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General introduction and outline of the thesis

GENERAL INTRODUCTION AND OUTLINE OF THE THESIS

Atrial fibrillation (AF) is a common arrhythmia, increasing in incidence with age.1 The 

lifetime prevalence of AF in western countries is estimated to be around one in every 

five people with low cardiovascular morbidity, and up to almost two-fifths of people 

with highest cardiovascular risk.2 The overall prevalence in the aging European popu-

lation is expected to double from 8.8 million in 2010 to an estimated 17.9 million in 

2060.3

On electrocardiogram (ECG), AF is typically distinguished by irregular R-R intervals 

with no discernible regular P waves.4 These ECG features arise from the defective 

electric conduction pathways in the atria that are key to developing the arrhythmia. 

Pathophysiological factors contributing to the final common electrocardiological 

outcome that is AF are manifold, and include stretch-induced fibrosis, inflammation, 

cardiac ischemia and vascular remodelling.4

The burden caused by AF is significant and spans across patient-related, healthcare-

related and societal factors.4 Patients with AF can experience lower quality of life due 

to symptoms relating to AF episodes, especially when having experienced AF-related 

stroke.5 Considerable healthcare costs are spent in treating AF symptoms and associ-

ated morbidity, as well as in preventing (further) complications from the arrhythmia.6 

And the loss of productivity experience by AF patients as well as the funding required 

to maintain the current standard of AF treatment and prevention weigh significantly 

on modern society.7 Symptoms commonly reported by AF patients are shortness of 

breath, palpitations, chest discomfort and fatigue.8 These symptoms can be mitigated 

with medication to improve heawrt rhythm and rate, or minimally invasive surgery of 

the area in the heart muscle that is the source of AF episodes (‘ablation’). Moreover, 

such therapies are also effective in preventing later cardiac complications associated 

with AF such as heart failure. Therefore, in patients who present with aforementioned 

symptoms it is important to consider AF and to perform electrocardiographic (ECG) 

investigations.

AF and risk of ischemic stroke
Arguably the clinically most important reason to be aware of AF is the arrhythmia’s as-

sociation with an increased risk of ischemic stroke and transient ischemic attack (TIA) 

(Figure 1).4,9 If not treated with adequate stroke prophylaxis through anticoagulation, 

this risk is thought to be up to five-fold higher than that of persons without AF.9 It is 

further estimated that one in four cases of ischemic stroke or TIA are related to AF.10-13 

Although AF is thus not a sine qua non for the development of stroke or TIA,14 it is a 
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common and easily identifiable ECG entity, with a well-established body of evidence 

on how to act in its presence to treat symptoms and to prevent complications.4,15 

Other prominent complications associated with AF include heart failure,16 myocardial 

infarction,16 chronic kidney disease exacerbation,17 cognitive impairment,18 falls,19 

sudden cardiac death,20 and all-cause mortality16 (Figure 1).1

In assessing the risk of stroke in those with an established AF diagnosis, it is vital to 

introduce the CHA2DS2-VASc risk score.21 Points are awarded in CHA2DS2-VASc for old 

age (1 point for age 65-74 years; 2 points for age ≥75 years), female sex (1 point), 

and a history of heart failure (1 point), hypertension (1 point), vascular disease (any 

of prior myocardial infarction, peripheral artery disease or aortic plaque; 1 point), 

diabetes (1 point) or any of ischemic stroke, TIA or systemic embolism (2 points).21 

The central place of CHA2DS2-VASc in clinical decision-making comes from its role in 

assessing whether an AF patient’s cardiovascular risk profile is such that treatment 

with oral anticoagulation (OAC; vitamin K antagonists [VKA] or direct oral anticoagula-

tion [DOAC]) to decrease the risk of ischemic events outweighs the increased risk of 

bleeding associated with OAC use.4

Figure 1. Common complications associated with atrial fibrillation.

Diagram depicts relative risk in patients with versus without atrial fibrillation for ischemic stroke,9 heart failure,16 
sudden cardiac death,20 all-cause mortality,16 myocardial infarction,16 chronic kidney disease exacerbation,17 cog-
nitive impairment,18 and falls.19

CKD, chronic kidney disease.
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Other risk scores commonly turned to in the decision to initiate OAC are the HAS-

BLED (Hypertension, Abnormal renal/liver function, Stroke, Bleeding history or pre-

disposition, Labile international normalized ratio, Elderly (> 65 years), Drugs/alcohol 

concomitantly) and GARFIELD-AF (Global Anticoagulant Registry in the FIELD–Atrial 

Fibrillation) risk scores. HAS-BLED focuses on the bleeding risk associated with OAC 

initiation in AF patients. It can be used to assess the presence of modifiable risk fac-

tors that could be mitigated to reduce the risk of major bleeding when using OAC.22 

The GARFIELD-AF score comes with an online tool that allows one to enter a range 

of patient characteristics, resulting in a graphic display of how the shared decision 

to initiate (type of) stroke prophylaxis can affect the newly diagnosed AF patient’s 

absolute risk of stroke, bleeding and mortality.23 However, CHA2DS2-VASc currently 

remains most prominent in the choice for anticoagulation initiation.4 In absence of 

contraindications for OAC treatment, initiation of OAC is indicated in AF patients 

with a CHA2DS2-VASc score ≥2 in men or ≥3 in women, and OAC initiation should be 

considered in those with CHA2DS2-VASc ≥1 in men or ≥2 in women.4

Challenges to early AF detection
There are two main challenges in diagnosing AF. First, the arrhythmia is often asymp-

tomatic, commonly referred to as ‘silent AF’. As a consequence, AF patients may be 

unaware of, and will therefore not seek medical care for, their arrhythmia.24,25 In the 

meantime, asymptomatic AF patients are at similar risk of adverse outcomes com-

pared to those who experience AF-related symptoms.26

A second challenge is that an AF patient’s heart rhythm may not always be in AF, and 

instead can display normal sinus rhythm or other non-AF rhythms between ‘episodes’ 

of AF. Depending on the duration of AF episodes until remission into non-AF rhythm, 

guidelines distinguish ‘paroxysmal AF’ (AF episodes lasting up to 7 days), ‘persis-

tent AF’ (AF episodes lasting 7 days up to 12 months, or AF episodes terminated by 

cardioversion <12 months’ duration), ‘long-standing persistent AF’ (uninterrupted 

AF episodes over 12 months’ duration), and ‘permanent AF’ (presence of AF that is 

accepted by both patient and physician without further efforts to restore or maintain 

sinus rhythm).4 For ease of use, we will use the term ‘paroxysmal AF’ (pAF) throughout 

this thesis to refer to non-continuous AF patterns. In the presence of pAF, it is possible 

that a standard 10-second ECG, or even a continuous ECG recording lasting several 

days, could ‘miss’ AF episodes when by chance no episodes of pAF occurred within 

the observation window.
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AF screening
Given these challenges, and in light of the importance of AF as a widely prevalent 

condition for which effective stroke prophylaxis is available, there has been increas-

ing interest in early detection of AF through more systematic case-finding regimes.27 

The assumption here is that a proportion of AF-related strokes can be prevented by 

facilitating early OAC initiation in AF patients whose AF would otherwise have re-

mained undetected, by reducing their time at unmitigated risk of stroke. In order to 

assess whether a more systematic approach to finding undetected AF cases is feasible, 

researchers have investigated the merits of screening for AF in different populations.28 

Here, screening should be understood as an approach to investigating the presence of 

a disease in persons who have not sought medical attention on their own initiative for 

the disorder being screened for (paraphrasing Wald, 2001).29

One population in whom there is now consensus to screen for AF are patients with a 

recent ischemic stroke or TIA.4 Not only is AF often involved as a cause for stroke, which 

would increase the chance of AF detection in these ‘post-stroke’ patients. Screening 

for AF after stroke is also clinically relevant, as an AF diagnosis would affect the choice 

of treatment to prevent a new stroke or TIA.30 All patients with a history of ischemic 

stroke or TIA are to be treated with medication to prevent a new stroke episode. In 

those without AF, the choice for stroke prophylaxis is antiplatelet (AP) drugs, whereas 

in those with a concomitant AF diagnosis the physician should opt for OAC (VKA or 

DOAC).4,31 This is because in patients with a history of AF and stroke, oral anticoagu-

lation provides a much more effective reduction in risk of recurrent stroke than AP 

treatment, while only marginally increasing the risk of bleeding associated with oral 

anticoagulation.4 In patients with recent stroke or TIA and without a history of AF, there 

is therefore consensus to perform at least a 10-second ECG at presentation, followed 

by continuous rhythm monitoring in those without AF on said ECG.4,30,32,33 While there 

is ongoing debate on the recommended minimum of continuous monitoring, currently 

ranging from 24 hours (National Institute for Health and Care Excellence) to 72 hours 

(European Society of Cardiology, Netherlands Society of Neurology), the clinical value 

of screening for AF after stroke/TIA is thus well established.4,30-33

But would it not make more sense to screen for AF in community settings, before a 

stroke or TIA has even occurred? While this question seems intuitive, answering it has 

proven to be more difficult than one might expect. Several early studies on community 

AF screening resulted in a higher AF yield than through routine care. The British SAFE 

trial (Screening for AF in the Elderly), for instance, enrolled primary care patients aged 

≥65 years who were free of AF at baseline. It found that opportunistic AF case finding 

and systematic AF screening resulted in a similarly high one-year AF yield (1.64% 
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and 1.62% , respectively) when compared to that of routine primary care (1.04%), 

with both intervention arms resulting in significantly higher AF yield than usual care.34 

Dutch research showed that screening for AF in a convenience sample of primary care 

patients aged 60 or older presenting for seasonal influenza vaccination resulted in 

1.1% newly diagnosed AF of whom a majority had an indication for anticoagulation 

initiation.35 And research performed in the United States of America saw that continu-

ous screening for 14 days with wearable monitors in Medicare beneficiaries aged 75 

years or aged over 55 (male) or 65 (female) years with one or more cardiovascular 

comorbidities resulted in a 4-fold increase in AF detection after 1 year.36

The D2AF trial: neutral AF screening results in The Netherlands
However, validation of findings from the SAFE trial in Dutch primary care did not result 

in similar benefit from AF screening. The Detecting and Diagnosing AF study (D2AF; 

conducted by our group in collaboration with the Department of Family Medicine, 

Care and Public Health Research Institute at Maastricht University, The Netherlands) 

was a large, open-label, cluster-randomized trial in 96 primary care practices in The 

Netherlands. Like SAFE, it included primary care patients aged ≥65 years without a 

history of AF. Intervention practices engaged in opportunistic case-finding: initiation 

of the AF screening protocol once patients visited their primary care practice on their 

own initiative, for any cause. This is thus different from systematic screening, in which 

patients are actively invited regardless of contact through routine care. Included 

intervention patients underwent three index tests: electronic sphygmomanometers 

with automated AF detection algorithm; MyDiagnostick single-lead ECG (1L-ECG) 

recording with automated AF detection algorithm; and pulse palpation for irregular 

rhythm. Those with ≥1 positive index test and a sample of 10% index-negative 

participants were invited for 12-lead ECG, followed by ‘Holter’ (continuous ECG) and 

twice-daily MyDiagnostick 1L-ECG for 14 days in case of AF-negative 12-lead ECG 

(Figure 2). The D2AF trial did not result in higher one-year AF yield in the interven-

tion practices compared to those who followed routine care (1.62% versus 1.53% 

incident AF; odds ratio: 1.06; 95% confidence interval: 0.84-1.35).37

Several potential reasons for the neutral results seen in D2AF, as opposed to the 

significant benefit of AF screening seen in the SAFE trial, were identifiable. First, it 

was observed that the one-year AF incidence in D2AF’s routine care arm was similar 

to that of the intervention arm of its British counterpart, while baseline AF prevalence 

among potentially eligible 65-year-olds was higher prior to study start (10.1% in 

D2AF vs 7.3% in SAFE).34,37 While a Hawthorne effect among practices randomized to 

the routine care arm could not be excluded38, the D2AF results could thus indicate that 

Dutch routine care might already be relatively conducive to identifying new AF among 
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older patients. Second, it was seen that those who participated in D2AF’s intervention 

protocol were of lower cardiovascular burden than those in the intervention arm who 

were not screened. It could be that screening efforts aimed specifically at higher-risk 

patients would have resulted in higher AF yield in the intervention arm. Finally, those 

in D2AF’s intervention arm who completed the full intervention protocol by also un-

dergoing 14-day ‘Holter’ (continuous ECG) were few, and again of lower a priori AF risk 

than those in the control arm.37

Figure 2. The Detecting and Diagnosing Atrial Fibrillation (D2AF) study protocol.

1L-ECG, single-lead electrocardiogram; AF, atrial fibrillation; eBPM-AF, electronic automatic sphygmomanometer 
with atrial fibrillation detection algorithm; ECG, electrocardiogram; PCP, primary care practice; PM/ICD, pace-
maker or implantable cardioverter-defibrillator; RS, random sample.
Adapted from Uittenbogaart et al., BMJ 2020.37
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Towards higher yield of primary AF screening
The results of the D2AF trial thus provided us with multiple options to potentially 

increase the yield of future primary AF screening efforts. The main opportunities 

seemed to be in patient selection for the screening intervention, rather than selecting 

for age ≥65 years alone. By boosting the a priori chance of detecting AF through bet-

ter patient selection, efficiency of the screening program could be increased beyond 

the already high AF yield through Dutch routine care. Then, once high risk for AF is 

established, there also remained a need for novel screening methods with a lower 

threshold than the elaborate D2AF protocol. The main questions that will be addressed 

in this thesis, will therefore be:

1)	 Whom to screen?

And if selected for screening:

2)	 How to screen?

The second question can be further subdivided into a number of subquestions. For 

instance, ‘how long to screen?’, ‘how often to screen?’, or ‘with which device(s) to 

screen?’27 As one thesis would not be sufficient to answer all these (sub)questions, we 

have focused primarily on the question whom to screen, with a foray into what device 

would be helpful in lowering the threshold for timely AF diagnosis.

Whom to screen: multivariable risk models for AF prediction
In assessing risk of AF in the context of whom to screen for the arrhythmia, cardiovas-

cular risk factors are the intuitive starting point of one’s investigation. Multivariable 

risk models combine the information contained in several clinical variables to assess 

a person’s precise risk of an outcome.39 If we could identify a multivariable risk model 

that has a higher predictive value for risk of AF than e.g. age alone, researchers could 

use such a risk model to more efficiently select patients eligible for AF screening.40

In clinical practice, this would have to be offset with the ease by which the variables 

within such a model would have to be gathered. In order to prevent patients from 

having to visit a clinic for additional investigations before screening selection can 

even commence – with all costs and effort involved – it is after all most practical if 

variables for a risk model could reliably be extracted from available, routinely col-

lected healthcare data. This in turn means that different healthcare settings will 

have a different optimum in the amount and type of variables than could best be 

included in an efficient AF risk model.39 For instance, whereas all patients presenting 

for a stroke in a Neurology ward will typically undergo brain imaging31, such advanced 

investigations are not systematically performed in primary care. While brain imaging 
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features are increasingly recognised as predictors for AF41, their value as predictors in 

a multivariable model as triage test for AF screening are thus specific to the context in 

which the model would be used.

In this thesis we therefore performed a systematic review and meta-analysis in which 

we assessed which multivariable models for predicting the risk of AF have been devel-

oped and/or validated specifically for primary care or community settings, and which 

of those would most likely be best for patient selection for community AF screening. 

We subsequently took the models that showed highest performance and validated 

these within a cohort of AF-free older patients included in a national routine primary 

care EHR database in the Netherlands. In this analysis we assessed the amount of 

missing data in the EHR database for the variables in our target multivariable models, 

and compared the performance of the models with that of age alone as a means of 

assessing whether multivariable models should be considered over age alone as a 

means of selecting patients for AF screening.

Whom to screen: premature atrial contractions on ECG signal
While many clinical risk factors for AF had previously been established as potential 

candidates in AF risk models,42 one interesting candidate – an electrocardiographic 

entity just as AF – was up to recently quite poorly understood: premature atrial 

contractions (PACs).43 All physicians have encountered these extrasystoles on ECG or 

Holter throughout their medical career, and up to recently PACs were considered a 

relatively benign finding in cardiac rhythm assessment.43 However, while almost all 

older adults would show one or more PACs each day if they were to wear continuous 

ECG,44 an increasing amount of evidence indicates that frequent PACs should be seen 

as electrocardiographic (bio)markers of pathophysiological changes to the atrium.45,46

The exact pathophysiological pathways that could explain the association between 

frequent PACs and AF or stroke are not clear, but their intricate relation is more and 

more understood. It is thought that a person’s cardiovascular risk burden, e.g. high age 

or history of hypertension or coronary artery disease, increases the degree of patho-

physiological changes to the atrium, a concept known as atrial cardiomyopathy.14,47 

This can be through e.g. altered autonomous innervation to, or chronic inflammation 

processes within, the atrial wall. This culminates in changes to the atrial tissue, most 

prominently fibrosis – a process known as atrial structural remodelling. This in turn 

translates into changes to electrophysiological conduction within the atrium, such as 

re-entry pathways, enhanced automaticity or early or delayed afterdepolarisations. 

These can be seen as PACs and other non-sustained atrial arrhythmias on ECG.47
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Ultimately these atrial changes could lead to reoccurring bouts of AF (paroxysmal AF, 

or pAF), or even permanent AF, conditions with an established association with stroke 

and mortality.4,9 How exactly the pathophysiological changes to the atrium leading 

to frequent PACS or (p)AF translate into risk of ischemic stroke and death is unclear. 

This could be as a direct mechanistic pathway through e.g. thrombus formation in the 

atrium, or indirectly with both atrial cardiomyopathy and stroke as pathophysiological 

consequences of prior cardiovascular burden.47 For that, we will have to await the re-

sults of future investigations into the mechanistic link between atrial cardiomyopathy 

and stroke and death.

If sufficiently predictive, presence of frequent PACs on (continuous) ECG could be use-

ful in assessing risk of AF for screening purposes, whether as singular variable or e.g. 

as addition to multivariable clinical models for AF prediction. Given the increasing 

evidence pointing towards frequent PACs as a predictor for adverse cardiovascular 

outcomes,14 it is thus important to assess the relative risk associated with the presence 

of frequent PACs on ECG recordings, and what constitutes ‘frequent’ in this regard.

At the time of the start of this PhD program, these were all relatively unclear with 

only a few systematic reviews on the topic, and those that provided meta-analyses 

having considerable risks of bias in the way they accumulated the evidence available 

at that time.48,49 For this thesis, we therefore performed a systematic review and meta-

analysis into the association between PACs and AF, stroke and all-cause mortality with 

a rigorous protocol to assess the meaning of finding (frequent) PACs on two clinically 

distinct ECG platforms: standard (short) ECG and Holter (continuous) ECG. We subse-

quently tested the hypotheses generated in the systematic review in a prospective 

cohort of people with type-2 diabetes mellitus in a primary care setting and assessed 

the association between PACs, AF and stroke in this clinically important patient group.

