperative phase after the patient has fully recovered 
from anesthesia and is determined to be neurologically intact. 

The pathophysiology behind late postoperative stroke has not been well investigated. 
A wide range of risk factors and pathophysiologic mechanisms can give rise to a 
stroke following cardiac surgery. Earlier studies on stroke after CABG classify stroke 
as a dichotomous event, i.e., ischemic, or hemorrhagic. It is worthwhile to distinguish 
ischemic stroke further to be able to provide optimal prophylaxis and postoperative 
care for patients. 

Patients undergoing cardiac surgery who suffer from perioperative stroke have a 
worse outcome than those without a stroke[99,100]. In-hospital mortality in relation 
to stroke appears to be higher than for postoperative strokes. As an example, Dacey 
et al. followed 35733 consecutive patients after CABG; 1.6% had a stroke 
perioperatively, and their survival at 1, 5, and 10 years was 83%, 58.7%, and 26.9%, 
respectively. This represented a threefold increase in mortality compared with patients 
without stroke[101].  

In a large prospective cohort study of 35733 patients undergoing isolated CABG, 
patients who developed stroke had more comorbidities and a significantly increased 
risk of death (hazard ratio (HR) 3.2; 95% CI, 2.8-3.7; p<0.001) compared with those 
not experiencing stroke[101]. 

6.1.1. ETIOLOC MECHANISMS OF STROKE SECONDARY TO CABG  

AF leads to the formation of thrombi in the left atrium with possible embolization into 
peripheral and cerebral vessels. During thrombus formation, three criteria are 
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necessary: endothelial dysfunction, clotting activation and blood stasis (Wirchow’s 
triad). In AF/POAF patients, the flow velocity in the left atrium and appendage is 
markedly reduced. However, multiple factors are involved in the increased thrombus 
formation, and whether the increased risk of stroke is due to a higher risk of cardio 
embolism or whether POAF is just a marker of complex disease has not been well 
investigated. Because of the different etiologic origins of stroke, this thesis will focus 
on stroke after isolated CABG. 

To investigate the role of POAF in patients suffering from stroke after a CABG 
operation, a systematic literature search was performed to find previous studies 
reporting on the consequences of POAF after isolated CABG for a later ischemic 
stroke using PubMed and Embase (see Appendix 1A for the search terms).  
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Most of the studies report an increased risk of both perioperative and late stroke in 
patients with POAF. Conen et al.[102] prospectively followed 4624 patients and 
found higher long-term mortality and risk of MI but not stroke. As the data were 
collected primarily for the CORONARY trial, the study’s limitations include selection 
bias and the study’s criteria for POAF, which was defined as POAF lasting > 5 
minutes and requiring treatment. Lahtinen et al.’s[109] title of their paper 
(“Postoperative atrial fibrillation is a major cause of stroke after on-pump coronary 
artery bypass surgery”) indicates a causal relationship, but it is doubtful whether 
POAF plays a role in the early postoperative strokes in this small population. 

Few studies have examined the pathophysiology of the strokes after CABG surgery. 
Benedetto et al.[104] described an overall higher rate of stroke in POAF patients than 
in patients discharged in sinus rhythm. However, the distribution of ischemic stroke 
was higher in the group with sinus rhythm than in the group with POAF (50% vs. 66% 
of the CVAs). 

A wide range of vascular diseases can lead to ischemic stroke. It is important to 
establish the most likely cause of ischemic stroke, as the cause can influence the short- 
and long-term treatment of patients. One widely used and accepted way of classifying 
and investigating ischemic stroke was developed from the placebo-controlled 
multicentre trial called the Trial of Org 10172 in Acute Stroke Treatment 
(TOAST)[110]. The classification is based on clinical findings in the patient’s history 
and examination, from brain imaging, as well as the findings of ancillary testing, 
including vascular and cardiac imaging. The system is fairly easy to use and 
establishes the most likely cause of ischemic stroke. 

Table 4. TOAST classification of subtypes of acute ischemic stroke 

Large-artery atherosclerosis 
Cardioembolism 
Small-vessel occlusion 
Stroke of other determined etiology 
Stroke of undetermined etiology 
Two or more causes identified 
Negative evaluation 
Incomplete evaluation 

 

It is evident that a gap in the literature exists on the characteristics of late strokes 
following CABG and POAF, which is what led to the hypothesis in the following 
study. 
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6.1.2. STUDY III 

Study III was conducted in collaboration with Jan J. Andreasen, Søren Lundbye-
Christensen, Sam Riahi, Søren Paaske Johnsen, Grethe Andersen and Janne 
Mortensen[111]. 