Whom and how to screen: AI algorithms applied to ECG signal
Another emerging way in which early AF detection could be achieved from the use of 

ECG signal, is by the application of artificial intelligence (AI) algorithms on electrocar-

diographic or pulse signal data. Such AI algorithms can be trained to detect whether 

AF is currently manifest on e.g. 1L-ECG (Figure 3) or photoplethysmographic record-

ings, and have achieved good results for this purpose.50-52 If sufficiently accurate and 

of high usability in the setting of intended use, a device that is immediately available 

upon AF suspicion and contains accurate AI for AF detection could lower the threshold 

for early AF detection compared the current standard, i.e. to have a patient come to a 

clinic for 12-lead ECG or for administering Holter.



20

CHAPTER 1

Another potential use of AI is to assess whether a rhythm recording of non-AF ECG 

signal may still have the ECG ‘fingerprint’ of someone who would likely be diagnosed 

with pAF if he/she would be monitored for an extended duration.54 The use of AI for 

this purpose is based on the atrial cardiomyopathy framework discussed previously 

in this chapter.14 Here, a pAF patient currently in non-AF rhythm could still have traits 

of atrial cardiomyopathy (e.g. frequent PACs, irregular RR intervals short of AF or P-

wave morphology variants) that could cross an AI-assessed ‘threshold’ for potential 

presence of underlying pAF.55 If sufficiently accurate, such an AI algorithm could be 

used as a triage test for prolonged monitoring. Based on a short initial continuous 

monitoring period such an AI algorithm could tell us whom to screen for longer (those 

assessed as at high risk of underlying pAF), and for whom further rhythm monitoring 

would not be necessary (those at low pAF risk as per the AI algorithm). Ultimately, the 

AI algorithm could thus assist allocating costly and burdensome extended monitoring 

to only those at highest risk.

Figure 3. Example of a single-lead electrocardiogram (Alivecor KardiaMobile).

Held lightly between the thumb and index finger of both hands, the device relays cardiac microvoltages analo-
gous to lead I of the standard 12-lead electrocardiogram. The signal is immediately relayed to and displayed on 
a connected smartphone, where artificial intelligence-trained software analyses the 30-second recording for 
presence of atrial fibrillation.
Adapted from Himmelreich et al., Annals of Family Medicine 2019.53
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Given the dual potential use of ECG-processing AI algorithms in our quest for earlier 

AF detection, we performed two prospective studies for this thesis. First, we validated 

a hand-held ECG device for the detection of manifest AF in patients who underwent 

standard ECG in primary care against simultaneously performed 10-second ECG 

(reference standard). Second, we validated an AI algorithm that assesses risk of pAF 

during non-AF rhythm snippets of continuous ECG recording against the outcome of 

subsequent Holter monitoring (AF or no AF, reference standard) in prospectively en-

rolled primary care and post-stroke patients who underwent 14-day Holter recording.

AIM AND OUTLINE OF THIS THESIS

The aim of this thesis was to investigate means to better identify patients at high 

risk of AF in order to facilitate early AF detection in the primary care and post-stroke 

setting. To this end, this thesis includes the following chapters:

PART I: RISK MODELS USING CLINICAL PREDICTORS AND BIOMARKERS 
FOR ATRIAL FIBRILLATION IN THE COMMUNITY
Chapter 2 presents the results of a systematic review and meta-analysis on multi-

variable risk models developed and/or validated for AF risk prediction in community 

settings.

Chapter 3 validates a number of multivariable risk models featured in Chapter 2 

against age alone for predicting 5-year risk of AF in a national routine primary care 

electronic health records database in the Netherlands.

PART II: PREMATURE ATRIAL CONTRACTIONS AS AN 
ELECTROCARDIOGRAPHIC RISK FACTOR FOR ATRIAL FIBRILLATION
Chapter 4 shows the results of a systematic review and meta-analysis on the associa-

tion between PACs on standard ECG or frequent PACs on continuous ECG and the risk 

of AF, brain ischemia or all-cause mortality.

Chapter 5 describes the longitudinal association of PACs with AF and brain ischemia 

in a database of prospectively enrolled people with type 2 diabetes in Dutch primary 

care.
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PART III: IDENTIFYING ATRIAL FIBRILLATION USING ARTIFICIAL 
INTELLIGENCE ALGORITHMS ON ELECTROCARDIOGRAPHIC 
RECORDINGS IN PRIMARY CARE AND POST-STROKE PATIENTS
Chapter 6 presents the results of a diagnostic accuracy study validating a hand-held, 

AI-enabled 1L-ECG device for detection of rhythm and conduction abnormalities 

including AF in prospectively enrolled primary care patients who underwent 12-lead 

ECG as per routine care.

Chapter 7 describes the details of enrolment, baseline characteristics and AF yield in 

a cohort of prospectively enrolled, consecutive patients presenting to an academic 

hospital in The Netherlands for TIA or ischemic stroke who underwent 14-day Holter 

for AF.

Chapter 8 presents a diagnostic accuracy study validating an AI algorithm that as-

sesses the risk of underlying pAF during non-AF rhythm on Holter in the post-stroke/

TIA patients featured in Chapter 7 as well as in patients from the intervention arm of 

a cluster-randomised, controlled AF screening trial in Dutch primary care, all of whom 

underwent 14-day Holter for AF.

PART IV: GENERAL DISCUSSION AND SUMMARY
Chapter 9 provides a general discussion on the findings of this thesis in relation to 

the current body of research, followed by an outline for potential future research that 

follow from the general discussion.

Chapters 10 and 11 contain a summary of this thesis in English and in Dutch, respec-

tively.
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ABSTRACT

Aims: Atrial fibrillation (AF) is a common arrhythmia associated with an increased 

stroke risk. The use of multivariable prediction models could result in more efficient 

primary AF screening by selecting at-risk individuals. We aimed to determine which 

model may be best suitable for increasing efficiency of future primary AF screening 

efforts.

Methods and results: We performed a systematic review on multivariable models 

derived, validated, and/or augmented for AF prediction in community cohorts using 

Pubmed, Embase, and CINAHL (Cumulative Index to Nursing and Allied Health Litera-

ture) through 1 August 2019. We performed meta-analysis of model discrimination 

with the summary C-statistic as the primary expression of associations using a random 

effects model. In case of high heterogeneity, we calculated a 95% prediction interval. 

We used the CHARMS (Critical Appraisal and Data Extraction for Systematic Reviews 

of Prediction Modelling Studies) checklist for risk of bias assessment. We included 27 

studies with a total of 2 978 659 unique participants among 20 cohorts with mean 

age ranging from 42 to 76 years. We identified 21 risk models used for incident AF 

risk in community cohorts. Three models showed significant summary discrimination 

despite high heterogeneity: CHARGE-AF (Cohorts for Heart and Aging Research in 

Genomic Epidemiology) [summary C-statistic 0.71; 95% confidence interval (95% CI) 

0.66–0.76], FHS-AF (Framingham Heart Study risk score for AF) (summary C-statistic 

0.70; 95% CI 0.64–0.76), and CHA2DS2-VASc (summary C-statistic 0.69; 95% CI 0.64–

0.74). Of these, CHARGE-AF and FHS-AF had originally been derived for AF incidence 

prediction. Only CHARGE-AF, which comprises easily obtainable measurements and 

medical history elements, showed significant summary discrimination among cohorts 

that had applied a uniform (5-year) risk prediction window.

Conclusion: CHARGE-AF appeared most suitable for primary screening purposes in 

terms of performance and applicability in older community cohorts of predominantly 

European descent.



31

Prediction models for AF: systematic review and meta-analysis

WHAT’S NEW

-	 This is the first systematic review and meta-analysis designed to capture and 

evaluate a broad range of prognostic models used for incident atrial fibrillation 

(AF) risk prediction, and the first to focus specifically on models that are applicable 

in and have been derived, validated and/or augmented in community cohorts.

-	 This work was open to any model used for incident AF prediction in the community, 

which also enabled inclusion of models that had not been developed for incident 

AF but that may have merits for this aim. We hereby identified 21 models used for 

incident AF prediction in community cohorts.

-	 This work suggests that the CHARGE-AF model is likely most robust for incident AF 

prediction in terms of performance as well as applicability in the community.
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INTRODUCTION

Atrial fibrillation (AF) is a common cardiac arrhythmia affecting over 33 million people 

worldwide.1 Its incidence increases with age, with a lifetime risk of over 30%.2 Due 

to ageing populations, the number of AF cases in Europe is expected to double to 

>17 million by 2060.3 Atrial fibrillation is associated with a five-fold increased risk 

of ischaemic stroke, which can be largely prevented by antithrombotic prophylaxis in 

at-risk patients.4,5

Screening for AF in the community has been proposed as an approach to optimize 

early AF detection and to prevent AF-associated sequelae.6 Prior research has shown 

that AF screening is cost-effective when selecting patients at older age, with thresh-

olds for screening eligibility varying from 65 to 75 years.7–9 The screening regimes 

in these primary care studies often involved single-point screening, while multiple-

point screening could result in a higher yield of new AF cases.9,10 Multiple-point or 

prolonged rhythm monitoring schemes are, however, likely to be more costly for 

society and more burdensome to patients.7–9 Multivariable prediction models for 

incident AF could contribute to AF screening by determining a risk category for each 

patient.11 The more intensive regimes could be assigned to those with highest risk, 

while those in lower-risk strata could be assigned to less stringent follow-up, or none 

at all. It remains, however, insufficiently clear from consensus documents whether 

other parameters beyond age could be used to differentiate between degrees of AF 

risk within the community.5,12

We therefore set out to perform a systematic review and meta-analysis with two aims. 

First, we wished to provide an overview of AF risk models that are applicable to and 

have been validated in community cohorts. Such models should consist of variables 

that can be quickly assessed and/or are commonly available from patient records and 

should not require advanced diagnostic testing. Second, by synthesizing the discrimi-

natory abilities of each included risk model, we aimed to determine which of these 

may be best suitable for increasing efficiency of future primary AF screening efforts.

METHODS

We reported this systematic review and meta-analysis in accordance with the Preferred 

Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines.13
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Data searches
We searched Pubmed, Embase, and Cumulative Index to Nursing and Allied Health 

Literature (CINAHL) databases from inception through 1 August 2019. We used the 

keywords ‘AF or atrial flutter (AFl)’ and ‘risk model’ as well as related terms. We filtered 

for studies conducted on humans and written in English. The full search is shown in 

Supplementary material, Table S1. We checked the reference list of included studies 

for additional relevant references.

Study selection
To be eligible for inclusion, studies had: (i) to be original studies in adults (≥18 years 

of age); (ii) to derive, validate, and/or augment a tool for predicting risk of incident 

AF/AFl based on multivariable analysis; (iii) to include only patients without a diag-

nosis of AF/AFl at baseline; and (iv) to incorporate into their risk prediction tool only 

variables that are applicable and/or commonly available in primary care settings. We 

included studies with AFl as co-outcome, since AF and AFl have similar clinical rel-

evance.5 In light of inclusion criterion iv, we included only studies that used medical 

history, physical examination, simple laboratory findings, or electrocardiogram (ECG) 

parameters as variables in the prediction model. We excluded studies that required 

advanced diagnostic testing [e.g. echocardiography, genetic markers, or specialized 

(laboratory) tests] for their simple (non-augmented) model. We only included studies 

written in English. We included studies that diagnosed AF/AFl through medical re-

cords, hospitalizations, death certificates, and/or ECG during follow-up examinations. 

We excluded studies that selected patients for a common disease or risk factor, as 

such studies would not be generalizable to the community. Moreover, we excluded 

studies with a mean follow-up duration under 3 months since with shorter follow-

up durations there would be an increasing risk of measuring prevalent AF missed at 

baseline recording, rather than actual incident AF. We uploaded references to a sys-

tematic review web application (Covidence, Veritas Health Innovation Ltd, Melbourne, 

Australia). Three investigators (J.C.L.H., L.V., and R.E.H.) assessed studies for eligibility 

by screening studies on title and abstract, followed by a full-text screening. Disagree-

ments were resolved by panel discussion (J.C.L.H., L.V., R.E.H., and W.A.M.L.).

Data extraction and quality assessment
Two investigators (J.C.L.H. and L.V.) extracted data from the included studies regard-

ing study methods, population characteristics, risk prediction model(s), and model 

performance. For the latter, we extracted the C-statistic and corresponding 95% 

confidence interval (95% CI) for discrimination, and the P-value of a goodness-of-fit 

test and the ratio of observed and expected AF/AFl cases (O:E ratio) for calibration. 

When authors did not report an O:E ratio we derived the O:E ratio by analysing calibra-
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tion plots.14 When authors performed augmentation of pre-existing models by adding 

variables with an aim to enhance predictive value of models, we retrieved the net 

reclassification improvement (NRI) index of the augmented model compared with the 

original ‘simple’ model, as well as the augmented model’s performance in terms of 

discrimination and calibration. We included augmentation data only when the aug-

mentation variables were applicable to primary care settings as outlined previously.

Two investigators (J.C.L.H. and L.V.) used the Critical Appraisal and Data Extraction for 

Systematic Reviews of Prediction Modelling Studies (CHARMS) checklist to assess the 

risk of bias and the applicability for our research aims.15 Our interpretation of each 

CHARMS domain can be found in the Supplementary Methods. We assessed risk of 

bias at the cohort level for each of the included studies. We scored each domain as 

either low, unclear, or high risk of bias. We defined overall risk of bias as: low, when 

all domains of a cohort within one study were scored as low risk of bias; unclear, when 

one or more domains of a cohort within one study were scored as unclear risk of bias; 

and high, when one or more domains of a cohort within one study were scored as high 

risk of bias. We resolved disagreements by discussion.

Data synthesis and statistical analysis
We reported continuous variables as means ± standard deviations, and categorical 

variables as percentages. We evaluated statistical significance in all analyses at the 

0.05 level. In individual studies, we assessed the C-statistic of a model, where a 95% 

CI containing 0.5 indicated insufficient discrimination. Calibration of a model was 

deemed sufficient when authors reported a P-value of a goodness-of-fit test >0.05 

and/or an O:E ratio ranging between 0.95 and 1.05. In assessing augmentation, we 

defined significant improvement as a positive NRI index with a reported 95% CI that 

did not contain 0. When a study reported on multiple cohorts, and presented separate 

data for each cohort, we assessed model performance separately for each cohort 

within that study.

We performed meta-analysis to assess overall discrimination of included models. The 

primary expression of associations in meta-analysis was the summary C-statistic and 

corresponding 95% CI using a random effects inverse variance model with restricted 

maximum likelihood estimation and Hartung–Knapp corrections.14 We conducted the 

meta-analyses in R using the meta and metafor packages (R Foundation for Statistical 

Computing, version 3.5.1). We performed meta-analysis only when C-statistic data 

for a prediction model were available for ≥3 cohorts.16 When studies presented a 

C-statistic without 95% CI, we calculated the 95% CI using methods described previ-

ously.14 In each meta-analysis, we calculated the mean as the summary effect measure, 
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its 95% CI, and the I2 statistic as an expression of the heterogeneity between stud-

ies.17 When heterogeneity in meta-analysis of C-statistics was high (I2 > 30%18), we 

derived a 95% prediction interval (95% PI) using methods described previously.19 We 

assessed overall discrimination of models by the summary C-statistic. When the 95% 

CI (or, in case of high heterogeneity, the 95% PI) of the summary C-statistic included 

0.5, we concluded that there was insufficient evidence that the prediction model has 

significant discriminatory ability for incident AF in such populations as included in the 

meta-analysis.

We assessed eligibility for inclusion into meta-analysis at the cohort level. Cohorts 

with low or unclear overall risk of bias were eligible for inclusion into meta-analysis. 

When studies reported C-statistic data based on the aggregation of multiple cohorts, 

and one of these cohorts was assessed as having high overall risk of bias, we did not 

include the aggregate C-statistic data into meta-analysis. When multiple studies re-

ported C-statistic data on the same cohort, we included the first published study into 

the primary analysis. In the primary meta-analysis of each model, we included cohorts 

with any follow-up duration.

In our primary analysis, we assessed overall discrimination of all models that had ≥3 

eligible cohorts with C-statistic data. In the secondary analysis we performed meta-

analysis for each risk model that had ≥3 eligible cohorts reporting C-statistic data 

while applying a uniform prediction window, and grouped cohorts according to the 

applied risk prediction window (e.g. 5 or 10 years) since this is an important method-

ological considerations when wanting to translate summary risk model performance 

to clinical settings.15

We performed a sensitivity analysis in which we restricted the primary and secondary 

analyses to only those cohorts that had demonstrated sufficient calibration in order to 

assess overall discrimination among populations where the prediction model had also 

shown the ability to correctly classify absolute incident AF risk. Finally, we performed 

a sensitivity analysis in which we replaced primary and secondary meta-analyses data 

from ‘double’ cohorts (cohorts from the primary meta-analysis that had also been 

reported on in later studies) with data on that same cohort from any later study to 

assess whether later, possibly ‘more complete’ datasets could be of influence to our 

conclusions from the primary and secondary analyses.
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RESULTS

We found a total of 3873 unique references, 102 of which we subjected to full-text 

screening. From these, we included 27 studies20–46 for our final analysis (see Figure 1).

Characteristics of included studies
The 27 included studies were based on 20 different cohorts set in Europe (n = 8), East 

Asia (n = 5), North America (n = 5), and the Middle East (n = 2) (see Supplementary 

material, Table S2 for characteristics of the included studies and cohorts). Cohort size 

ranged from 646 to 1 062 073 patients, with a total of 2 978 659 unique participants. 

Mean age varied from 42 to 76 years, percentage of female participants ranged from 

0% to 100%. Mean follow-up of the included cohorts varied from 3 to 20 years, with 

AF incidence during follow-up ranging from 0.2% to 24.5%. Ten cohorts used AF/Afl 

Figure 1. Literature flow diagram.

AF, atrial fibrillation; AFl, atrial flutter; CINAHL, Cumulative Index to Nursing and Allied Health Literature; NA, not 
applicable.
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as the outcome, and the other 10 cohorts described only AF. Thirteen of the 20 cohorts 

followed a prospective design, of which 6 cohorts applied prescheduled follow-up 

examinations to systematically identify AF.

Characteristics of included risk models
The included studies represented data on 21 multivariable prediction models. Ten 

models had specifically been derived for predicting incident AF (Table 1). Of these, 

nine had been derived in community cohorts20–28 and one had been derived in a cohort 

of outpatients.47 Five of the models derived for incident AF had also been externally 

validated.20–24 The intended risk prediction window of models derived for incident 

AF varied between 5 and 11 years. The FHS-AF (Framingham Heart Study risk score 

for AF) model had originally been derived for predicting 10-year incident AF risk, but 

had later been recalibrated and subsequently externally validated for 5-year risk of 

incident AF.33,40

We identified seven risk models that had originally been derived for predicting other 

outcomes than incident AF but had been validated for this outcome in community 

cohorts34,48-53 and a further four models that were incidentally employed to predict 

incident AF but that had not specifically been derived as a prediction model for that 

outcome23,37,44,46 (Supplementary material, Table S3).

The number of variables incorporated into each of the included models varied 

between 5 and 18, with a total of 27 distinguishable variables/variable categories 

among all included risk models. Age was the only variable used in all models. Other 

common variables were hypertension history or treatment, heart failure history, sex, 

and blood pressure, incorporated into 16, 16, 14, and 14 of the 21 included models, 

respectively.

Risk model performance among included cohorts
Supplementary material, Table S4 shows the results on AF incidence, discrimination, 

and calibration of the included simple models among the cohorts in our search. All 

studies used the C-statistic to assess model discrimination for incident AF within 

their cohorts. Nine studies assessed calibration by providing both a P-value for a 

goodness-of-fit test and a calibration plot in at least one of the risk models that these 

studies reported on refs,20,21,24,27,29,30,32,36,40 seven studies assessed calibration only by 

a P-value for goodness-of-fit test,22,26,35,39,41,43,44 two studies assessed calibration only 

by a calibration plot,25,33 and nine studies reported neither of these calibration 

parameters.23,28,31,34,37,38,42,45,46
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Table 1. Characteristics of included risk models developed for incident AF

Model
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Intended prediction window for incident AF (years) 10 5 11 5, 10 N/S 10 10 7 10 10

Model variables#

Age X X X X X X X X X X

Sex X X X X X X

Race X X X

Body measurements (height, weight, BMI) X X X X X X X X

Blood pressure (systolic, diastolic) X X X X X X X

Heart rate X X

Heart failure history X X X X X X X X

Hypertension treatment or history X X X X X X X X

Diabetes mellitus history X X X X

Stroke history X

CHD or MI history X X X X

Vascular disease history X

Alcohol use X X X X

Smoking X X X X X

ECG parameters X X X

COPD X X

Autoimmune or inflammatory disease history X

Significant murmur X X X X X

Serum lipids X X

Glomerular filtration rate X

Urine albumin secretion X

Thyroid disease X

AF, atrial fibrillation; ARIC-AF, Atherosclerosis Risk In Communities score for Atrial Fibrillation; BMI, body mass 
index; CHADS2, Congestive heart failure, Hypertension, Age >75, Diabetes mellitus, prior Stroke or transient isch-
emic attack [2 points]; CHA2DS2-VASc, Congestive HF, Hypertension, Age >75 [2 points], Stroke/transient ischemic 
attack/thromboembolism [2 points], Vascular disease, Age 65-74, Sex category; CHARGE-AF, Cohorts for Heart 
and Aging Research in Genomic Epidemiology; CHD, coronary heart disease; C2HEST, Coronary artery disease/
Chronic obstructive pulmonary disease [2 points], Hypertension, Elderly, Systolic heart failure, Thyroid disease; 
COPD, chronic obstructive pulmonary disease; ECG, electrocardiogram; FHS-AF, Framingham Heart Study score 
for Atrial Fibrillation; MHS, Maccabi Healthcare Services; MI, myocardial infarction; N/S, not specified; PREVEND, 
Prevention of Renal and Vascular End-stage Disease; WHS, Women’s Health Study.
* Model not originally developed for incident AF, hence no intended risk prediction interval available for this 
outcome; # Depicted here are the variables in the simple (non-augmented) models.
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Reported C-statistics for incident AF ranged from 0.58 (95% CI 0.55–0.61)21 to 

0.842 (95% CI 0.826–0.858).44 The highest C-statistic while also showing sufficient 

calibration was reported in the FHS (Framingham Heart Study) cohort on the in the 

incidentally used FHS-Lubitz model with a C-statistic of 0.78 (95% CI 0.76–0.80) and 

P-value of the goodness-of-fit test of 0.11.44

Augmentation of included risk models
We identified augmentation data applicable to primary care settings for five of the 

included AF risk models (see Supplementary material, Table S5). Significant improve-

ment was demonstrated in CHARGE-AF (Cohorts for Heart and Aging Research in Ge-

nomic Epidemiology) with addition of the P-wave axis35 and brain natriuretic peptide 

(BNP) and/or C-reactive protein (CRP),41 in the FHS-AF 10-year model with addition 

of BNP and CRP,39 and in the Seirei model with addition of ECG parameters to the 

model.27

Risk of bias assessment
Supplementary material, Table S6 shows the results of the risk of bias assessment for 

each cohort in the included studies. We assessed the risk of bias of all domains as either 

low or unclear for all domains except for the participants domain. For this domain, we 

assessed eight cohorts employed by 10 studies as having a high risk of bias for excluding 

patients for reasons with a known association with risk of future AF.20,26,27,29,33,40,41,43,45,46

Meta-analyses
Five models were eligible for the primary meta-analysis, as shown in Figure 2. Of 

these, only CHARGE-AF and the FHS-AF for 10-year risk model had originally been 

derived for incident AF. All primary meta-analyses resulted in high heterogeneity for 

which we calculated a 95% PI. There were three models that resulted in a summary C-

statistic with significant 95% PI in our primary meta-analysis: CHARGE-AF (summary 

C-statistic 0.71; 95% CI 0.66–0.76; I2 87%; 95% PI 0.554–0.865; n = 8 studies; n = 58 

137 patients), the FHS-AF 10-year model (summary C-statistic 0.70; 95% CI 0.64–0.76; 

I2 94%; 95% PI 0.535–0.869; n = 5 studies; n = 33 846 patients), and CHA2DS2-VASc 

(summary C-statistic 0.69; 95% CI 0.64–0.74; I2 100%; 95% PI 0.540–0.838; n = 5 

studies; n = 2 005 813 patients) (see Figure 3 for a comparison of these three models).

For our secondary analysis, we were able to meta-analyse CHARGE-AF and the FHS-

AF 10-year model, each for a 5- and 10-year prediction window (Figure 4). Only the 

meta-analysis of CHARGE-AF with a 5-year prediction window resulted in significant 

overall discrimination (summary C-statistic 0.72; 95% CI 0.66–0.78; I2 85%; 95% PI 

0.567–0.881; n = 6 studies; n = 50 328 patients).
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Figure 2. Primary analysis: meta-analysis of C-statistics.

AF, atrial fibrillation; AGES, Age, Gene and Environment-Reykjavik Study; ARIC, Atherosclerosis Risk In Communi-
ties; CHADS2, Congestive heart failure, Hypertension, Age >75, Diabetes mellitus, prior Stroke or transient isch-
emic attack [2 points]; CHA2DS2-VASc, Congestive HF, Hypertension, Age >75 [2 points], Stroke/transient ischemic 
attack/thromboembolism [2 points], Vascular disease, Age 65-74, Sex category; CHARGE-AF, Cohorts for Heart 
and Aging Research in Genomic Epidemiology; CI, confidence interval; EPIC, European Prospective Investigation 
into Cancer and Nutrition; FHS, Framingham Heart Study; FHS-AF, Framingham Heart Study score for Atrial Fibril-
lation; HATCH, Hypertension, Age, stroke or Transient ischemic attack, Chronic obstructive pulmonary disease, 
Heart failure; IV, inverse variance; MPP-RES, Malmö Preventive Project Re-examination Study; NHIS, National 
Health Insurance Service; NHIRD, National Health Insurance Research Database; PIVUS, Prospective Investigation 
of the Vasculature in Uppsala Seniors; RS, Rotterdam Study; YMID, Yunnan Medical Insurance Database; 95% CI, 
95% confidence interval.
* Derivation cohort.
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In our sensitivity analysis of restricting primary and secondary analyses models to 

cohorts with sufficient calibration, we found no model with significant overall dis-

crimination due to high heterogeneity (Supplementary material, Figures S1 and S2). 

Our sensitivity analysis on double cohorts in the primary and secondary analyses did 

not lead to different conclusions on overall discriminatory ability of meta-analysed 

models in all but one comparison (see Supplementary material, Table S7).

Figure 3. Comparison of the three models that resulted in significant 95% prediction intervals in the primary meta-
analysis.

AF, atrial fibrillation; AGES, Age, Gene and Environment-Reykjavik Study; ARIC, Atherosclerosis Risk In Communi-
ties; BMI, body mass index; CHA2DS2-VASc, Congestive HF, Hypertension, Age >75 [2 points], Stroke/transient 
ischemic attack/thromboembolism [2 points], Vascular disease, Age 65-74, Sex category;
CHARGE-AF, Cohorts for Heart and Aging Research in Genomic Epidemiology; C-stat., C-statistic; ECG, electro-
cardiogram; EPIC, European Prospective Investigation into Cancer and Nutrition; FHS, Framingham Heart Study; 
FHS-AF, Framingham Heart Study score for Atrial Fibrillation; MPP-RES, Malmö Preventive Project Re-examination 
Study; N/A, not applicable; NHIS, National Health Insurance Service; PIVUS, Prospective Investigation of the Vas-
culature in Uppsala Seniors; RS, Rotterdam Study; YMID, Yunnan Medical Insurance Database; 95% CI, 95% con-
fidence interval; 95% PI, 95% prediction interval.
The meta-analyses of C-statistics for the outcome incident AF are grouped by cohort from which C-statistics 
were reported, allowing for a comparison of multiple models’ performance within one cohort insofar as data are 
available.
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DISCUSSION

In this systematic review and meta-analysis, we provided an overview of prediction 

models for incident AF risk that are applicable in and had been derived, validated, 

and/or augmented in community cohorts. We identified 21 risk models that met these 

criteria, of which 10 had specifically been derived for predicting AF incidence in the 

community. In meta-analysis of C-statistics, three models showed significant overall 

discrimination for AF incidence at any follow-up duration and with any calibration 

despite high heterogeneity. Two of those models were derived specifically for inci-

dent AF risk prediction: CHARGE-AF and the FHS-AF 10-year model. Only CHARGE-AF 

Figure 4. Secondary analysis: meta-analysis of C-statistics grouped according to application of a uniform prediction 
window within a model.

AGES, Age, Gene and Environment-Reykjavik Study; ARIC, Atherosclerosis Risk In Communities; CHARGE-AF, Co-
horts for Heart and Aging Research in Genomic Epidemiology; CI, confidence interval; EPIC, European Prospective 
Investigation into Cancer and Nutrition; FHS, Framingham Heart Study; FHS-AF, Framingham Heart Study score 
for Atrial Fibrillation; IV, inverse variance; MPP-RES, Malmö Preventive Project Re-examination Study; PIVUS, Pro-
spective Investigation of the Vasculature in Uppsala Seniors; RS, Rotterdam Study; 95% CI, 95% confidence 
interval.
* Derivation cohort.
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showed significant overall discrimination among cohorts with a uniform prediction 

window (the model’s originally intended 5-year window).

Clinical relevance
The outcomes of this systematic review and meta-analysis are highly relevant for the 

field of primary AF screening. Previous AF screening programmes showed only mod-

erate efficiency in selecting at-risk patients from the community, with an estimated 

number needed to screen of 111 among 23 studies that had screened community co-

horts for incident AF by various methods.12 Patients were often selected for screening 

based only on age.7-9,54 The age criterion in selecting patients for AF screening has its 

clinical merits since oral anticoagulation in AF patients is indicated in all women ≥65 

and all men ≥75 years of age and should be considered in men aged ≥65 years in the 

absence of other risk factors.5,55 Age as a criterion, however, should not be considered 

absolute in selecting patients for primary AF screening. Half of all AF cases detected 

in the Belgian Heart Rhythm Week were younger than 65 years of age.56 Moreover, 

there is evidence that CHARGE-AF has higher discrimination among younger patients, 

although calibration here was lower due to lower absolute AF risk in this younger 

subgroup.36 Finally, the two studies within our search that compared multivariable 

models with age alone as the predictor both found that the multivariable models had 

significantly higher C-statistics for incident AF.26,34 We conclude, therefore, that the 

use of multivariable risk models in selecting patients for community AF screening is 

likely to result in more efficient screening than selecting based on age alone. Given 

that there is adequate stroke prevention therapy available once AF is detected, it is 

likely that the use of such models in AF screening will result in more efficient stroke 

prevention.5 More work on the implementation of multivariable risk models in AF 

screening as well as on long-term follow-up of screening-detected AF cases, however, 

is necessary to test these hypotheses.

Whether an immediate start of anticoagulation therapy is warranted when AF is 

detected in younger patients with risk factors other than high age will subsequently 

depend on the number and nature of these other risk factors. However, as shown 

in Table 1, most AF risk prediction models include a multitude of the variables in 

the CHA2DS2-VASc score used to assess anticoagulant treatment indication.5,55 In a 

younger patient selected for AF screening based on a multivariable prediction model 

due to presence of other risk factors than high age, an AF diagnosis is therefore likely 

to still be relevant in terms of the need for anticoagulant therapy, if not for prevention 

of other pathology associated with AF such as heart failure.57
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One of the aims of this work was to determine which model may be best suitable for 

increasing efficiency of future primary AF screening efforts. Our work showed that 

there are ample AF risk models to choose from, however with one model that cur-

rently stands out between the others: CHARGE-AF. Despite heterogeneity in included 

cohorts, CHARGE-AF showed significant summary discrimination over a relatively 

short (5-year) risk prediction window. The model contains variables that are generally 

easy to extract from health records, and requires only body measurements that are 

easily obtainable (height, weight, and blood pressure). The FHS-AF model, in contrast, 

though performing nearly as well in overall discrimination, requires variables ‘sig-

nificant murmur’ and ECG variables which are less easy to acquire or interpret for 

many care professionals. Concluding, CHARGE-AF currently seems the most suitable 

prediction model for incident AF, and likely has merits as a low-cost triage test for 

future primary AF screening efforts.

Derivation, validation, and augmentation
In risk models derived for incident AF in community cohorts, there was a trend that the 

derivation cohort had the highest C-statistic compared with external validation co-

horts. The only exception was CHARGE-AF, where Pfister et al.36 reported a C-statistic 

of 0.808. Calibration of CHARGE-AF in their cohort, however, was insufficient (P-value 

for goodness-of-fit test <0.001 and O: E ratio 0.47) due to a systematic overestima-

tion of 5-year AF risk in all risk deciles. One explanation lies in the differences in 

demographics, as Pfister’s cohort was younger and had lower baseline prevalence 

of diabetes mellitus than the CHARGE-AF derivation cohorts. Depending on whether 

one’s aim is to distinguish high from low-risk patients, or to predict absolute 5-year 

incident AF risk, a researcher may use this knowledge to decide whether or not to 

recalibrate a model for his own target population. In augmentation studies, we saw 

that addition of BNP and CRP to a model seemed most promising in terms of improv-

ing risk classification. We note, however, that the significance of an added value of 

BNP and CRP to CHARGE-AF was not consistent, and that the augmentation studies 

provided no information on the added costs of augmentation parameters relative to 

those of acquiring the simple model risk score.29

Previous work
Previous systematic reviews have focused on individual predictors for AF,58,59 on AF 

as a risk factor for other outcomes,60,61 or on risk models for adverse outcomes in AF 

patients.62,63 However, to our knowledge, this is the first systematic review and meta-

analysis on performance of incident AF risk prediction models, and the first with a 

focus on such risk models validated in and applicable to the community.



45

Prediction models for AF: systematic review and meta-analysis

Future work
Future studies could focus on finding optimal cut-offs for the more promising AF pre-

diction models, and to find the most cost-effective use of multivariable models within 

various screening schemes. Researchers may opt here, e.g. for either a dichotomiza-

tion into patients with higher and lower risk or assigning patients to one of multiple 

risk strata. Patients at higher risk could be offered a more intensive, sensitive screen-

ing scheme (e.g. multiple-point screening or Holter monitoring) when compared with 

patients at low risk (single point or no screening). Further research could also assess 

whether implementation of multivariable models in AF screening could be aided by 

software that automatically extracts patient data from health records, informs the 

physician of a patient’s current risk category, and suggests parameters that should be 

updated for a more accurate current AF risk stratification.

Strengths and limitations
This study has a number of strengths. First, we included only studies performed in 

community cohorts, which contributed to the value of our results for primary care 

AF screening. Second, we included any risk model that was used to predict risk of 

incident AF. This enabled us to expand our scope to models that had originally not 

been intended for predicting incident AF, but that may have merits in predicting this 

outcome. Third, we attributed high bias to studies that excluded or over-represented 

patients based on factors that are likely to be associated with risk of incident AF, fur-

ther contributing to the generalizability of our results to the community. Fourth, we 

included only the C-statistic of raw, non-bootstrapped data into meta-analysis in or-

der to not bias the meta-analysis with potentially overly narrow confidence intervals. 

Finally, we refrained from meta-regression or subgroup meta-analysis based on e.g. a 

subdivision of cohorts’ mean age, AF incidence or region, to explain the heterogeneity 

in our results. Such analyses from aggregate data are known to have a high risk of 

especially ecological bias and are inferior to subgroup results derived from individual 

participant data (IPD).14 An IPD meta-analysis, however, was not the scope of the cur-

rent study.

The primary limitation of our study is the high heterogeneity of included studies. 

We attempted to cope with this limitation by performing sensitivity analyses and by 

calculating a 95% PI in our meta-analyses with high heterogeneity. The outcomes of 

our meta-analyses with significant 95% PI can be considered generalizable to such 

populations as included into those meta-analyses, despite high heterogeneity. As a 

second limitation, we did not provide a meta-analysis on model calibration since such 

analyses are often challenging due to a lack of calibration measures reported among 

studies.14 Indeed, we found that meta-analysable data on calibration was poorly 
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reported on among included studies (Supplementary material online, Table S4). More-

over, summarizing O:E data would have automatically excluded those models that 

were not originally intended for incident AF, since expected incident AF rates would 

never have been defined for such models. We addressed calibration by performing a 

sensitivity analysis among cohorts which had demonstrated sufficient calibration by 

their applied risk model(s). A third limitation is that we included both prospective and 

retrospective cohort studies. This may have introduced bias as AF is not always symp-

tomatic64 and asymptomatic patients are less likely to undergo rhythm evaluation 

when left to their physicians’ discretion than when ECG is performed in the context of 

a prescheduled follow-up. The restriction of our search to studies written in English 

which we applied for quality-related as well as practical reasons, finally, has been 

found not to lead to significant bias.65

CONCLUSION

We provided an overview of prediction models for incident AF risk that are applicable 

in and have been derived, validated, and/or augmented in community cohorts. We 

identified 21 risk models that met these criteria. Of these, CHARGE-AF seemed the 

most robust in terms of performance as well as applicability in the community.
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SUPPLEMENTARY MATERIAL

SUPPLEMENTARY METHODS

Applied interpretation of CHARMS checklist items in risk of bias assessment
A number of Critical Appraisal and Data Extraction for Systematic Reviews of Predic-

tion Modelling Studies (CHARMS) domains differentiate between applicability to the 

study aims and risk of bias.15 We simultaneously assessed applicability to our study 

aims and risk of bias to derive one score for risk of bias for each CHARMS domain. We 

did not score risk of bias for the Sample size domain since we could find no consensus 

or documentation on which to base the criteria ‘low’, ‘unclear’ or ‘high’ risk of bias for 

sample size and outcome incidence. For our interpretation of the other 10 CHARMS 

criteria, see below:

Source of data:
-	 Low: prospective cohort study in primary care/general population;

-	 Unclear: retrospective cohort study in primary care/general population;

-	 High: cohort collected from secondary care, whether in- or outpatients, whether 

prospective or retrospective.