The aim of this study was to investigate the ischemic strokes that patients undergoing 
CABG suffer from and their association to POAF. The secondary objectives were to 
investigate the mortality, causes of death and whether patients discharged with a 
prescription for antithrombotic medicine had a lower risk of ischemic stroke. 

Methods: 

Using WDHR, we identified all patients who underwent isolated CABG between 
2010 and 2018 and linked the data to their CPR-number, the DPR, the DNPR and the 
Cause of Death Register. All postoperative strokes were validated in the patient 
records, and the clinical descriptions, magnetic resonance (MRi) and computed 
tomography (CT) scans were used to categorize the type of stroke according to 
TOAST. 

The exposure was POAF, and the outcome was postoperative stroke beyond 30 days 
after the day of surgery. The method used for adjustment was a weighting scheme 
balancing the important risk factors for POAF between the two groups. 

Results: 

Of the 7812 patients included in this study, 2048 (26.2%) developed POAF, and 195 
(2.5%) patients had a postoperative ischemic stroke. There was no difference between 
the groups in the risk of ischemic stroke (HR 1.08; 95% confidence interval (CI) 0.74-
1.56) or all-cause mortality (HR 1.09; 95% CI 0.98-1.23) when adjusting for 
confounding risk factors. 

Although not statistically significant, patients with POAF had a higher incidence of 
cardioembolic stroke (Table 5), whereas non-POAF patients had a higher incidence 
of large-artery occlusion stroke. 
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Figure 6. Competing risk of ischemic stroke – crude and adjusted 

 

Red=POAF, Blue= non-POAF 

Top row: 1) Risk of ischemic stroke 2) Adjusted risk of ischemic stroke 

Bottom row: Sensitivity analyses; A) Assuming unvalidated strokes were ischemic in patients 
who had POAF, B) Assuming unvalidated strokes were ischemic in patients not experiencing 
POAF, and C) Assuming unvalidated strokes were ischemic regardless of POAF status[111] 

Table 5. Incidence rates (per 1000 patient years) of subtypes of postoperative 
cerebral infarctions with/without POAF 

Type of ischemic stroke Incidence 
rate in non-
POAF 
patients 

95% CI Incidence 
rate in 
POAF 
patients 

95% CI 

Large-artery 
atherosclerosis 

1.1 0.8; 1.5 0.7 0.4; 1.4 

Cardioembolism 0.5 0.3; 0.8 1 0.6; 1.6 
Small-vessel occlusion 0.7 0.5; 1 0.8 0.4; 1.5 
Stroke of undetermined 
etiology 

0.6 0.4; 0.9 0.7 0.3; 1.3 

Abbreviations: POAF: postoperative atrial fibrillation; CI: confidence interval. 
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Conclusion: 

Contrary to our hypothesis, we found no difference in the adjusted risk of 
postoperative ischemic stroke or all-cause mortality in POAF vs. non-POAF patients. 
However, we did find a trend towards a higher rate of cardioembolic stroke among 
POAF patients than in non-POAF patients. 
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CHAPTER 7. GENERAL 
METHODOLOGICAL 
CONSIDERATIONS 

All scientific studies will be subject to errors, either systematic or random[112]. 
Although no study can avoid random errors, they can be reduced by enlarging the 
sample size and cohort as much as possible. The systematic errors include 
confounding and bias, and the following section will highlight some of the 
precautionary measures taken to reduce this in the aforementioned studies. 

Information bias 

Information bias is a distortion in the measure of association caused by either an 
incorrect classification of information or a lack of accurate measurements of key study 
variables. Misclassification can be differential or nondifferential. Differential 
misclassification bias results if information is gathered differently for one group than 
for another and thereby either raises or lowers the relative risk or odds ratio depending 
on the direction of the bias. In contract, nondifferential misclassification tends to 
obscure real differences between groups[112,113]. 