Participants:
-	 Low: authors applied no criteria for patient inclusion that could have affected the 

comparability to the target population (primary care/general population);

-	 Unclear: authors applied criteria for patient inclusion that may have affected the 

comparability to the target population (primary care/general population);

-	 High: authors applied criteria for patient inclusion that have with high probability 

affected the comparability to the target population (primary care/general popula-

tion), including but not limited to exclusion of patients with heart failure, high 

cardiovascular risk, or diabetes.

Outcome:
-	 Low: AF was identified using ECG recordings or usual care data (applicability); there 

was systematic follow-up of participants for the outcome AF (each participant had 

the same probability of receiving follow-up ECG or rhythm monitoring);

-	 Unclear: there was non-systematic follow-up of participants (follow-up ECG or 

rhythm monitor at the physician’s discretion);

-	 High: AF was identified by other means, e.g. by patient questionnaire, and not by 

using ECG recordings or usual care data.
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Predictors:
-	 Low: predictors used in the multivariable model were well defined and applicable 

to primary care settings;

-	 Unclear: one or more predictors used in the multivariable model were unclearly 

defined;

-	 High: one or more predictors used in the multivariable model were not applicable 

to primary care settings.

Missing data:
-	 Low: percentage of missing data reported was ≤10% AND missing variables were 

imputed and imputation method was well documented OR reasons for missing 

data were documented and likely not associated with risk of AF;

-	 Unclear: >10% of patients were excluded for missing data and/or it was unclear if 

reasons for missing data were associated with risk of AF;

-	 High: >10% of patients were excluded for missing data and/or exclusion reasons 

for missing data were likely associated with risk of AF.

Model development:
-	 Low: authors reported on all items on the development of the prediction model as 

stated in the CHARMS checklist;

-	 Unclear: the weight of ≥1 variable in the multivariable prediction model remained 

unknown or unclear;

-	 N/A: authors performed a validation of an existing model, however no derivation.

Model evaluation:
-	 Low: authors reported on all items on the evaluation of the prediction model as 

stated in the CHARMS checklist; authors validated the applied risk model using the 

intended follow-up duration;

-	 Unclear: the prediction model was recalibrated, however authors did not report 

the new weight of ≥1 variable; authors validated the applied risk model using a 

follow-up duration other than the intended follow-up duration;

-	 N/A: authors performed a derivation of a new model, however no validation.

Model performance:
-	 Low: authors provided a clear assessment of both discrimination and calibration;

-	 Unclear: authors provided a clear assessment of either discrimination or calibra-

tion;

-	 High: authors provided a clear assessment of neither discrimination nor calibra-

tion.
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Results:
-	 Low: authors provided a clear representation of the results, with all elements 

within the methods section addressed;

-	 Unclear: authors provided all elements within the methods section addressed, 

however some of the results were unclearly reported;

-	 High: authors did not address all elements within the methods section and/or most 

results were unclearly reported.

Discussion:
-	 Low: authors addressed all relevant discussion items carefully, and in accordance 

with the results from their study;

-	 Unclear: authors did not address all relevant discussion items carefully, however 

the discussed topics were in accordance with the results from their study;

-	 High: one or more of the discussed topics were not in accordance with the results 

from the authors’ study.
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SUPPLEMENTARY TABLES

Supplementary Table S1. Search strategy

PubMed search (1 August 2019)

# Search Hits

#1 ((risk score[tiab] OR decision support techniques[mesh] OR prediction model*[tiab] 
OR decision aid*[tiab] OR clinical prediction rule*[tiab] OR decision model*[tiab] OR 
risk prediction model*[tiab] OR risk-scoring system*[tiab] OR risk model*[tiab] OR 
prediction aid[tiab] OR prediction tool) AND "english"[Filter] AND "humans"[Filter]) 

88,627

#2 ((atrial fibrillation OR atrial fibrillation[MeSH Terms]) AND "english"[Filter] AND 
"humans"[Filter])

54,581

#3 ((atrial flutter OR atrial flutter[MeSH Terms]) AND "english"[Filter] AND "humans"[Filter]) 6,219

#4 ((#2 OR #3) AND #1 AND "english"[Filter] AND "humans"[Filter]) 979

Ovid/Embase search (1 August 2019)

# Search Hits

#1 (atrial fibrillation or atrial flutter).af. 139,002

#2 (risk score or decision support techniques or prediction model or decision aid or 
clinical prediction rule or decision model or risk prediction model or risk-scoring 
system or risk model or prediction aid or prediction tool).af.

56,627

#3 1 and 2 1,811

#4 Limit 3 to (human and English language) 1,643

CINAHL search (1 August 2019)

# Search Hits

#1 MH atrial fibrillation OR TX atrial fibrillation OR MH atrial flutter OR TX atrial flutter 40,109

#2 MH risk score OR TX risk score OR MH decision support techniques OR TX decision 
support techniques OR MH prediction model OR TX prediction model OR MW decision 
aid OR TX decision aid OR MH risk model OR TX risk model OR MW clinical prediction 
rule OR TX clinical prediction rule OR MH prediction tool OR TX prediction tool

61,117

#3 S1 AND S2 2,093

#4  S3 - Restricting to English 2,092
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CHAPTER 2

Supplementary Table S3. Characteristics of included risk models that had been developed for other outcomes than 
incident AF or that had only incidentally been used for incident AF prediction

Model Models developed for outcomes 
other than incident AF

Models incidentally 
used for incident 

AF prediction
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Intended prediction window for incident 
AF (years)

N/A* N/A* N/A* N/A* N/A* N/A* N/A* 10 10 10 8

Model variables#

Age X X X X X X X X X X X

Sex X X X X X X X X

Race X X X X

Body measurements (height, weight, BMI) X X X X X

Blood pressure (systolic, diastolic) X X X X X X X

Heart rate X

Heart failure history X X X X X X X X

Hypertension treatment or history X X X X X X X X

Diabetes mellitus history X X X X X X X

Stroke history X X X X

CHD or MI history X X X X

Cardiac arrest history X

Vascular disease history X

Kidney transplant history X

Smoking X X X X X X

ECG parameters X X

COPD X X

Significant murmur X

Serum lipids X X X X

Serum BNP X

Serum CRP X

Recent hospitalization for cardio-vascular 
or pulmonary diagnosis

X
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AF, atrial fibrillation; BMI, body mass index; BNP, brain natriuretic peptide; CHADS2, Congestive heart failure, Hy-
pertension, Age >75, Diabetes mellitus, prior Stroke or transient ischemic attack [2 points]; CHA2DS2-VASc, Con-
gestive HF, Hypertension, Age >75 [2 points], Stroke/transient ischemic attack/thromboembolism [2 points], Vas-
cular disease, Age 65-74, Sex category; CHARGE-Magnani, model based on CHARGE-AF with adjusted coefficients 
as used in Magnani 2015; CHARGE-Rienstra 2014, model based on CHARGE-AF with adjusted coefficients as used 
in Rienstra 2014; CHARGE-Rienstra 2016, model based on CHARGE-AF with adjusted coefficients as used in Rien-
stra 2016; CHD, coronary heart disease; COPD, chronic obstructive pulmonary disease; ECG, electrocardiogram; 
FHS-CHD, Framingham Heart Study score for Coronary Heart Disease; FHS-hCHD, Framingham Heart Study score 
for hard Coronary Heart Disease; FHS-Lubitz, model based on FHS-AF with adjusted coefficients as used in Lubitz 
2010; HATCH, Hypertension, Age, stroke or Transient ischemic attack, Chronic obstructive pulmonary disease, 
Heart failure; hCHD, hard coronary heart disease; MI, myocardial infarction; N/A, not applicable; pAF, paroxysmal 
AF; SAAFE, Screening for Asymptomatic Atrial Fibrillation Events; WHS, Women’s Health Study.
* Model not originally developed for incident AF, hence no intended risk prediction interval available for this 
outcome; # Depicted here are the variables in the simple (non-augmented) models.
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Supplementary Table S6. Risk of bias and applicability assessment
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Alonso 2013 AGES L L L L U N/A L* L L L U

ARIC L L L L L L L* L L L L

CHS L H L L L L L* L L L H

FHS L L L L L L L* L L L L

RS L L L L U N/A L* L L L U

Alonso 2016 MESA L H U L U N/A L L L L H

Aronson 2018 MHS U L U L L L U L L L U

Berntsson 2017 MPP-RES L L U L U N/A L L L L U

Chaker 2015 RS L L L L U N/A U L L L U

Chamberlain 2011 ARIC L L L L U L N/A L L L U

Christophersen 2016 FHS L L L L U N/A L L L L U

Everett 2013 WHS L H U L U L L L L L H

Hamada 2019 Seirei U H U L L L L U L L H

Kokubo 2017 Suita L U L L U L L# U L L U

Kumarathurai 2017 CopHS L H U L U N/A U L L L H

Li 2019 NHIS U L U L U N/A L L L L U

YMID U U U L U L U L L L U

Linker 2018 ARIC L L L L L N/A U L L L U

Lubitz 2010 FHS L L L L U U U L L L U

Magnani 2015 ARIC L H L L U L U L L L H

FHS L H L L U L U L L L H

Maheshwari 2017 ARIC L L L L U N/A U L L L U

Pfister 2015 EPIC L U U L U N/A L L L L U

Rienstra 2014 FHS L L L L U U U L L L U

Rienstra 2016 FHS L L L L U N/A L L L L U

PREVEND L L L L U L N/A L L L U

Rosenberg 2012 CHS L H L L U N/A U L L L H

Saliba 2016 ClaHS U L U U U N/A L L L L U

Schnabel 2009 FHS L U L L U L N/A L L L U

Schnabel 2010a FHS L L L L L N/A L L L L L
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Supplementary Table S6. Risk of bias and applicability assessment (continued)

Study
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Schnabel 2010b AGES L L L L L N/A L L L L L

CHS L H L L L N/A L L L L H

FHS L U L L L N/A L L L L U

Sinner 2014 AGES L U L L L N/A L L L L U

ARIC L U L L L N/A L L L L U

CHS L H L L L N/A L L L L H

FHS L U L L L N/A L L L L U

RS L U L L L N/A L L L L U

Suenari 2017 NHIRD U L U L U N/A L L L L U

Svennberg 2016 PIVUS L L U L L N/A U U L L U

ULSAM L H U L L N/A U U L L H

AGES, Age, Gene and Environment-Reykjavik Study; ARIC, Atherosclerosis Risk In Communities; CHS, Cardiovas-
cular Health Study; ClaHS, Clalit Health Service; CopHS, Copenhagen Holter Study; EPIC, European Prospective In-
vestigation into Cancer and Nutrition; FHS, Framingham Heart Study; H, high; L, low; MESA, Multi-Ethnic Study of 
Atherosclerosis; MHS, Maccabi Healthcare Services; MPP-RES, Malmö Preventive Project Re-examination Study; 
NHIRD, National Health Insurance Research Database; NHIS, National Health Insurance Service; N/A, not appli-
cable; PIVUS, Prospective Investigation of the Vasculature in Uppsala Seniors; PREVEND, Prevention of Renal 
and Vascular End-stage Disease; RoB, Risk of Bias; RS, Rotterdam Study; U, unclear; ULSAM, Uppsala Longitudinal 
Study of Adult Men; YMID, Yunnan Medical Insurance Database.
* Alonso 2013 validated the FHS-AF risk score for ten-year AF risk on their cohorts, however follow-up duration 
within these cohorts was five years. The Model evaluation domain of all five cohorts in Alonso 2013 on FHS-
AF therefore had an unclear risk of bias. The Model evaluation domain had low risk of bias on comparisons of 
other models in Alonso 2013; # Kokubo 2017 used ten-year follow-up data to validate CHARGE-AF, which is for 
intended five-year risk prediction. In validation of CHARGE-AF the Model evaluation domain therefore had an 
unclear risk of bias, while validation of other cohorts had low risk of bias.
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Supplementary Table S7. Sensitivity analysis replacing double cohorts from the primary and secondary meta-anal-
yses by later published data of the same cohort

Comparison Summary
C-statistic

95%CI I2 

(%)
Tau2 95%PI n patients

Pr
im

ar
y 

an
al

ys
es CHARGE-AF (n = 8 cohorts)

Primary meta-analysis 0.71 0.66-0.76 87 0.00 0.554-0.865 58,137

FHS data by 
Christophersen 2016, not 
Alonso 2013

0.71 0.66-0.76 90 0.00 0.562-0.852 65,028

ARIC data by Linker 2018, 
not Alonso 2013

0.72 0.66-0.78 90 0.00 0.550-0.886 58,835

ARIC data by Maheshwari 
2017, not Alonso 2013

0.71 0.66-0.76 87 0.00 0.556-0.866 58,418

RS data by Chaker 2015, 
not Alonso 2013

0.71 0.66-0.76 87 0.00 0.556-0.866 63,674

FHS-AF ten-year model (n = 5 cohorts)

Primary analysis 0.70 0.64-0.76 95 0.00 0.535-0.869 33,846

FHS data by Alonso 2013, 
not Schnabel 2009

0.70 0.64-0.76 85 0.00 0.545-0.855 31,913

FHS data by Schnabel 
2010a, not Schnabel 2009

0.70 0.64-0.76 90 0.00 0.539-0.863 32,202

ARIC data by Alonso 2013, 
not Chamberlain 2011

0.70 0.64-0.76 94 0.00 0.530-0.871 29,975

ARIC data by Linker 2018, 
not Chamberlain 2011

0.69 0.62-0.77 94 0.00 0.491-0.893 30,673

Se
co

nd
ar

y 
an

al
ys

es CHARGE-AF, five-year prediction window (n = 6 cohorts)

Secondary meta-analysis 0.72 0.66-0.78 85 0.00 0.567-0.881 50,328

FHS data by 
Christophersen 2016, not 
Alonso 2013

0.72 0.67-0.77 89 0.00 0.579-0.861 57,219

CHARGE-AF, ten-year prediction window (n = 4 cohorts)

No double cohorts - - - - - -

FHS-AF ten-year model, five-year prediction window (n = 4 cohorts)

No double cohorts - - - - - -

FHS-AF ten-year model, ten-year prediction window (n = 3 cohorts)

Secondary meta-analysis 0.72 0.59-0.85 95 0.00 -0.026-1.471 26,174

FHS data by Schnabel 
2010a, not Schnabel 2009

0.72 0.66-0.78 91 0.00 -0.011-1.455 24,530

ARIC, Atherosclerosis Risk In Communities; CHARGE-AF, Cohorts for Heart and Aging Research in Genomic Epi-
demiology; FHS, Framingham Heart Study; RS, Rotterdam Study; 95%CI, 95% confidence interval; 95%PI, 95% 
prediction interval.
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SUPPLEMENTARY FIGURES

Supplementary Figure S1. Sensitivity analysis restricting the primary analysis to models with ≥3 eligible cohorts 
that had demonstrated sufficient calibration

AGES, Age, Gene and Environment-Reykjavik Study; ARIC, Atherosclerosis Risk In Communities; CHARGE-AF, Co-
horts for Heart and Aging Research in Genomic Epidemiology; CI, confidence interval; FHS, Framingham Heart 
Study; FHS-AF, Framingham Heart Study score for Atrial Fibrillation; IV, inverse variance; PIVUS, Prospective Inves-
tigation of the Vasculature in Uppsala Seniors; RS, Rotterdam Study; 95% CI, 95% confidence interval.
* Derivation cohort.

Supplementary Figure S2. Sensitivity analysis restricting the secondary analysis to models with ≥3 eligible cohorts 
that had demonstrated sufficient calibration

AGES, Age, Gene and Environment-Reykjavik Study; ARIC, Atherosclerosis Risk In Communities; CHARGE-AF, Co-
horts for Heart and Aging Research in Genomic Epidemiology; CI, confidence interval; FHS, Framingham Heart 
Study; IV, inverse variance; RS, Rotterdam Study; 95% CI, 95% confidence interval.
* Derivation cohort.
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ABSTRACT

Aims: To validate a multivariable risk prediction model (Cohorts for Heart and Ag-

ing Research in Genomic Epidemiology model for atrial fibrillation (CHARGE-AF)) for 

5-year risk of atrial fibrillation (AF) in routinely collected primary care data and to 

assess CHARGE-AF’s potential for automated, low-cost selection of patients at high 

risk for AF based on routine primary care data.

Methods: We included patients aged ≥40 years, free of AF and with complete CHARGE-

AF variables at baseline, 1 January 2014, in a representative, nationwide routine 

primary care database in the Netherlands (Nivel-PCD). We validated CHARGE-AF for 

5-year observed AF incidence using the C-statistic for discrimination, and calibration 

plot and stratified Kaplan-Meier plot for calibration. We compared CHARGE-AF with 

other predictors and assessed implications of using different CHARGE-AF cut-offs to 

select high-risk patients.

Results: Among 111 475 patients free of AF and with complete CHARGE-AF variables 

at baseline (17.2% of all patients aged ≥40 years and free of AF), mean age was 65.5 

years, and 53% were female. Complete CHARGE-AF cases were older and had higher 

AF incidence and cardiovascular comorbidity rate than incomplete cases. There were 

5264 (4.7%) new AF cases during 5-year follow-up among complete cases. CHARGE-

AF’s C-statistic for new AF was 0.74 (95% CI 0.73 to 0.74). The calibration plot 

showed slight risk underestimation in low-risk deciles and overestimation of absolute 

AF risk in those with highest predicted risk. The Kaplan-Meier plot with categories 

<2.5%, 2.5%–5% and >5% predicted 5-year risk was highly accurate. CHARGE-AF 

outperformed CHA2DS2-VASc (Cardiac failure or dysfunction, Hypertension, Age >=75 

[Doubled], Diabetes, Stroke [Doubled]-Vascular disease, Age 65-74, and Sex category 

[Female]) and age alone as predictors for AF. Dichotomisation at cut-offs of 2.5%, 

5% and 10% baseline CHARGE-AF risk all showed merits for patient selection in AF 

screening efforts.