Studies I and III relied on data regarding POAF from WDHB, and the diagnosis and 
registration may have been susceptible to misclassification. In a Danish study from 
2015[114], the positive predictive value for the POAF diagnosis was found to be 
82.5%(95% CI: 78.8-85.7), which is considered relatively valid when applied to 
epidemiologic studies such as these. 

The positive predictive value of a stroke diagnosis in the DNPR has been reported to 
be between 57.3 and 69.3%[115,116]. Generally, the validity of stroke diagnoses is 
low when registered in emergency wards. We could confirm this in study III, where 
all stroke diagnoses were validated. 

Studies I and III relied entirely on Danish registries, and even though the merging of 
datasets from different sources, made some corrections of the diagnoses possible, it is 
inevitable that some of the data will contain information bias. 

In study II, all data concerning patient characteristics were entered into the project 
database with double entry, to reduce misclassification. 
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Selection bias 

Selection bias is introduced when the characteristics of individuals or groups in a 
study differ from the population of interest[112]. In study II, we included all eligible 
patients, i.e., those for whom the recording of an up to two-minute-long ECG was 
possible, thereby excluding patients in a worse state. Most likely, this would have 
caused a selected healthier group and excluded patients at higher risk of POAF. 

Studies I and III included all of the patients within the study time frame. However, 
there may have been patients with a TIA or other smaller cerebral event that could 
qualify as a stroke and thereby distort the data. Research based on registries is only as 
good as the entries put in, meaning that complete and valid information on the diseases 
and complications entered in the databases is a prerequisite for providing trustworthy 
results.  

In an audit of WDHB from 2013, the proportion of errors in the cardiac surgery 
registries was 3.3% in the history and EuroSCORE module, 1% in the procedure 
model and 1.6% in the discharge module [57]. In Studies I and III, there were many 
missing data concerning dates of discharge, which had to be handled by multiple 
imputation or replaced by a mean in the analyses.  

Confounding 

In epidemiologic research, confounding is a mixing or blurring of effects. A 
confounding variable is a risk factor for both the exposure and the outcome but is not 
a mediator/causal link between exposure and outcome[112]. In study III, we reported 
crude and adjusted results in different models. Potential confounders were carefully 
selected based on the relevant literature, and we tried to estimate the causal effect of 
confounding by using the statistical method of inverse probability weighting. We 
chose this method to illustrate the timing of the ischemic stroke in relation to cardiac 
surgery. 

Etiology and prediction 

In Studies I and II, we tested and developed prediction models based on the statistical 
associations between predictors and the outcome POAF. It is important to keep in 
mind that the premise in studies of prediction is not to establish a causal effect. Rather, 
the prediction models use multiple predictors that are not necessarily is in a causal 
relationship with the outcome[117].  
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CHAPTER 8. DISCUSSION 

In recent years, patients offered cardiac surgery have become increasingly older with 
many comorbidities, and the operating procedures are ever more complex. 
Nevertheless, the most common complication after open chest cardiac surgery is still 
new-onset POAF. In Study I, we analysed whether the C2HEST score would be of use 
in predicting POAF in a population undergoing cardiac surgery. The performance of 
the risk score was moderate, and the predictive capabilities were no better than the 
CHADS2 and CHA2DS2-VASc scores; hence, the use of the C2HEST score in 
predicting POAF in a cardiac surgery population was limited. 

Study II demonstrated that using atrial-derived electrograms together with clinical 
variables in a prediction model increased the model’s performance compared with 
using only clinical or ECG variables. 

Study III examined the types of ischemic strokes after CABG and the association with 
POAF. This study showed that the adjusted risk of ischemic stroke and mortality did 
not differ between the POAF and non-POAF groups. We found no difference in the 
distribution of the types of ischemic strokes between the two groups. Although not 
statistically significant, patients with POAF had a higher proportion of cardioembolic 
strokes, whereas patients not suffering from POAF had a higher proportion of large 
vessel atherosclerosis. 

Discussion of Studies I+II 

The C2HEST risk score was designed to function as an easily applicable tool in a busy 
clinical setting, using only readily available components. The results of Study I are in 
accordance with most literature that states that age is a risk factor for POAF. In the 
practice advisory from 2019 by the Society of Cardiothoracic 
Anesthesiologists/European Association of Cardiothoracic Anesthetists[118], it is 
suggested that additional POAF prophylaxis should be given for patients aged >75 
years. 