Conclusion: In patients with complete baseline CHARGE-AF data through routine 

Dutch primary care, CHARGE-AF accurately assessed AF risk among older primary care 

patients, outperformed both CHA2DS2-VASc and age alone as predictors for AF and 

showed potential for automated, low-cost patient selection in AF screening.
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KEY QUESTIONS

What is already known about this subject?
Patient selection in atrial fibrillation (AF) screening studies has so far been based 

mainly on high age. There are indications, however, that multivariable risk prediction 

models are better at discriminating for high and low risk of AF in the community than 

age alone. A recent systematic review and meta-analysis showed that Cohorts for Heart 

and Aging Research in Genomic Epidemiology model for atrial fibrillation (CHARGE-

AF) may be the best suitable risk model for this purpose in community cohorts.

What does this study add?
Previous validations of CHARGE-AF have been performed mainly in prospective 

community cohorts with high completeness of data. If the model were to be used 

for low-cost, automated patient selection in AF screening, however, it is more likely 

that researchers will turn to readily available routine primary care data, without a 

costly baseline visit for each eligible patient. This study is the first to provide detailed 

information on how selecting at different cut-offs of CHARGE-AF risk would translate 

into numbers of patients to be screened and percentage of AF yield to be expected 

while using a large European routine primary care dataset.

How might this impact on clinical practice?
Outcomes of this work are relevant to the prospect of using clinical risk models as 

triage test for AF screening, while also maintaining low cost in their risk assessment 

efforts. We showed that those with complete CHARGE-AF variables as per routine pri-

mary care constitute a small but highly relevant subset for AF screening. CHARGE-AF’s 

high accuracy in predicting absolute 5-year year risk for predefined risk categories 

suggests that the model can be used to reliably differentiate between low and high 

AF risk among cases with complete CHARGE-AF data through routine primary care. 

Moreover, CHARGE-AF can do so with higher accuracy than two predictors that are 

currently used as triage tests for AF screening: age alone and the congestive heart 

failure, hypertension, age, diabetes and previous stroke or transient ischaemic attack, 

vascular disease and female sex category (CHA2DS2-VASc) score. This work therefore 

encourages researchers in the field of community AF screening to consider CHARGE-

AF as a triage test for patient selection.
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INTRODUCTION

Atrial fibrillation (AF) is a common arrhythmia increasing in incidence with age.1 It 

is associated with a higher risk of ischaemic stroke for which effective prophylactic 

treatment is available.2 There is increasing interest in more efficient strategies for 

early AF detection in the ageing community.3 One approach is the use of multivariable 

risk models for patient selection in AF screening: longer or more frequent follow-up in 

patients with higher risk and less stringent regimes in the lower risk strata.4

The Cohorts for Heart and Aging Research in Genomic Epidemiology model for atrial 

fibrillation (CHARGE-AF) model predicts an individual’s 5-year risk of new AF using 

relatively easily obtainable variables: age, ethnicity, height, weight, systolic blood 

pressure (SBP), diastolic blood pressure (DBP), current smoking, antihypertensive 

medication use, diabetes mellitus (DM), heart failure and myocardial infarction (MI).5 

CHARGE-AF was derived and calibrated in community-dwelling older subjects of 

European and African descent. It has been validated in various community cohorts5-10 

and appears to be the most viable prediction model for patient selection in future 

community AF screening.11

To further increase efficiency of risk model-assisted AF screening efforts, minimal 

resources should be required to adequately perform baseline risk stratification.3 One 

eligible data source for this purpose are primary care electronic health records (EHRs). 

However, while age and cardiovascular morbidities can be deduced from primary care 

EHRs with high completeness, other CHARGE-AF variables may not be as frequently 

recorded. Most notably, the body measurements required in CHARGE-AF—height, 

weight, SBP and DBP—have been shown to often be incomplete in real-world primary 

care data, with selective reporting favouring those with higher comorbidity rates.12,13

If CHARGE-AF were shown to be a valid risk stratification tool within the subset of 

patients with readily available complete data for CHARGE-AF risk assessment, and if 

this subset were to constitute a population with clinical significance for AF screening, 

this could point to a reduced necessity for a baseline visit prior to risk stratification in 

these patients. We therefore set out to perform a retrospective cohort study using a 

nationwide primary care EHR database with three aims:

1.	 To study the subgroup of primary care patients with recent and complete baseline 

data for the CHARGE-AF variables in terms of relevance for AF screening.

2.	 To validate CHARGE-AF for 5-year AF risk and to compare it with other established 

predictors for AF in complete CHARGE-AF cases.



87

CHARGE-AF in Nivel-PCD

3.	 To explore how a choice of baseline CHARGE-AF risk cut-offs could affect patient 

selection and potential AF yield in future AF screening among complete CHARGE-

AF cases.

METHODS

We reported this study in accordance with the Transparent Reporting of a Multivari-

able Prediction Model for Individual Prognosis or Diagnosis statement.14

Netherlands Institute for Health Services Research Primary Care 
Database (Nivel-PCD)
The Nivel-PCD consists of routine primary care EHR data from over 1.8 million pa-

tients from over 500 general practices across the Netherlands in 2019. The database 

includes information on diagnoses, consultations, prescribed medication and (labora-

tory) measurements.

In the Netherlands, all non-institutionalised inhabitants are obligatorily registered 

with one general practitioner (GP) as their primary care provider. In general practices, 

all encounters are linked to International Classification of Primary Care version 1 

(ICPC-1) diagnostic codes in the EHR.15 Since GPs have a central role in Dutch primary 

care as the gatekeepers of referrals to specialised care, all specialists report their 

findings back to the GP. The GP then links this correspondence to either an existing 

or a new ICPC-1 code. Therefore, GPs have a complete overview of morbidity of their 

patients. Nivel-PCD constructs episodes of illness with associated start and end date 

using multiple markers of diagnostic information in the EHRs (see Supplementary 

Methods for details). This process has been described previously and has been shown 

to provide an accurate assessment of morbidity rates.16

Prescriptions are recorded according to the Anatomical Therapeutic Chemical clas-

sification system. Since GPs in the Netherlands are often tasked with providing 

repeat prescriptions for medication initiated by specialists, Nivel-PCD widely covers 

prescriptions for chronic morbidities initiated by both GPs and specialists. Other 

data including but not limited to sex, age, smoking status and body measurements 

are stored as separate parameters. Due to prohibitions by Dutch law, information on 

ethnic background is not systematically recorded in EHRs.17
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Data extraction
We used data from 1 January 2013 to 31 December 2018. Baseline was 1 January 

2014, with the EHR data recorded during the calendar year 2013 serving as base-

line data in order to include only recent measurement and medication data. When 

multiple entries for one variable were available in 2013, we used the recorded entry 

closest to baseline, 1 January 2014. Detailed operational definitions for the CHARGE-

AF variables are shown in the Supplementary Methods.

We assumed absence of baseline morbidity or smoking when no episode of illness 

or status as active smoker was recorded for a disease prior to baseline.18 Age and sex 

were available for all patients. When a patient had no recorded height, weight, SBP 

or DBP during calendar year 2013, we considered these measurements as missing. 

We applied no imputation techniques for missing CHARGE-AF measurement variables 

since we expected these data not to be missing at random.

Study population
We included patients aged 40 years or older and free of AF at baseline who were 

registered at one of the Nivel-PCD associated practices during the full calendar year 

2013. We excluded patients from practices without follow-up data beyond 2013 since 

inclusions of such data would automatically render patients without follow-up data. 

Among included patients, we distinguished those with missing data for one or more of 

the four body measurements included in the CHARGE-AF model (height, weight, SBP 

and DBP) – ‘incomplete cases’ – and those with baseline data available for all these 

measurements – ‘complete cases’.

Outcomes
The primary outcome was newly diagnosed AF. We defined AF as the recording of the 

ICPC-1 code K78 ‘AF or atrial flutter’ or any recording of a treating physician for AF or 

participation in AF care programme. We defined the date of AF diagnosis as the first 

date associated with either of these AF entries. We were unable to ascertain death as 

the reason for loss of follow-up, since date and cause of death are not validly recorded 

in primary care EHRs.

Follow-up
Patient registration at a Nivel-PCD associated practice is assessed quarterly. Reasons 

for loss of follow-up in Nivel-PCD are death, exclusion of practice due to low quality 

data, technical failure of data extraction or a patient moving away from their Nivel-

PCD associated practice. We defined loss to follow-up as the first day of a period of 

four or more consecutive quarters of absent data, or the first day of a period of con-
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secutive quarters of absent data that included the last quarter of calendar year 2018. 

We censored follow-up in our analyses at time of AF diagnosis, loss to follow-up or 

end of the 5-year observation window (31 December 2018), whichever occurred first.

The CHARGE-AF model
We calculated each individual’s CHARGE-AF predicted 5-year AF risk using the for-

mula from the original derivation article5: 1–0.9718412736^exp (ΣbX − 12.5815600). 

Here, ΣbX is calculated as: (age in years/5) * 0.5083 + ethnicity (Caucasian/white) * 

0.46491 + (height in centimetres/10) * 0.2478 + (weight in kg/15) * 0.1155 + (SBP in 

mm Hg/20) * 0.1972 – (DBP in mm Hg/10) * 0.1013 + current smoking * 0.35931 + 

antihypertensive medication use * 0.34889 + DM * 0.23666 + heart failure * 0.70127 

+ MI * 0.49659.

The Dutch population is ~95% Caucasian/white,19 and Nivel-PCD contains a repre-

sentative sample of Dutch inhabitants.20 In absence of ethnicity data in Nivel-PCD, we 

therefore assumed ethnicity as Caucasian/white for all Nivel-PCD subjects. We chose 

this approach in accordance with previous work and because the CHARGE-AF formula 

results in a prediction of an individual’s absolute 5-year AF risk. Leaving ethnicity out 

of the formula would lead to a systematic underestimation of absolute risk by the 

model.21

We assessed the relative contribution of each CHARGE-AF variable to an increase in 

baseline CHARGE-AF score by multiplying the mean value of each risk factor by its 

CHARGE-AF coefficient within successive strata of baseline CHARGE-AF risk.

Statistical analysis
We reported continuous variables as means ± SD, ordinal variables as median and 

interquartile range (IQR), and dichotomous variables as number and percentages. We 

assessed differences in baseline parameters using the unpaired t-test with Welch’s 

approximation, the Wilcoxon rank-sum test and the χ2 test where appropriate. We 

assessed significance in all analyses at the 0.05 level.

We estimated the cumulative 5-year AF incidence using survival analysis and pre-

sented it as number and percentages as well as incidence per 1000 person years using 

survival-time analysis. We plotted the cumulative AF incidence using a Kaplan-Meier 

failure plot.

In validation of the CHARGE-AF model for 5-year AF risk, we assessed discrimination by 

the C-statistic and 95% CI. We assessed calibration by the calibration plot according 
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to deciles of baseline CHARGE-AF risk,22 by the calibration slope of the linear predic-

tor and its 95% CI22 and by the Hosmer-Lemeshow goodness-of-fit test modified for 

survival analyses by D’Agostino and Nam.23 A Nam-D’Agostino χ2 with p value <0.05 

indicated insufficient calibration.24 A calibration slope significantly smaller than 1 

indicated overfitting of the CHARGE-AF model when applied to our cohort.22 Finally, 

we assessed calibration by the Kaplan-Meier failure function stratified according to 

baseline CHARGE-AF risk. For this, we used categories <2.5%, 2.5%–5% and >5% 

predicted risk in accordance with the original CHARGE-AF publication.5

We compared CHARGE-AF’s discriminatory abilities for risk of newly diagnosed AF 

with that of two other easily obtainable predictors that have previously been shown 

to predictive of new AF: age alone as continuous linear variable and the CHA2DS2-VASc 

score25 as a categorical variable.4,6,26-29 We assessed net reclassification improvement 

(NRI) by the NRI index and 95% CI for 5-year AF of CHARGE-AF versus age alone as 

well as CHARGE-AF versus CHA2DS2-VASc using 200 bootstrap samples in low, inter-

mediate and high AF risk categories with cut-offs at 2.5% and 5% predicted AF risk.22 

Data for age and CHA2DS2-VASc score were complete in all participants.

We performed stratified analyses according to age, sex and CHA2DS2-VASc score in all 

validation analyses in order to assess whether CHARGE-AF, CHA2DS2-VASc score and 

age would perform better among clinically relevant subgroups, and whether different 

predictors for newly diagnosed AF outperformed others in any of these subgroups.

Finally, we assessed the clinical implications of applying different cut-offs for 

dichotomisation of baseline CHARGE-AF risk into high-risk and low-risk groups. We 

applied cut-offs 2.5%, 5% and 10% baseline CHARGE-AF risk and assessed for each 

cut-off: the proportion of patients that would be counted as high risk; the proportion 

of total 5-year AF cases that would be among high-risk patients; 5-year AF incidence 

among those counted as high-risk patients; the proportion of high-risk patients with 

a CHA2DS2-VASc score ≥2 (corresponding with the need for oral anticoagulation 

therapy2); and the proportion of high-risk 5-year AF cases with a CHA2DS2-VASc score 

≥2. In order to formally test whether the applied cut-offs were able to discriminate 

between high and low risk of 5-year AF incidence, we provided the unadjusted HR for 

5-year AF incidence of high-risk patients with low-risk patients as reference using a 

Cox proportional hazards model.

We used Stata V.15.030 and R V.1.1.46331 using the haven, nricens, polspline, rms, 

survival and survminer packages for our analyses.



91

CHARGE-AF in Nivel-PCD

Ethics and study approval
Dutch law allows the use of EHRs for research purposes under certain conditions. 

According to this legislation, neither obtaining informed consent from patients nor 

approval by a medical ethics committee is obligatory for this type of observational 

studies containing no directly identifiable data (Dutch Civil Law, Article 7:458).17

RESULTS

We included 668 955 patients aged ≥40 years from 328 Nivel-PCD practices with 

follow-up data available for ≥1 year after baseline. Of these, 551 655 patients had 

missing data for ≥1 of the CHARGE-AF measurements height, weight, SBP and DBP 

during 2013. Of the 117 300 patients with complete CHARGE-AF baseline data, 5825 

(4.97%) had prevalent AF at baseline. The remaining 111 475 patients free of AF 

and with complete CHARGE-AF variables at baseline (17.2% of all patients aged ≥40 

years and free of AF) constituted the validation sample of complete cases (see study 

flowchart in Supplementary Figure S1).

Patients with complete CHARGE-AF baseline data
Among complete cases, mean age was 65.5 ± 11.4 years, 52.5% were female and me-

dian CHA2DS2-VASc was 3 (IQR 2–4) (Table 1). The distribution of baseline CHARGE-AF 

risk was skewed with more than half of all patients with complete baseline CHARGE-AF 

data having a predicted 5-year AF risk <5% (Supplementary Figure S2, panel A). Age 

was the major factor driving an increase in baseline CHARGE-AF risk (Supplementary 

Figure S2, panel B).

Compared with those who remained free of AF, patients who were diagnosed with 

new AF during follow-up were older and had higher overall cardiovascular burden, 

except for DBP, burden of hypercholesterolaemia and proportion of current smokers 

that were lower. For a comparison between patients with and those without complete 

baseline CHARGE-AF data, see Supplementary Results.

AF incidence and follow-up
There were 5264 cases of new AF among complete CHARGE-AF cases during the 

5-year follow-up window (4.7%; 13.6/1000 person-years; see Supplementary Figure 

S3, panel A, for the Kaplan-Meier plot). Mean follow-up in the sample was 3.5 ± 1.7 

years. Main reason for loss to follow-up was practices’ data being excluded from 

further analysis due to low quality data (see Supplementary Figure S3, panel B, for the 

number of practices and patients at risk during follow-up).
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CHARGE-AF validation
Validation of CHARGE-AF among all patients with complete baseline CHARGE-AF data 

resulted in a C-statistic of 0.736 (95% CI 0.727 to 0.744), a Nam-D’Agostino χ2 of 

901.8 (p<0.001) and a calibration slope of 0.69 (95% CI 0.67 to 0.71) (Table 2). The 

calibration plot showed a slight underestimation of AF risk among lower deciles of 

Table 1. Baseline characteristics of the study sample with complete baseline CHARGE-AF data

All (n=111,475)

AF during
 follow-up 
(n=5,264)

No AF during 
follow-up 
(n=106,211)

p-value for 
difference*

Age, years 65.5 ± 11.4 73.1 ± 9.4 65.2 ± 11.4 <0.001

Female 58,549 (52.5%) 2,572 (48.9%) 55,977 (52.7%) <0.001

SBP, mmHg 137.3 ± 16.3 139.5 ± 17.3 137.2 ± 16.2 <0.001

DBP, mmHg 80.5 ± 10.5 78.8 ± 10.8 80.6 ± 10.5 <0.001

Height, cm 170.0 ± 9.9 170.3 ± 9.9 170.0 ± 9.9 0.01

Weight, kg 82.5 ± 16.8 83.8 ± 17.2 82.4 ± 16.8 <0.001

Antihypertensive medication 79,057 (70.9%) 4,494 (85.4%) 74,563 (70.2%) <0.001

Hypertension 74,149 (66.5%) 3,864 (73.4%) 70,285 (66.2%) <0.001

Diabetes mellitus 47,557 (42.7%) 2,514 (47.8%) 45,043 (42.4%) <0.001

Heart failure 4,693 (4.2%) 562 (10.7%) 4,131 (3.9%) <0.001

Myocardial infarction 5,404 (4.9%) 391 (7.4%) 5,013 (4.7%) <0.001

Current smoking 15,774 (14.2%) 600 (11.4%) 15,174 (14.3%) <0.001

Stroke 7,462 (6.7%) 472 (9.0%) 6,990 (6.6%) <0.001

TIA 3,339 (3.0%) 224 (4.3%) 3,115 (2.9%) <0.001

Pulmonary embolism 506 (0.5%) 31 (0.6%) 475 (0.4%) 0.14

Angina pectoris 10,167 (9.1%) 750 (14.3%) 9,417 (8.9%) <0.001

CHA2DS2-VASc
  CHA2DS2-VASc ≥2

3 (IQR 2-4)
  88,538 (79.4%)

4 (IQR 3-5)
  4,866 (92.4%)

3 (IQR 2-4)
  83,672 (78.8%)

<0.001
  <0.001

Asthma 13,262 (11.9%) 652 (12.4%) 12,610 (11.9%) 0.26

COPD 12,523 (11.2%) 879 (16.7%) 11,644 (11.0%) <0.001

Atherosclerosis 6,367 (5.7%) 416 (7.9%) 5,951 (5.6%) <0.001

Hypercholesterol-aemia 19,427 (17.4%) 694 (13.2%) 18,733 (17.6%) <0.001

Gout 7,639 (6.9%) 589 (11.2%) 7,050 (6.6%) <0.001

Enrolled in care program for:
  Asthma
  COPD
  Diabetes mellitus
  Any care program

  1,846 (1.7%)
  4,777 (4.3%)
  35,640 (32.0%)
  40,468 (36.3%)

  77 (1.5%)
  335 (6.4%)
  1,943 (36.9%)
  2,212 (42.02%)

  1,769 (1.7%)
  4,442 (4.2%)
  33,697 (31.7%)
  38,256 (36.0%)

  0.26
  <0.001
  <0.001
  <0.001

Data are number (percentage), mean ± standard deviation or median (IQR).
AF, atrial fibrillation; CHA2DS2-VASc, Congestive heart failure, Hypertension, Age, Diabetes and previous Stroke 
or Transient Ischaemic Attack, Vascular disease and female Sex category; COPD, chronic obstructive pulmonary 
disorder; DBP, diastolic blood pressure; IQR, interquartile range; SBP, systolic blood pressure; TIA, transient isch-
aemic attack.
* Difference between those with and without AF during follow-up
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CHARGE-AF risk but strong overestimation of AF risk in the higher CHARGE-AF deciles 

(Figure 1, panel A). The Kaplan-Meier plot stratified by risk categories <2.5%, 2.5%–

5% and >5% CHARGE-AF predicted 5-year risk indicated an accurate estimation of 

observed 5-year AF risk in the overall sample of complete cases (Figure 1, panel B).

CHARGE-AF showed superior discrimination to CHA2DS2-VASc as well as age alone as 

the predictor in both the overall and all stratified analyses. Results of the stratified 

analyses on CHARGE-AF are shown in the Supplementary Results. CHARGE-AF resulted 

in significant reclassification improvement versus both CHA2DS2-VASc (NRI index: 

0.24; 95% CI 0.22 to 0.25) and age alone (NRI index: 0.05; 95% CI 0.04 to 0.06).

Application of different CHARGE-AF cut-offs
Figure 2 shows the analysis on dichotomisation of CHARGE-AF risk at cut-offs 2.5%, 

5% and 10%. The high-risk groups showed significantly higher AF incidence over 

time in all comparisons as assessed by the unadjusted HRs for high-risk versus low-

risk patients. Cut-offs at 2.5%, 5% and 10% CHARGE-AF risk would have classified 

65%, 45% and 25% of patients with complete CHARGE-AF baseline data as ‘high 

risk’, respectively. Routine care 5-year AF incidence among the high-risk patients at 

these cut-offs was 6.7%, 8.0% and 9.8%, respectively. In all high-risk groups, >95% 

observed AF cases had CHA2DS2-VASc ≥2 at baseline (p<0.001 for difference with 

proportion of CHA2DS2-VASc ≥2 among low-risk AF cases in all comparisons).

DISCUSSION

In a routine primary care EHR database representative of the Netherlands, one in six 

patients aged 40 years and older was free of AF and had complete baseline CHARGE-AF 

data. These patients had significantly higher 5-year AF incidence and cardiovascular 

morbidity than those with ≥1 missing CHARGE-AF variables. Validation of CHARGE-AF 

among complete cases showed that despite overestimation of absolute 5-year AF risk 

in those with the highest baseline CHARGE-AF scores, the model had overall sufficient 

discrimination for 5-year AF risk and was able to accurately group patients according 

to predefined risk categories. CHARGE-AF had superior discrimination for 5-year risk 

of AF compared with CHA2DS2-VASc and age alone. Explorative analyses on the ap-

plication of different CHARGE-AF cut-offs for patient selection indicated that cut-offs 

at 2.5%, 5% and 10% all have potential merits for use in AF risk stratification.
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Figure 1. Calibration and Kaplan-Meier plots for CHARGE-AF (n=111,475 with complete baseline CHARGE-AF data)

AF, atrial fibrillation; CHARGE-AF, Cohorts for Heart and Aging Research in Genomic Epidemiology.
Panel A, Calibration plot for CHARGE-AF. The points indicate intersects of observed and expected for each decile 
of baseline CHARGE-AF risk, with brackets indicating the 95%CI of observed AF probability during 5-year follow-
up in each decile. The red line indicates the trend for CHARGE-AF calibration in the sample. When the intersect 
of observed and expected AF incidence exceeds the dotted line, this indicates underestimation of AF risk by 
CHARGE-AF for that decile. When the intersect of observed and expected AF incidence is below the dotted line, 
this indicates overestimation of AF risk by CHARGE-AF for that decile. The spikes on the x axis indicate the distri-
bution of AF-free survivors by CHARGE-AF risk; Panel B, Kaplan-Meier plot of AF incidence stratified according to 
baseline CHARGE-AF predicted risk categories <2.5%, 2.5% to 5%, and >5%
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Clinical implications
Outcomes of this work are relevant to the prospect of using clinical risk models as tri-

age test for AF screening, while maintaining low cost in their risk assessment efforts. 

We showed that those with complete CHARGE-AF variables as per routine primary 

care constitute a small but highly relevant subset for AF screening. The model’s high 

accuracy in predicting absolute 5-year risk for predefined risk categories suggests 

that the model can be used to reliably differentiate between low and high AF risk 

among complete cases. Moreover, CHARGE-AF outperformed two other predictors that 

have been employed to select for AF screening eligibility, as assessed by both the 

C-statistic and NRI index. This work therefore encourages researchers in the field of 

community AF screening to consider CHARGE-AF as a triage test for patient selection.

We provided data on how the choice for a baseline CHARGE-AF cut-off for classifying 

patients as ‘high risk’ could translate into actual patient selection for screening. The 

sensitivity of ‘baseline CHARGE-AF’ as a triage test for 5-year observed new AF ranged 

Figure 2. Kaplan-Meier plots and outcomes table of AF incidence when dichotomized according to baseline CHARGE-
AF risk cut-offs 2.5%, 5%, and 10% (n=111,475 with complete baseline CHARGE-AF data)

AF, atrial fibrillation; CHA2DS2-VASc, Congestive heart failure, Hypertension, Age, Diabetes and previous Stroke 
or Transient Ischaemic Attack, Vascular disease and female Sex category; CHARGE-AF, Cohorts for Heart and Ag-
ing Research in Genomic Epidemiology model for AF; HR, hazard ratio; py, person years; Nivel-PCD, Netherlands 
Institute for Health Services Research Primary Care Database; 95%CI, 95% confidence interval.
Panel A, Kaplan-Meier (KM) plot of AF incidence dichotomized according to baseline CHARGE-AF predicted risk 
cut-off 2.5%; Panel B, KM plot of AF incidence dichotomized according to baseline CHARGE-AF predicted risk cut-
off 5%; Panel C, KM plot of AF incidence dichotomized according to baseline CHARGE-AF predicted risk cut-off 
10%; Panel D, table of outcomes if CHARGE-AF risk cut-offs 2.5%, 5% and 10%, respectively, had been applied 
for patient selection.
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between 51% at CHARGE-AF cut-off 0.1% and 92% at CHARGE-AF cut-off 0.025. Since 

these findings are based on simple routine care EHR data acquired without imputation 

or text mining techniques, CHARGE-AF showed its potential for low-cost automated, 

remote AF risk stratification. This suggests a lower need for a baseline visit prior to 

screening. The model could also be used as an alert for clinicians to check for AF in the 

subset of patients with complete data through routine care.

We emphasise that the outcome in our work was 5-year risk of an AF diagnosis ac-

quired through routine care. To our knowledge, there have been no clinical studies on 

the efficacy of CHARGE-AF as a triage test for patient selection for screening. Although 

our work does not provide concrete recommendations to practising GPs on whether 

and how to best use CHARGE-AF in selecting patients for further rhythm analysis, it 

points to CHARGE-AF as a model with the highest potential for this purpose.

Comparison with previous work
This study diverges from previous CHARGE-AF validation studies in that it made an 

explicit attempt to bridge the gap between model validation and subsequent applica-

tion as a tool for patient selection in community AF screening. To our knowledge, we 

were the first to provide detailed information on how selecting at different cut-offs 

would translate into numbers of patients to be screened and percentage of AF yield 

to be expected in a large routine primary care dataset.

The C-statistic for CHARGE-AF in our study (0.74) was lower than in the aggregate 

CHARGE-AF derivation cohorts (0.77) but higher than the summary C-statistic in a 

recent meta-analysis of CHARGE-AF for 5-year AF risk in community cohorts (0.72).5,11 

Possible explanations for difference with the original CHARGE-AF article are that the 

model was calibrated to fit the derivation data, that our dataset had a lower percent-

age of women in whom CHARGE-AF performed better than in men and that the ethnic 

diversity was lower in Nivel-PCD. Applying the same age restrictions to our dataset as 

were used in the derivation article (46–94 years) resulted in the same C-statistic as 

the current overall analysis (data not shown).

A recent study validated CHARGE and CHA2DS2-VASc based on a large routine care EHR 

dataset from seven hospitals in the USA from which they excluded patients with non-

complete measurement data.18 Results of validation of CHARGE-AF and CHA2DS2-VASc 

were similar to ours. The main difference between this study and ours is the popula-

tion. Since Dutch primary care EHR data covers all non-institutionalised inhabitants, 

with all secondary care facilities reporting back to GPs, Nivel-PCD is likely to have 

a wider coverage of the population than a regional agglomeration of hospitals. The 
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percentage of patients with complete measurements, however, was greater in Hulme 

et al’s18 hospital-derived dataset where measurements may be more routinely taken. 

Both studies, however, provide evidence that routine care data can be used to assess 

risk of AF in patients with complete measurement data at baseline, with each study 

having its own merits in terms of generalisability to different care settings.

Although our patient selection differed from the derivation study as well as previous 

validation studies that were performed in largely unselected community cohorts, a 

number of observations are common among validation studies of CHARGE-AF, age 

alone and CHA2DS2-VASc for new AF. Mainly, these studies, like ours, found that 

CHARGE-AF outperformed CHA2DS2-VASc and age alone as predictors for new AF and 

that CHARGE-AF showed higher C-statistics among lower risk subgroups within their 

sample.4-10,26-29,32-34

Our study corroborates the findings that patients with complete recent baseline mea-

surement data as per routine care were older and had higher burden of cardiovascular 

comorbidity than those with missing measurements.12 Our study expands on that by 

showing that having complete measurements through routine primary care is also 

associated with higher 5-year risk of AF.

We were unable to validate a number of other models developed for AF risk predic-

tion in community cohorts due to restrictions in data availability in Dutch primary care 

EHRs.6,8,18,26,35,36 We refrained from recalibration and augmentation of CHARGE-AF to 

better fit our sample, since our aim was to validate CHARGE-AF, not to improve its risk 

prediction in a specific population.4,5,7,10,27,32-34,37

Future work
Our work relied heavily on the assumption that AF risk through routine care is cor-

related with AF yield through active screening. Although there are few studies to 

assess the validity of this hypothesis, one recent pilot study that selected individuals 

with both age ≥65 years and high CHA2DS2-VASc score for screening with continuous 

ECG monitoring found promising results.38 Post hoc analyses on the added value of 

multivariable risk models in previous AF screening studies would be welcomed.

Our work shows that higher completeness of primary care EHR data is needed. Since 

such data completeness will likely not be achieved in the foreseeable future, research 

should focus on ways of handling missing data in primary care EHRs while still achiev-

ing accurate risk prediction. Until then, models that do not rely on measurement 

variables may be the model of choice for remote, automatic AF risk assessment in 
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primary care settings. Finally, the ethical implications of using EHR data to remotely 

brand individuals as ‘at high risk of AF and stroke’ deserve further research.3

Strengths and limitations
This work had a number of strengths. First, our validation of CHARGE-AF in patients 

with complete data through routine primary care enabled an assessment of CHARGE-

AF’s merits as a potential triage test for AF screening without the need for a resource-

intensive baseline visit for data collection. Second, given the use of a large dataset 

that encompasses a representative sample of primary care patients in the Nether-

lands, and considering the role of GPs in the Netherlands where all inhabitants are 

registered at a GP and where all secondary care providers report health outcomes 

back to GPs, results from this study are likely generalisable to similar settings.20 Third, 

we included a comparison of patients with and without complete baseline CHARGE-AF 

measurements. This enabled us to show that patients with complete baseline param-

eters had higher AF risk and higher cardiovascular comorbidity and more often had a 

CHA2DS2-VASc score ≥2. An AF diagnosis in these patients is therefore both more likely 

and more often relevant in terms of anticoagulation initiation.2 Finally, we provided 

researchers interested in using CHARGE-AF as a selection tool for AF screening among 

complete cases with ample data to assess which baseline CHARGE-AF cut-off may be 

most viable for such purposes.

Our study’s primary strength was also its most prominent limitation. Due to its restric-

tion to patients with complete CHARGE-AF measurements, results of this study are 

not generalisable to the community at large. Additional work is therefore required to 

assess how CHARGE-AF can be used to reliably assess risk for incident AF in the larger 

community while still refraining from the need to perform baseline visits. Second, 

the nature of a routine primary care database dictates that diagnosis and correct 

registration of morbidities had been at treating physicians’ discretion. Most notably, 

this may increase the risk of verification bias in diagnosing incident AF as well as un-

derestimation of prevalence of baseline comorbidities.39,40 Third, one of CHARGE-AF’s 

variables—ethnicity—was missing altogether from the database due to restrictions in 

Dutch primary healthcare regulations. Although our evaluation of the relative contribu-

tion of variables to increments in baseline risk showed ethnicity to play only a minor 

role in overall AF risk assessment when assumed as Caucasian/white in all individuals, 

it is unclear how information on this variable might have influenced the validity of 

predictions in non-Caucasian individuals. Finally, it is unclear whether the classifica-

tion of AF and MI diagnoses as non-chronic episodes in Nivel-PCD, with a patient’s AF 

or MI episode being inactivated after a contact-free period of 1 year, may have affected 

AF prevalence and CHARGE-AF score before baseline and AF incidence during follow-
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up.16 Prior work on Nivel-PCD showed that extending this period from 1 to 2 years did 

not lead to significantly different incidence rates.16 We sought to further ameliorate 

this limitations by using a 1-year baseline window, which has been shown to lead to 

a more accurate representation of disease prevalence in routine care EHRs than point 

prevalence.20 We hereby effectively extended the non-contact window after which AF 

and MI patients would become false-negative from 1 to 2 years before baseline.
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SUPPLEMENTARY MATERIAL

SUPPLEMENTARY METHODS

Nivel-PCD episodes of illness construction in current dataset
Episodes of illness that are deemed ‘chronic’ in Nivel-PCD, including e.g. hypertension 

and diabetes mellitus (DM), remain active throughout extractions. This allowed for 

inclusion of all recorded chronic episodes of illness prior to 1 January, 2014, including 

those with their latest GP encounters prior to calendar year 2013. Episodes of illness 

that are classified as ‘long-lasting reversible diseases’ in Nivel-PCD, a category that 

includes AF and MI, are available in an annual extraction if the last GP encounter was 

up to 1 year prior to extraction. We were thus able to include all long-lasting revers-

ible diseases of which a patient’s EHR contained a recorded GP encounter (physical 

or administrative) on or later than 1 January, 2012. Prior Nivel-PCD analyses have 

shown that extension of this 1-year contact-free interval does not lead to significant 

differences in long-lasting reversible disease incidence.16

Operational variable definitions
-	 Atrial fibrillation (AF): entry of ICPC-1 code K78 (AF/flutter) and/or data codes 

3451 (treating physician for AF) or 3838 (enrolment in care program for AF);

-	 Age: the discrete number of years attained in the year 2013 since year of birth;

-	 Sex: male or female;

-	 Systolic blood pressure (SBP): latest recording in 2013 of data codes 1744 (SBP), 

2055 (SBP home measurement), 2668 (mean SBP in 24-hour measurement), 3336 

(mean SBP in 30-minute measurement), 1745 (SBP lying down), 2189 (SBP stand-

ing), or 1794 (SBP of the arm when used for ankle-brachial index test). We applied 

a hierarchy in which code to use, in the order of aforementioned data codes. We 

first looked at entries for data code 1744 and when available we used the latest 

entry in 2013. If there was no entry for data code 1744, we looked at entries for 

data code 2055. If there was no entry for data code 2055, we looked at data code 

2668, etc. until data code 1794. In order to prevent inclusion of values errone-

ously entered by GP personnel, we included only SBP values 25-250mmHg;

-	 Diastolic blood pressure (DBP): latest recording in 2013 of data codes 1740 (DBP), 

2056 (DBP home measurement), 2669 (mean DBP in 24-hour measurement), 

3337 (mean DBP in 30-minute measurement), 1741 (DBP lying down), or 2188 

(DBP standing). We applied a hierarchy in which code to use, in the order of afore-

mentioned data codes. We first looked at entries for data code 1740 and when 

available we used the latest entry in 2013. If there was no entry for data code 

1740, we looked at entries for data code 2056. If there was no entry for data code 
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2056, we looked at data code 2669, etc. until data code 2188. In order to prevent 

inclusion of values erroneously entered by GP personnel, we included only SBP 

values 25-250mmHg;

-	 Weight: latest recording in 2013 of data codes 357 (weight) or 2408 (weight home 

measurement). When entries for these data codes were absent in 2013, but data 

codes 560 (height) and 1272 (body mass index, BMI) were present, we calculated 

weight as BMI*weight2 and used the latest recordings in 2013. In order to prevent 

inclusion of values erroneously entered by GP personnel, we included only weight 

values 30-300kg;

-	 Height: latest recording in 2013 of data code 560 (height). When an entry for data 

code 560 was absent, but data codes for weight and BMI were both present in 

2013, we calculated height in centimeters as 100*√(weight/BMI) and used the 

latest recordings in 2013. In order to include only realistic values, and to prevent 

inclusion of values erroneously entered by GP personnel, we included only height 

values 130-230cm. Values below 130 were multiplied by 100 in order to include 

data entered as meters instead of centimeters. We subsequently applied the same 

limits of 130-230cm;

-	 Antihypertensive medication: ATC subcodes for C02 (antihypertensives) and/or 

C03 (diuretics), C04 (peripheral vasodilators), C05 (vasoprotectives), C07 (beta 

blocking agents), C08 (calcium channel blockers), or C9 (agents acting on the 

renin-angiotensin system);

-	 Hypertension: entry of ICPC-1 codes K86 (uncomplicated hypertension) and/or 

K87 (hypertension with involvement target organs) or data code 1694 (hyperten-

sion comorbidity);

-	 Diabetes mellitus (DM): entry of ICPC-1 code T90 (DM) and/or data code 2206 

(treating physician for DM);

-	 Heart failure (HF): entry of ICPC-1 code K77 (HF) and/or data codes 3016 (treating 

physician for HF), 2722 (NYHA severity of HF symptoms) or 1643 (HF comorbidity);

-	 Myocardial infarction (MI): entry of ICPC-1 code K75 (acute MI) and/or data code 

1693 (MI comorbidity);

-	 Current smoking: classified as current smoker when indicated as smoker as per 

data codes 1739 (smoking) and/or 1992 (number of (rolling tobacco) cigarettes 

per day), 1993 (number of cigarettes per day), 1996 (wants to quit smoking in 

short term) or 2405 (motivation to quit smoking), and not followed in time (but 

before 01-01-2014) by an indication of having quit smoking as per data codes 

1739 (smoking) and/or 2003 (quit smoking since);