The interpretation of the AUC value is dependent on the investigated model (e.g., 
CHA2DS2VASc score) as well as on the distribution of risk factors in the sample. For 
instance, in all of the risk models mentioned in this thesis, age is an important risk 
factor for the development of POAF. A given model can appear to perform much 
better when utilised in a population with a wide range of age compared with a 
population with a narrow age range. The highly selected population of cardiac surgery 
patients might explain why all variables other than age serve as very poor predictors 
of the outcome POAF. The higher AUC values obtained in other studies examining 
the C2HEST score were largely obtained in a general population, where risk factors 
such as hypertension and diabetes may be more strongly associated with AF/POAF. 



CHAPTER 8. DISCUSSION 

39 

Limitations to many of the reviewed (including Study I) studies on prediction models 
should be kept in mind. The majority of the studies are registry based, and the US-
based data, will only capture POAF that occurred before discharge and “required 
treatment” (the STS definition). Moreover, this strict definition has in one study been 
shown to miss approximately 20% of the isolated CABG patients who experience 
POAF before discharge[41]. The risk score performance may have been altered by 
these drawbacks. 

Future studies aimed at developing predictive models or scores should preferably be 
based on prospectively collected data where the above points are taken into 
consideration. Of note, the registration of POAF can be optimized. Furthermore, 
separate analyses on isolated CABG and valve procedures will also be needed, as 
different surgical procedures are known to carry different risks of subsequent POAF. 

The increasing mean age of patients undergoing cardiac surgery will inevitably result 
in an increased incidence of POAF and greater health care costs[9,44]. Thus, the 
identification of specific factors, e.g., ECG changes or clinical variables, that 
predispose patients to the development of POAF will enable high-risk patients to be 
targeted for prophylactic clinical trials and low-risk patients to be spared from 
potentially harmful electrical and pharmacologic therapy. 

Discussion Study III 

The primary objective of study III was to explore the incidence and the etiology of 
ischemic strokes in patients undergoing isolated CABG among patients who 
developed new-onset POAF compared with non-POAF patients.  

The observed overall stroke rate of 4.2% in study III is consistent with previous 
reports. Mérie et al.[119] reported an overall incidence of stroke of 7,6% during the  
10-year follow-up, but with no distinction by etiology and not excluding patients with 
known preoperative AF. In a study investigating postoperative complications and 
outcomes following isolated CABG, Jawitz et al.[99] reported an incidence of stroke 
of 1.9% in the first 90 days postoperatively. In general, patients undergoing CABG 
have a lower risk of postoperative stroke than patients undergoing valve or 
concomitant valve surgery, where stroke rates can be significantly higher[100,120]. 

There is substantial evidence that POAF increases the likelihood of an increased 
length of intensive care unit and hospital stay[39,99]. This is most likely not solely 
attributed to the POAF event itself but is related to the general increased morbidity in 
relation hereto. Altogether, this leads to an increased cost of hospitalization. Although 
we did not calculate the hospital costs in study II, the increased length of hospital stay 
for POAF patients was significant. LaPar et al.[39]demonstrated that the increased 
hospital stays associated with POAF translated into additional costs exceeding 9000 
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US dollars in 2001-2012. POAF is certainly not the most expensive complication after 
cardiac surgery, but its frequency results in high cumulative costs. 

The long-term consequences of POAF have been investigated over the last decades, 
with conflicting results in terms of thromboembolic risk, including 
stroke[102,105,121]. In recent systematic reviews and meta-analyses, POAF has been 
associated with an increased risk of both short-term and long-term stroke and 
mortality[6,122]. However, the pooled estimates of stroke and survival were based on 
studies with a variety of heterogeneity in terms of definitions of POAF and outcomes. 
Hence, we chose to limit our cohort in Study III to patients undergoing isolated CABG 
and exclude patients with concomitant valvular surgery to minimize confounding, for 
example, reasons for initiating OAC treatment. 

Several points suggest that early adverse events should be handled differently than 
later events. Adverse events in relation to the surgery most likely have a different 
pathophysiology than later events. The definition of postoperative stroke varies in the 
literature. Most studies refer to perioperative incidents even though the strokes occur 
well after the day of surgery. 

As newer studies highlight, there is an increased risk of later AF in patients 
experiencing POAF after cardiac surgery[4,105]. For that reason, it would be fair to 
hypothesize that the reported increased risk of stroke and death associated with POAF 
after cardiac surgery would at least partly stem from the possible larger burden of AF 
in this group of patients. We were not able to confirm this in Study III. As such, the 
findings are in line with those of Conen et al.[102] and Almassi et al.[63], but in 
contrast to several larger multiple centre series that did find an association between 
POAF and an increased risk of stroke and mortality[11,62,105]. 

There are many known and unknown contributing factors to postoperative 
complications after cardiac surgery; the patient’s comorbidities, the trauma of surgery 
and how well the patient recovers all interact with in many cases an impaired systolic 
and diastolic function, high pressure in the left atrium and increased stasis. All 
components will inevitably worsen if the patient develops POAF. Most likely, more 
factors come into play as the (assumed) increased risk of stroke increases with POAF. 
In general, a time-dependent association between POAF after cardiac surgery and a 
postoperative stroke will most likely diminish, and possible confounders will 
influence the outcome. 

When analyzing data, it is possible to approximate a real risk by applying certain 
statistical methods. In Study III and in the study of Taha et al.[11], the methods 
included inverse probability weighted Cox models. Thorén et al.[105] and Butt et 
al.[121] both investigated the role of POAF in the method of matching controls. As 
no randomized controlled trial is available, this is the best we can do to explain the 
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possible role of POAF in long-term stroke risk. However, it can make it difficult to 
compare studies as they are matched/adjusted for different risk factors. 

Other studies investigating possible causal mechanisms behind later postoperative 
stroke have demonstrated that patients suffering from postoperative strokes have no 
evidence of significant carotid vascular disease[123,124]. 

How can the POAF patient be treated after discharge? An unanswered dilemma 

The identification of recurrent POAF in patients discharged in SR largely relies on the 
patient and their general practitioner. Given that symptoms of AF only occur in one 
of three AF episodes[125], it can be an unreliable guide to diagnostics. Furthermore, 
many symptoms of AF, such as shortness of breath, dizziness and fatigue, are not very 
specific, and all are expected in the recovery period after major cardiac surgery.  

Although the conducted studies and literature review show that it is difficult to predict 
which patients may be at high risk of postoperative atrial fibrillation, it is important 
to note that many steps can be taken to reduce the complications associated with 
increased long-term mortality and readmissions. For instance, the use of beta blockers, 
especially among patients who were already prescribed them, has been shown to 
significantly reduce the rate of POAF[9]. 

In current American and European guidelines, there are no clear suggestions on the 
indication or duration of potential OAC treatment for POAF patients[126,127]. Study 
III showed a low absolute risk of a postoperative ischemic stroke, and most clinicians 
are rightfully apprehensive in administering OAC to POAF patients, as they have a 
substantial risk of bleeding, especially in the first 30 days postoperatively[128]. 

An ongoing randomized study is investigating the efficacy and safety of OACs for 
stroke prevention after cardiac surgery and POAF (ClinicalTrials.gov Id: 
NCT04045665). 

8.1. STRENGTHS AND LIMITATIONS OF THE STUDIES 

The strengths and limitations of the studies included in this thesis have been discussed 
in detail in the respective studies (I-III), and the following section will therefore 
highlight only the most significant points. 

The development of prediction models should preferably be undertaken in a study 
population that is collected for the purpose. Early identification of patients at high risk 
of POAF will spare low-risk patients from the risk of antiarrhythmic toxicity or the 
added drug cost. 
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As mentioned, Study II tested whether adding predictors derived from atrial 
electrograms would improve an existing risk model from our research group. In this 
context, we wanted to be able to compare our new findings with the earlier analyses; 
however, there are methodological approaches that would be more appropriate when 
evaluating which predictors derived from the postoperative ECG would be strongest, 
such as stepwise variable selection. 

One of the strengths of study III was the prospective nature of the collected patient 
database. In general, differences in capturing incidences of POAF during the 
postoperative period make comparisons between studies difficult. As previously 
stated, the peak incidence of POAF occurs 2 to 3 days postoperatively, and many 
patients will be out of intensive care units at this time and not necessarily on telemetry. 
Furthermore, correct diagnosis of POAF will be complicated by the often transient 
and self-limiting nature of POAF and the differing definitions of POAF in terms of its 
duration and frequency. Experiences with the data collection for Study I-III as well as 
reading the available literature on the topic reveal that the absence of electronic 
medical records systems during retrospective analyses and deficiencies in record 
keeping complicate research into POAF. 