-	 Stroke: entry of ICPC-1 code K90 (stroke/cerebrovascular accident) and/or lab 

code 2132 (cerebral ischaemia history comorbidity);
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-	 Transient ischemic attack (TIA): entry of ICPC-1 code K89 (transient cerebral isch-

aemia);

-	 Pulmonary embolism (PE): entry of ICPC-1 code K93 (PE);

-	 Angina pectoris: entry of ICPC-1 code K74 (angina pectoris);

-	 Vascular disease: entry of ICPC-1 codes K74 (angina pectoris) and/or K91 (ath-

erosclerosis), K92 (other arterial obstruction/peripheral vascular disease) or MI as 

defined above;

-	 Congestive heart failure, Hypertension, Age, Diabetes and previous Stroke or Tran-

sient Ischaemic Attack, Vascular disease and female Sex category (CHA2DS2-VASc): 

1 point for each of female sex, HF, hypertension, DM, vascular disease or age 65-74 

years, plus 2 points for each of (stroke, TIA or PE) or age ≥75 years;

-	 Asthma: entry of ICPC-1 code R96 (asthma) and/or indication for asthma as per 

data codes 1598 (asthma diagnosed by) and/or 1599 (asthma goals attained), 

1618 (medication adherence asthma), 1621 (avoids provoking factors asthma), 

1716 (reason for failure to achieve asthma goals), 1776 (asthma management), 

1806 (change asthma medication), 1822 (asthma severity), 1824 (asthma self-

management), 1826 (appointment for asthma self-management), 1877 (asthma 

comorbidity), 2406 (treating physician for asthma), 3018 (adverse effects asthma 

medication), 3608 (degree of control in asthma management), 3338 (ACQ question 

1), 3339 (ACQ question 2), 3340 (ACQ question 3), 3341 (ACQ question 4), 3345 

(C-ACT question 1), 3346 (C-ACT question 2), 3347 (C-ACT question 3), 3348 (C-

ACT question 4), 3349 (C-ACT question 5), 3828 (enrolment in care program for 

asthma);

-	 Chronic obstructive pulmonary disease (COPD): entry of ICPC-1 code R95 (COPD) 

and/or indication for COPD as per data codes 1779 (medication adherence COPD) 

and/or 1785 (COPD management), 1786 (causes for COPD exacerbation), 1807 

(change COPD medication), 1818 (reason not to enrol in COPD care program), 1909 

(reasons for not attaining COPD goals), 1911 (COPD diagnosed by), 2209 (GOLD 

classification COPD), 2399 (mean symptom score CCQ COPD), 2400 (mean func-

tion score CCQ COPD), 2401 (mean psychological score CCQ COPD), 2402 (mean 

limitations score CCQ COPD), 2407 (treating physician COPD), 2676 (cachexia 

COPD), 3013 (COPD disease burden), 3019 (adverse effects COPD medication);

-	 Atherosclerosis: entry of ICPC-1 code K91 (atherosclerosis);

-	 Hypercholesterolaemia: entry of data code 2053 (hypercholesterolaemia comor-

bidity) and/or value for data code 181 (cholesterol/HDL ratio) ≥5 mmol/L;

-	 Gout: entry of ICPC-1 code T92 (gout);

-	 Enrolment in care program for asthma: indication for enrolment in care program 

for asthma as per data codes 2406 (treating physician for asthma) and/or 3828 

(enrolment in care program for asthma);
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-	 Enrolment in care program for COPD: indication for enrolment in care program for 

COPD as per data codes 2407 (treating physician for COPD) and/or 3829 (enrol-

ment in care program for COPD);

-	 Enrolment in care program for DM: Enrolment in care program for COPD: indication 

for enrolment in care program for DM as per data codes 2206 (treating physician 

for DM) and/or 3827 (enrolment in care program for DM);

-	 Enrolment in care program for any care program: indication for enrolment in one or 

more care programs of asthma, COPD or DM as defined above, or for indication for 

enrolment in care program for HF as per data codes 3016 (treating physician for 

HF) and/or 3833 (enrolment in care program for HF), or for indication for enrolment 

in care program for thyroid disease as per data codes 3040 (treating physician for 

thyroid disease) and/or 3835 (enrolment in care program for thyroid disease).

SUPPLEMENTARY RESULTS

Comparison of patients with and without complete baseline CHARGE-AF data
Supplementary Table S1 shows a comparison between those free of AF at baseline 

with complete baseline CHARGE-AF data and those free of AF at baseline without com-

plete baseline CHARGE-AF data (n=538,308). Five-year AF incidence was significantly 

lower among incomplete CHARGE-AF cases (2.10%, p<0.001). Patients with complete 

CHARGE-AF baseline data were significantly older and had significantly higher burden 

of cardiovascular comorbidities than patients with incomplete CHARGE-AF variables 

at baseline. The percentage of missing CHARGE-AF measurements varied from 69.3% 

(SBP) to 81.3% (height). Patients with at least 1 but not all 4 CHARGE-AF measure-

ments recorded in the EHR in 2013 had a higher mean SBP, DBP and height, but lower 

weight, than patients with complete baseline CHARGE-AF measurements.

Additional CHARGE-AF validation analyses
In the stratified analyses on CHARGE-AF, discrimination was consistently higher in the 

lower risk groups (women, age <65 years and CHA2DS2-VASc <2), with highest C-statis-

tic in the subgroup of women (0.751; 95%CI: 0.740-0.763). Calibration of CHARGE-AF 

was insufficient in all subgroups as assessed by the Nam-D’Agostino χ2, and the calibra-

tion slope significantly deviated from 1 in all subgroups except in patients younger 

than 65 and in patients with CHA2DS2-VASc <2 (see Table 2 in main text).

Calibration plots for the stratified CHARGE-AF analyses were similar to that of the 

overall analysis, except in the subgroups age <65 years and CHA2DS2-VASc <2. In these 

lower risk strata, risk prediction was accurate for all deciles, without overestimation in 

the highest deciles seen in the other analyses (Supplementary Figure S4).
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SUPPLEMENTARY TABLES

Supplementary Table S1. Comparison between baseline characteristics of patients free of AF at baseline within all 
extracted Nivel-PCD participants and those with complete CHARGE-AF variables

All
(n = 649,783)

Complete 
CHARGE-AF 
variables at 
baseline
(n = 111,475)

Incomplete 
CHARGE-AF 
variables at 
baseline
(n = 538,308)

p-value
for
difference*

Age, years 58.2 ± 12.6 65.5 ± 11.4 56.7 ± 12.2 <0.001

Female 335,155 
(51.6%)

58,549 (52.5%) 276,606 
(51.38%)

<0.001

AF during 5-year follow-up 16,581 (2.55%) 5,264 (4.7%) 11,317 (2.10%) <0.001

SBP, mmHg 137.9 ± 17.1
450,044 
(69.3%) missing

137.3 ± 16.3 138.7 ± 18.1
(from n = 88,264 
non-missing)

<0.001

DBP, mmHg 81.1 ± 10.8
450,848 
(69.4%) missing

80.5 ± 10.5 81.9 ± 11.0
(from n = 87,460 
non-missing)

<0.001

Height, cm 170.1 ± 9.9
528,047 
(81.3%) missing

170.0 ± 9.9 171.2 ± 9.9
(from n = 10,261 
non-missing)

<0.001

Weight, kg 82.2 ± 17.2
516,993 
(79.6%) missing

82.5 ± 16.8 80.4 ± 18.6
(from n = 21,315 
non-missing)

<0.001

Antihypertensive medication 188,122 
(29.0%)

79,057 (70.9%) 109,065 
(20.26%)

<0.001

Hypertension 177,537 
(27.3%)

74,149 (66.5%) 103,388 
(19.21%)

<0.001

Diabetes mellitus 72,467 (11.2%) 47,557 (42.7%) 24,910 (4.63%) <0.001

Heart failure 12,753 (2.0%) 4,693 (4.2%) 8,060 (1.50%) <0.001

Myocardial infarction 14,572 (2.2%) 5,404 (4.9%) 9,168 (1.70%) <0.001

Current smoking 21,036 (3.2%) 15,774 (14.2%) 5,262 (0.98%) <0.001

Stroke 19,380 (3.0%) 7,462 (6.7%) 11,918 (2.21%) <0.001

TIA 8,630 (1.3%) 3,339 (3.0%) 5,291 (0.98%) <0.001

Pulmonary embolism 2,208 (0.3%) 506 (0.5%) 1,702 (0.32%) <0.001

Angina pectoris 28,328 (4.4%) 10,167 (9.1%) 18,161 (3.37%) <0.001

CHA2DS2-VASc
 CHA2DS2-VASc ≥2

1 (IQR 0-2)
 247,694 
(38.1%)

3 (IQR 2-4)
 88,538 (79.4%)

1 (IQR 0-2)
 159,156 
(29.6%)

<0.001
 <0.001

Asthma 57,929 (8.9%) 13,262 (11.9%) 44,667 (8.30%) <0.001

COPD 35,252 (5.4%) 12,523 (11.2%) 22,729 (4.22%) <0.001

Atherosclerosis 13,759 (2.1%) 6,367 (5.7%) 7,392 (1.37%) <0.001

Hypercholesterolaemia 34,135 (5.3%) 19,427 (17.4%) 14,708 (2.73%) <0.001

Gout 23,516 (3.6%) 7,639 (6.9%) 15,877 (2.95%) <0.001
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Supplementary Table S1. Comparison between baseline characteristics of patients free of AF at baseline within all 
extracted Nivel-PCD participants and those with complete CHARGE-AF variables (continued)

All
(n = 649,783)

Complete 
CHARGE-AF 
variables at 
baseline
(n = 111,475)

Incomplete 
CHARGE-AF 
variables at 
baseline
(n = 538,308)

p-value
for
difference*

Enrolled in care program for:
 Asthma
 COPD
 Diabetes mellitus
 Any care program

 4,374 (0.7%)
 8,572 (1.3%)
 38,969 (6.0%)
 49,820 (7.7%)

 1,846 (1.7%)
 4,777 (4.3%)
 35,640 (32.0%)
 40,468 (36.3%)

 2,528 (0.47%)
 3,795 (0.70%)
 3,329 (0.62%)
 9,352 (1.74%)

 <0.001
 <0.001
 <0.001
 <0.001

AF, atrial fibrillation; COPD, chronic obstructive pulmonary disorder; DBP, diastolic blood pressure; IQR, interquar-
tile range; SBP, systolic blood pressure; TIA, transient ischaemic attack.
Data are number (percentage), mean ± standard deviation or median (IQR).
* Difference between those with and without complete baseline CHARGE-AF measurements



106

CHAPTER 3

SUPPLEMENTARY FIGURES

Supplementary Figure S1. Study flowchart

AF, atrial fibrillation; CHARGE-AF, Cohorts for Heart and Aging Research in Genomic Epidemiology model for AF; 
Nivel-PCD, Netherlands Institute for Health Services Research Primary Care Database; Q1, first quarter.
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Supplementary Figure S2. Baseline CHARGE-AF risk distribution in the sample and relative contribution of CHARGE-
AF risk factors to increments in baseline risk (n = 111,475 with complete baseline CHARGE-AF data)

AHM, antihypertensive medication use; CHARGE-AF, Cohorts for Heart and Aging Research in Genomic Epidemiol-
ogy model for AF; DBP, diastolic blood pressure; DM, diabetes mellitus; HF, heart failure; MI, myocardial infarction; 
SBP, systolic blood pressure.
Panel A, Baseline CHARGE-AF risk distribution; Panel B, Relative contribution of CHARGE-AF risk factors to mean 
baseline CHARGE-AF risk score in successive strata of increased CHARGE-AF risk. Since DBP has a negative coef-
ficient in the CHARGE-AF formula, DBP is depicted as such in this graph.
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Supplementary Figure S3. Cumulative AF incidence and number of practices included in the analysis during follow-
up

AF, atrial fibrillation; Nivel-PCD, Netherlands Institute for Health Services Research Primary Care Database.
Panel A, Kaplan-Meier plot of cumulative AF incidence for all n=111,475 free of AF and complete CHARGE-AF 
data at baseline; Panel B, Number of Nivel-PCD practices (blue bars) and patients (red line) at risk during each 
Nivel-PCD extraction year.
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Supplementary Figure S4. Calibration plots of CHARGE-AF in Nivel-PCD, stratified analyses

AF, atrial fibrillation; CHA2DS2-VASc, Congestive heart failure, Hypertension, Age, Diabetes and previous Stroke or 
Transient Ischaemic Attack, Vascular disease and female Sex category; CHARGE-AF, Cohorts for Heart and Aging 
Research in Genomic Epidemiology model for AF.
Panel A, analysis including all aged <65 years (n = 50,947); Panel B, analysis including all aged ≥65 years (n = 
60,528); Panel C, analysis including all women (n = 58,549); Panel D, analysis including all men (n = 52,926); 
Panel E, analysis including all CHA2DS2-VASc <2 (n = 88,538); Panel F, analysis including all CHA2DS2-VASc ≥2 (n 
= 88,538).
The points indicate intersects of observed and expected for each decile of baseline CHARGE-AF risk, with brack-
ets indicating the 95% confidence intervals of observed AF probability during 5-year follow-up in each decile. 
The red line indicates the trend for CHARGE-AF calibration in the sample. The spikes on the x axis indicate the 
distribution of AF-free survivors by CHARGE-AF risk.
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ABSTRACT

Aims: Premature atrial contractions (PACs) are a common cardiac phenomenon, tradi-

tionally considered to be of little clinical significance. Recent studies, however, sug-

gest that PACs are associated with atrial fibrillation (AF), as well as ischaemic stroke, 

transient ischaemic attack, and mortality. This systematic review aims to investigate 

the association between PACs on standard electrocardiogram (ECG) as well as PAC-

count on Holter monitor and future detection of AF, brain ischaemia, and all-cause 

mortality in patients without a history of AF.

Methods and results: We searched PubMed, Embase (OVID), and Cochrane Database 

of Systematic Reviews from inception through 11 April 2018 and performed a sys-

tematic review and meta-analysis. We assessed risk of bias using a modified Quality 

In Prognosis Studies tool. The primary expression of associations in meta-analysis 

was the unadjusted hazard ratio (HR) using a random effects model. We identified 33 

eligible studies including 198 876 patients from Western and East Asian populations 

with mean age ranging 52–76 years. Frequent PACs on 24–48 h Holter was associated 

with AF (HR 2.96, 95% confidence interval [CI] 2.33–3.76; 15 cohorts, n = 16 613), 

first stroke (HR 2.54, 95% CI 1.68–3.83; 3 cohorts, n = 1468), and all-cause mortality 

(HR 2.14, 95% CI 1.94–2.37; 6 cohorts, n = 7571). There was insufficient evidence to 

conclude that presence of ≥1 PAC on standard 12-lead ECG is associated with future 

AF detection.

Conclusion: In older patients without a history of AF, frequent PACs on 24–48 h Holter 

are significantly associated with AF, first stroke, and mortality.
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INTRODUCTION

Premature atrial contractions (PACs) are a common cardiac phenomenon, occurring at 

least once per 24 h in 99% of the general adult population.1 These supraventricular 

ectopic beats have traditionally been considered to be of little clinical significance 

when seen on a standard electrocardiogram (ECG) or continuous ECG-monitor (Holt-

er).2,3 However, recent evidence suggests a positive relation between baseline PACs 

frequency and risk of incident atrial fibrillation (AF), ischaemic stroke or transient 

ischaemic attack (TIA), and mortality among older patients without known (paroxys-

mal) AF.2

Kamel et al.4 outlined the theoretical framework and suggested that there is both a 

relation between PACs and AF, as well as a relation between PACs and stroke, and 

subsequently, mortality, beyond AF. The authors propose that AF and other atrial ECG-

anomalies, among them PACs, must be seen as expressions of atrial cardiomyopathy 

(aCMP). While some forms of aCMP may be more likely thrombogenic—with AF as the 

clinically most established variant5–7—there are other expressions of aCMP such as 

PACs that may be independently related to clinical outcomes as well.4

A more thorough understanding of the alleged positive relation between PACs and 

subsequent risk of AF in older patients could be used to increase efficiency of AF 

screening and detection. Clinicians might consider referring patients for prolonged 

monitoring to detect paroxysmal AF when their 12-lead ECG or Holter shows a PAC-

count over a certain clinically relevant threshold (‘frequent PACs’) in the absence of 

continuous AF.

Establishing the association between PACs and future AF, as well as stroke or TIA, 

and mortality may lead to a revision of PACs as a benign finding on 12-lead ECG or 

Holter monitor. This potential clinical relevance warrants a synthesis of the available 

evidence.8 We conducted a systematic review and meta-analysis to evaluate the as-

sociation between baseline PAC-count, as established on 12-lead ECG or on Holter 

monitor, in patients without a known history of AF, as a predictor for AF, as primary 

outcome of interest, and/or ischaemic stroke, TIA, or all-cause mortality, as secondary 

outcomes of interest.
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METHODS

We reported this systematic review in accordance with the Preferred Reporting 

Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines9 and within 

the framework of the Cochrane Prognosis Methods Group exemplar protocol for sys-

tematic reviews on prognostic factors.10 We published the protocol before the search 

date at the International Prospective Register of Systematic Reviews (PROSPERO), ID 

CRD42017055311.11

Data sources and searches
We searched PubMed, Embase (OVID), and Cochrane Database of Systematic Reviews 

from database inception through to 11 April 2018. We included only studies written 

in English, Dutch, French, German, Italian, or Spanish. We used keywords PACs, AF, 

ischaemic stroke, TIA, and mortality (see Supplementary material, Table S1 for full 

search strategy).

Study selection
Two investigators (J.C.L.H. and M.H.) identified potentially eligible studies, while a 

third (W.A.M.L.) resolved any disagreements. We used an online systematic review 

platform (Covidence, Veritas Health Innovation Ltd, Melbourne, Australia). To be 

eligible for inclusion, studies had to be an original systematic review, randomized 

trial, or observational study (prospective or retrospective) and had to report in a full 

text article on PACs as a prognostic factor for AF (primary outcome) and/or ischaemic 

stroke, TIA, or mortality (secondary outcomes) in patients ≥18 years of age. We re-

quired a follow-up of at least 3 months, since we were primarily interested in the 

predictive value of PACs for the outcome AF, not whether PACs are indicative of previ-

ously undetected AF already present at baseline. Studies were only eligible if they had 

excluded patients with a known history of AF based on medical records check and/or 

baseline rhythm recording. We made an exception to the latter criterion if authors 

presented separate analyses for patients without a known history of AF, either within 

the original article or upon our request for additional data. For studies on ischaemic 

stroke or TIA, we required that these diagnoses were clearly distinguishable from, and 

not incorporated in a composite endpoint with, haemorrhagic stroke. We excluded 

studies with cohorts defined by a common history of (recent) catheter ablation for AF, 

coronary artery bypass graft, or percutaneous coronary intervention.