Another strength of study III is the fact that it relies on data from an entire population 
from three cardiac centres and not just a single cardiac centre in a large country, which 
is the case with most literature on the subject. All patients undergoing cardiac surgery 
in western Denmark are registered in WDHB, which reduces missing data to a 
minimum. 

Denmark is often highlighted as a unique setting for conducting large epidemiologic 
studies. The unique CPR number makes it possible to connect data across all registries 
and provide researchers with complete follow-up data. However, we found multiple 
errors in WDHB and coding of stroke diagnoses in the DPR. The registration of a 
stroke diagnosis came with high variability and many errors. 

Even though the weight-adjusted Cox regression models included many known risk 
factors for the outcome, some residual confounding could have persisted and 
influenced the results. 
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CHAPTER 9. PERSPECTIVES 

The development of POAF in relation to cardiac surgery seems to be multifactorial. 
Extensive research has identified numerous risk factors and predictors, but we still 
lack a convincing predictive tool to guide the decision of prophylactic intervention for 
patients at high risk of developing POAF after cardiac surgery. 

This PhD thesis emphasizes that there is still a need for the improvement of risk 
prediction models for POAF. This confirms that although patients with AF and POAF 
share many of the same risk factors, the prediction of POAF in patients undergoing 
cardiac surgery necessitates stronger predictors than currently available. The review 
in Chapter 5 and Study I emphasized that preoperative risk stratification models are 
of limited applicability, as they do not show sufficient reliability (the highest AUC 
was 0.78). 

Future studies should focus on developing existing prediction models as well as 
undertaking impact studies[129]. Whether the effort should focus on administering 
prophylactic therapy to a larger group or whether the intervention should target 
specific patients with a high risk of developing of POAF remains undetermined. Even 
though study II obtained good and promising results, the study sample and 
performance were insufficient for implementation in the clinical setting. The 
development of machine learning and AI may aid future risk model building, as well 
as the inclusion of other physiological monitoring techniques. In the conduction of 
Study II, several parameters from the patients’ Swan Ganz catheters where collected. 
While missing data made the inclusion of these parameters in our study impossible, 
additional studies with a larger sample size could reveal potential new strong 
predictors. 

The Danish health registries provide a unique possibility of conducting large 
population-based studies on patients undergoing cardiac surgery. Study III presented 
one of many interesting topics in relation to long-term outcomes, and several follow-
up questions became apparent. For instance, it would be interesting to explore the 
incidence of recurrent AF in patients with POAF discharged in SR. Another future 
subject could be analyses of the compliance, use, and duration of OACs in patients 
prescribed antithrombotic medicine in relation to POAF and later thromboembolic 
events. 
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CHAPTER 10. CONCLUSION 

There is nothing simple about POAF. Compared with the major impact of undergoing 
open cardiac surgery, a mostly short-lived postoperative rhythm disturbance seems at 
first glance not very offsetting for the successful recovery of the patient.  

This thesis clarifies that POAF and incident AF in a nonsurgical setting differ in many 
aspects in terms of prediction as well as the risk of later thromboembolic events. 
Targeted therapy for POAF patients and optimal long-term treatment of the 
arrhythmia long-term are major topics in ongoing research and debates in both clinical 
and research communities. 

The main findings in the individual studies included in this thesis are described below.  

Study I showed that the performance of the C2HEST score to predict POAF after 
cardiac surgery in a large Danish population was limited. 

In Study II, the results indicated that atrial-derived electrograms recorded in the early 
postoperative phase may be helpful for predicting POAF in patients undergoing 
cardiac surgery. 

The results of study III do not support current guidelines that encourage the initiation 
of OAC for selected POAF patients, as there were no differences in the incidence of 
cardioembolic stroke in POAF vs. non-POAF patients. However, POAF should be 
considered an important marker for later risk of ischemic stroke until a direct causal 
pathway has been proven. 

In conclusion, this PhD dissertation underlines that there is a continued need for 
improvement of the prediction of POAF and stroke prevention in relation to cardiac 
surgery. 
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Appendix A.  
Search terms: 

Search terms: POAF risk models (14/12/21): 

PubMED: 

(((((((((((new onset[Text Word]) OR (newly onset[Text Word])) OR 
(postoperative*[Text Word])) OR (postsurg*[Text Word])) OR (post-surg*[Text 

Word])) OR (post-operative*[Text Word])) OR ("Postoperative 
Complications"[Mesh])) OR ("Postoperative Period"[Mesh])) AND (("Atrial 

Fibrillation"[Mesh]) OR (atrial fibrillat*[Text Word]))) OR (poaf[Text Word] OR 
noaf[Text Word])) AND ((((("Cardiac Surgical Procedures"[Mesh]) OR (cardiac 

surger*[Text Word] OR cardiac surgical[Text Word])) OR (coronary artery 
bypass[Text Word])) OR (cabg[Text Word])) OR (valve surge*[Text Word]))) AND 
((((((((("Clinical Decision Rules"[Mesh]) OR (clinical decision rule*[Text Word])) 
OR (clinical prediction rule*[Text Word])) OR (prediction model*[Text Word])) 

OR (risk scheme*[Text Word])) OR (risk score*[Text Word])) OR (risk 
model*[Text Word])) OR (clinical predict*[Text Word])) OR (risk predicti*[Text 

Word])) Sort by: Publication Date 

Embase: 

(('clinical decision rule'/de OR (predict* NEAR/2 (clinical OR risk OR model* OR 
score*)):ti,ab,kw OR (risk NEAR/2 (model* OR score* OR scheme*)):ti,ab,kw OR 
'clinical decision rule*':ti,ab,kw) AND ((((('new-onset atrial fibrillation'/de OR 
'postoperative complication'/exp OR 'postoperative period'/exp OR 
(postoperative*:ti,ab,kw OR 'post-operative*':ti,ab,kw) OR (postsurg*:ti,ab,kw OR 
'post-surg*':ti,ab,kw) OR (new* NEAR/1 onset):ti,ab,kw) AND ('atrial 
fibrillation'/exp OR 'atrial fibrillat*':ti,ab,kw)) OR (poaf:ti,ab,kw OR noaf:ti,ab,kw)) 
AND ('heart surgery'/exp OR ('cardiac surg*':ti,ab,kw OR 'heart surg*':ti,ab,kw) OR 
'coronary artery bypass':ti,ab,kw OR 'valve surg*':ti,ab,kw OR cabg:ti,ab,kw)) OR 
'postoperative atrial fibrillation'/de)) AND ('article'/it OR 'article in press'/it OR 
'review'/it) 

 

Search terms: CABG, POAF and Stroke (16/11/21): 

(((((((((((((("Brain Ischemia"[Mesh]) OR transient ischemic attack*[tw]) 
OR cerebral ischemia*[tw]) OR brain ischemia*[tw]) OR cerebral 
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infarct*[tw]) OR brain infarct*[tw]) OR brain vascular accident*[tw]) OR 
apoplex*[tw]) OR cerebrovascular accident*[tw]) OR stroke*[tw]) OR 
"Stroke"[Mesh])) AND ((((Aortocoronary Bypass*[tw]) OR CABG[tw]) 
OR coronary artery bypass*[tw]) OR "Coronary Artery Bypass"[Mesh]))) 
AND (((auricular fibril*[tw]) OR atrial fibrill*[tw]) OR "Atrial 
Fibrillation"[Mesh])))))))))) 

and Embase with the terms 

(('coronary artery bypass surgery'/exp OR ‘coronary artery bypass graft'/exp OR 
'coronary artery bypass* OR ‘cabg’ OR ‘aortocoronary bypass':ti,ab,kw) AND 
(‘cerebrovascular accident’/exp OR ‘brain infarction’/exp OR brain ischemia/exp OR 
stroke*’:ti,ab,kw OR apoplex*’:ti,ab,kw OR ‘brain vascular accident*’:ti,ab,kw OR 
brain infarct*’:ti,ab,kw OR ‘cerebral infarct*’:ti,ab,kw OR ‘brain ischemia*’ti,ab,kw 
OR ‘cerebral ischemia*’ti,ab,kw OR ‘transient ischemic attack*’:ti,ab,kw) AND 
(‘postoperative atrial fibrillation’/exp OR ‘atrial fibrillation’/exp OR atrial 
fibrill*’:ti,ab,kw)) 
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