Data extraction and quality assessment
One investigator (J.C.L.H.) extracted data on study population, number of participants, 

exclusion criteria, follow-up duration, methods of ascertainment of both predictor 
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and outcome, the incidence of the studied outcome(s) within the cohort, information 

on the statistical model(s) applied in deriving the association between PACs and the 

outcome(s), and the numeric outcome of the statistical analysis. A second investiga-

tor (W.A.M.L.) independently reviewed these data for accuracy. Three investigators 

(J.C.L.H., W.A.M.L., and M.H.) assessed the risk of bias of included studies with a modi-

fied Quality In Prognosis Studies (QUIPS) tool for prognosis studies12 on a consensus 

basis (see Supplementary material, Methods for modifications made to the interpreta-

tion of the QUIPS tool). Risk of bias for each of the six QUIPS domains, as well as 

overall risk of bias (low, moderate, or high) was assigned on a consensus basis as well 

(see Table 1).

Data synthesis and analysis
The primary expression of associations in meta-analysis was the unadjusted hazard 

ratio (HR): between PACs, either on 12-lead ECG as a dichotomized variable or on 

Holter as a dichotomized, ordinal, or continuous variable, and the outcomes AF, TIA, 

ischaemic stroke, or mortality, respectively. We used a random effects inverse variance 

model for meta-analysis of log HRs, enabling us to present the summary unadjusted 

HRs. Analyses were performed in Review Manager (RevMan version 5.3, The Cochrane 

Collaboration). We evaluated statistical significance in all analyses at the 0.05 level. 

In each analysis, we calculated the mean as the summary effect measure, its 95% 

confidence interval (CI), and the I2 statistic as an expression of the heterogeneity be-

tween studies.10,13 A minimum of three studies is required for a reliable assessment of 

the overall effect and CI in random effects meta-analysis.14 We, therefore, conducted 

meta-analysis for each of the outcomes of interest only when three or more studies 

of low or moderate overall risk of bias reported unadjusted HRs on a similar statistical 

approach to PAC-count as the predictor, i.e. PAC-count as a dichotomous, ordinal, or 

continuous variable on Holter, or as a dichotomous variable on ECG. In case of high 

statistical heterogeneity—defined as I2 >30%15—we provided a 95% prediction 

interval (PI) in order to allow for a better interpretation of the results of the random 

effects meta-analysis.14 We derived the PI using the methods described by IntHout 

et al.16 A significant 95% PI led us to uphold the conclusion that there is a significant 

association between predictor and outcome. A non-significant 95% PI, despite a sig-

nificant 95% CI, led us to conclude that there is still insufficient evidence to suggest 

an association in the particular comparison.

We first selected for meta-analysis those studies with the most commonly used defi-

nition of PAC-count as a predictor within our sample, i.e. with the most similar cut-off 

for dichotomization, the most similar scale (e.g. linear or log) applied in PAC-count as 

a continuous variable, or the most similar categorization in PAC-count as an ordinal 
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Table 1. Risk of bias assessment for the six domains of the modified QUIPS tool and overall risk of bias assessment 
based on predefined criteria for all included studies
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Acharya 2015 LOW LOW LOW LOW LOW LOW LOW

Binici 2010 LOW LOW LOW MOD LOW LOW MOD

Blanch Gracia 2013 LOW MOD MOD MOD LOW MOD HIGH

Cabrera 2016 LOW LOW LOW LOW LOW LOW LOW

Chong 2012 LOW LOW LOW MOD MOD LOW MOD

Chun 2016 HIGH LOW LOW MOD MOD LOW HIGH

Dewland 2013 LOW LOW LOW LOW LOW LOW LOW

Engstrom 2000 LOW LOW LOW LOW LOW LOW LOW

Folkeringa 2006 LOW MOD LOW MOD MOD HIGH HIGH

Gladstone 2015 LOW MOD LOW MOD LOW LOW MOD

Inohara 2013 LOW LOW LOW LOW LOW LOW LOW

Johnson 2015 LOW LOW LOW MOD LOW LOW MOD

Kochhauser 2014 LOW LOW LOW LOW LOW MOD MOD

Lin 2015 LOW LOW LOW MOD LOW LOW MOD

Marinheiro 2017 MOD LOW LOW MOD MOD LOW MOD

Murakoshi 2015 LOW MOD LOW LOW LOW LOW MOD

Nguyen 2017 LOW LOW LOW LOW LOW LOW LOW

Nortamo 2017 LOW LOW LOW MOD LOW LOW MOD

O’Neal 2016 LOW MOD LOW LOW LOW LOW MOD

O’Neal 2017 LOW MOD LOW LOW LOW LOW MOD

Perez 2009 LOW LOW LOW MOD MOD LOW MOD

Pinho 2015 LOW MOD LOW LOW LOW LOW MOD

Qureshi 2014 LOW LOW LOW LOW LOW LOW LOW

Raman 2017 LOW LOW LOW LOW LOW LOW LOW

Suzuki 2013 LOW MOD LOW MOD LOW LOW MOD

Thijs 2016 LOW LOW LOW LOW LOW LOW LOW

Vinther 2016 LOW LOW LOW MOD MOD LOW MOD

Vinther 2017 LOW LOW LOW MOD MOD LOW MOD

Wallmann 2003 MOD HIGH LOW HIGH LOW MOD HIGH

Wallmann 2007 MOD MOD LOW LOW LOW LOW MOD

Weber-Krüger 2017 LOW LOW LOW LOW MOD LOW MOD

Yamada 2000 LOW MOD LOW LOW LOW LOW MOD

Yodogawa 2013 MOD MOD LOW LOW LOW LOW MOD

LOW, low risk of bias; HIGH, high risk of bias; MOD, moderate risk of bias; QUIPS, Quality In Prognosis Studies.
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variable. When both the 95% CI and 95% PI in this homogeneous sample showed a 

significant association in a particular comparison, we proceeded to perform an overall 

meta-analysis that included all eligible studies for the respective comparison. We 

chose this approach because the statistical definition of PAC-count as the predictor 

has previously been suggested to play a major role in PAC-count’s ability to accurately 

predict the outcome.17 When both the homogeneous and the more heterogeneous 

overall meta-analysis found a significant association as determined by both 95% CI 

and 95% PI, we reported the result of the overall meta-analysis as the final result 

for that particular comparison between PAC-count at a certain statistical approach 

(dichotomous, ordinal, or continuous) and the studied outcome. When the analysis 

of the more heterogeneous sample resulted in a non-significant 95% CI and/or 95% 

PI, we reported the outcomes of the more homogeneous meta-analysis as the final 

results for that particular comparison, generalizable only to the particular statistical 

definition of the predictor applied in the homogeneous sample.

We performed further subgroup analyses according to overall risk of bias (catego-

ries: ‘low’; ‘moderate’), population (categories: ‘general population, not necessarily 

assigned to baseline ECG, or Holter for cardiac symptoms’; ‘general population, as-

signed to baseline ECG, or Holter for cardiac symptoms’; ‘post-stroke population’), and 

mean follow-up duration (categories: ‘<5 years’; ‘≥5 years’) to see if these subgroups 

showed different results compared with the findings among their respective overall 

analyses.

When a study presented HRs for both a singular PACs-based cut-off as well as a 

runs-of-PACs-based cut-off, we incorporated into meta-analysis only the data on the 

singular PACs-based cut-off, since we were primarily interested in the role of singular 

PAC-count as a predictor. When a study presented only HRs for subgroups within 

the cohort instead of a composite HR for the entire cohort, we performed a random 

effects inverse variance meta-analysis to calculate the summary HR and 95% CI for 

that study’s entire cohort. In further analyses, we used this overall HR and 95% CI as 

representative of that study. Since not all studies used the same base of the logarithm 

for the log transformed continuous baseline PAC-count we adjusted those coefficients 

where necessary to the most commonly used base of 10 and their CIs accordingly. We 

created funnel plots of all meta-analyses that contained 10 or more studies to assess 

the risk of reporting bias.10
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RESULTS

The search identified 3149 unique studies of which we assessed 171 reports in full-

text. Among the 42 eligible studies, we excluded two systematic reviews that added 

no new studies18,19 and seven studies for reporting on similar outcomes based on the 

same database as other included studies.20–26 We included four studies that used data 

from two databases, since these studies either reported on different outcomes27,28 or 

used different recording devices for baseline PAC-count assessment.29,30 We eventu-

ally included 33 studies representing 32 databases for data synthesis (Figure 1).

The characteristics of included studies and their results on the association between 

PACs and the studied outcome(s) are listed in Supplementary material, Tables S2 and 

S3, respectively. Studies represented out- and inpatient as well as community-based 

populations from North America, Europe, and East Asia. The number of participants 

varied from 68 to 42 751, with a total of 198 876. Average age ranged from 52 up to 

76 years of age at baseline. Follow-up time ranged from 6 months up to 13 years.

Figure 1. Literature search flow diagram.

AF, atrial fibrillation; PACs, premature atrial contractions.
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Among eight studies that reported on 12-lead ECG as the baseline recording device 

(‘ECG studies’) seven reported on standard 10–15 s ECG27,28,30–34 and one reported on 

a 2 mins ECG strip.35 We included 25 studies that reported on continuous ECG moni-

toring as the baseline recording device (‘Holter studies’); 21 on 24-h Holter,17,29,36–54 

two on 48-h Holter,55,56 one on exercise test continuous ECG,57 and one on polysom-

nography continuous ECG.58 All ECG studies used the dichotomization ‘one or more 

PACs’ vs. ‘no PACs’ for the association with the studied outcome.27,28,30–35 Among the 

25 Holter studies, a number of studies reported on similar cut-offs for dichotomiza-

tion, whether by coincidence (e.g. ‘≈100 singular PACs/24 h’36,38,46,52) or by design 

[e.g. cut-off = excessive supraventricular ectopic activity (ESVEA) as defined by Binici 

et al.41,55]. Some Holter studies based their cut-off on a percentile of PAC-count (e.g. 

cut-off = lower bound of upper quartile29,38,39,42,44,46–49,58) or on the derived optimum 

for outcome prediction within the cohort.36,43 Other Holter studies provided no sub-

stantiation for the chosen cut-off value.37,51,52 Most studies reported HR as the primary 

measure of association.27,29,30,32–41,43–48,51–56,58 Others reported only relative risk,42 odds 

ratio,28,49,50 logistic regression,17,42 or crude incidences;31,57 we were unable to calculate 

HRs for these cohorts and could not include these studies in meta-analysis.

Association between premature atrial contractions and atrial 
fibrillation
Association between dichotomized premature atrial contraction-count on 
electrocardiogram and atrial fibrillation
Two studies out of eight ECG studies reported unadjusted HRs on the relation between 

presence of ≥1 PAC vs. no PACs on baseline 12-lead ECG and AF. Since these two 

studies represented the results of three separate cohorts, we were able to perform 

meta-analysis. The studies differed in their methods in using either a 10-s 12-lead 

ECG30 or a 15-s 12-lead ECG33 as the baseline measuring device. Overall meta-analysis 

of the studies resulted in a statistically significant unadjusted summary HR 3.24; 95% 

CI 1.57–6.71. Because of high statistical heterogeneity (I2 = 97%), we additionally 

calculated the 95% PI 0.14–75.90 (Figure 2). We concluded that there is insufficient 

evidence for an association between presence of ≥1 PAC on ECG and future AF detec-

tion.

Association between dichotomized premature atrial contraction-count on 
Holter and atrial fibrillation
Of the 25 included Holter studies, 15 reported unadjusted HRs on dichotomized base-

line PAC-count on Holter for AF.36–38,41,43–46,48,51–53,55,56,58 Meta-analysis of only those four 

studies with the most commonly used cut-off for dichotomization (≈100 PACs/24 h) 

resulted in an unadjusted summary HR 4.86; 95% CI 3.02–7.82.36,38,46,52 Due to high 
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heterogeneity (I2 = 48%), we calculated the 95% PI 1.31–17.97 (Supplementary 

material, Figure S1). Subsequent overall meta-analysis of all 15 studies that reported 

unadjusted HRs on dichotomized baseline PAC-count on Holter for AF with any cut-off 

for dichotomization, remained statistically significant with unadjusted summary HR 

Figure 2. Meta-analysis of studies that reported unadjusted hazard ratios for the outcome AF, grouped according to 
their recording device and respective statistical approach to PAC-count as a predictor for the outcome.

ARIC, Atherosclerosis Risk In Communities; CHS, Cardiovascular Health Study; CI, confidence interval; IV, inverse vari-
ance; PACs, premature atrial contractions. Totals under ‘frequent PACs’ and ‘infrequent PACs’ represent the number 
of participants that were grouped according the applied cut-off for ‘frequent PACs’ and ‘infrequent PACs’ in their 
respective study. Totals under ‘frequent PACs’ in subgroup ‘Holter, continuous’ represent total cohort size, since no 
dichotomization, or ordinal comparison was applied in these studies.
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of 2.96; 95% CI 2.33–3.76; I2 67%, and 95% PI 1.35–6.51 for having ‘frequent PACs’ 

at baseline (Figure 2 and Supplementary material, Figure S1). A funnel plot for the 15 

Holter studies that reported unadjusted HRs for AF based on dichotomized PAC-count 

did not indicate reporting bias (Supplementary material, Figure S2).

Association between premature atrial contraction-count as an ordinal 
variable on Holter and atrial fibrillation
Five out of 25 included Holter studies reported unadjusted HRs on ordinal baseline 

PAC-count on Holter for AF.29,44,47,53,58 Four studies categorized baseline PAC-count 

as quartiles,29,44,47,58 resulting in both a significant unadjusted summary HR of 4.68; 

95% CI 3.35–6.54; I2 37% and 95% PI 2.03–10.80 (Supplementary material, Figure 

S6). An overall analysis of all five studies that applied any categorization of baseline 

PAC-count as an ordinal variable to predict AF again resulted in an unadjusted sum-

mary HR of 3.93; 95% CI 2.53–6.09; I2 73% and 95% PI of 1.07–14.46 (Figure 2 and 

Supplementary material, Figure S6).

Association between premature atrial contraction-count as a continuous 
variable on Holter and atrial fibrillation
Six out of 25 included Holter studies reported unadjusted HRs on the relationship be-

tween continuous PAC-count on Holter and AF.29,45,48,53,55,58 Five studies applied a base-

10 log-transformed scale to baseline PAC-count.29,45,48,53,58 Meta-analysis of these five 

studies resulted in unadjusted summary HR of 1.57; 95% CI 1.39–1.76; I2 45% and 

95% PI 1.14–2.17 (Supplementary material, Figure S9). In overall meta-analysis of 

all six studies that presented unadjusted HRs for continuous PAC-count on any scale 

for AF, both the unadjusted summary HR and 95% PI remained significant, at 1.57; 

95% CI 1.42–1.74; I2 32% and 1.37–1.79, respectively (Figure 2 and Supplementary 

material, Figure S9).

Association between premature atrial contractions and ischaemic 
stroke and/or transient ischaemic attack
Three out of 25 Holter studies reported unadjusted HRs on dichotomized Holter data 

for the outcome first stroke.38,53,55 Meta-analysis of the three studies resulted in a 

summary unadjusted HR of 2.54; 95% CI 1.68–3.83; I2 0% (Figure 3). None of the 

eight ECG studies reported unadjusted HRs on the outcome ischaemic stroke and/or 

TIA. Furthermore, we were unable to meta-analyse Holter data with PAC-count as an 

ordinal or continuous variable for ischaemic stroke and/or TIA, since no three or more 

studies presented unadjusted HRs for these associations.
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Association between premature atrial contractions and all-cause 
mortality
Association between dichotomized premature atrial contraction-count on ECG 
and all-cause mortality
We were unable to perform meta-analysis of ECG data for all-cause mortality since 

only two out of eight ECG studies reported unadjusted HRs on this association.32,33

Association between dichotomized premature atrial contraction-count on 
Holter and all-cause mortality
Among the 25 Holter studies, six studies reported unadjusted HRs on the relationship 

between dichotomized PAC-count and all-cause mortality.38,43,48,53,55,56 All used differ-

ent cut-offs in their respective definitions of dichotomized PAC-count as the predictor 

(Supplementary material, Table S3). Overall meta-analysis of the six dichotomized 

Holter studies for all-cause mortality resulted in a summary unadjusted HR of 2.14; 

95% CI 1.94–2.37; I2 0% (Figure 4).

Association between premature atrial contraction-count as an ordinal 
variable on Holter and all-cause mortality
We were unable to meta-analyse ordinal Holter data for all-cause mortality, since only 

two out of 25 Holter studies presented unadjusted HRs for this association.29,53

Association between premature atrial contraction-count as a continuous 
variable on Holter and all-cause mortality
Four out of 25 Holter studies reported unadjusted HRs on continuous PAC-count for 

all-cause mortality.29,48,53,55 Three studies applied a base-10 log-scale to baseline PAC-

count,29,48,53 resulting in a summary unadjusted HR of 1.37; 95% CI 1.28–1.48; I2 0% 

(Supplementary material, Figure S15). Overall meta-analysis with one other study that 

Figure 3. Meta-analysis of studies that reported unadjusted hazard ratios for the outcome first stroke based on 
dichotomized Holter data.

CI, confidence interval; IV, inverse variance; N/R, not relevant; PACs, premature atrial contractions. Totals under 
‘frequent PACs’ and ‘infrequent PACs’ represent the number of participants that were grouped according the applied 
cut-off for ‘frequent PACs’ and ‘infrequent PACs’ in their respective study.
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applied a linear scale to baseline PAC-count55 resulted in a summary unadjusted HR 

of 1.39; 95% CI 1.30–1.48; I2 0% (Figure 4 and Supplementary material, Figure S15).

Explorative subgroup analyses
For results of as well as a discussion on each subgroup meta-analysis, we refer to the 

Supplementary material, Results and Figures.

DISCUSSION

This systematic review with meta-analysis shows a significant association between 

finding ‘frequent PACs’ on 24–48 h Holter and future AF detection, first stroke, as 

well as all-cause mortality in older patients without a known history of AF, where 

baseline PAC-count on Holter was dichotomized by any cut-off. Moreover, there was 

a significant association between increasing PAC-count on 24–48 h Holter and future 

AF detection as well as all-cause mortality in older patients without a known history 

of AF, where baseline PAC-count was considered on a continuous log-transformed or 

linear scale. Although there was a strong trend among included studies, there was 

insufficient evidence to conclude that the presence of ≥1 PACs on ECG is associated 

with future AF detection.

Figure 4. Meta-analysis of studies that reported unadjusted hazard ratios for the outcome all-cause mortality, 
grouped according to their respective statistical approach to PAC-count as a predictor for the outcome.

CI, confidence interval; IV, inverse variance; N/R, not relevant; PACs, premature atrial contractions. Totals under 
‘frequent PACs’ and ‘infrequent PACs’ represent the number of participants that were grouped according the applied 
cut-off for ‘frequent PACs’ and ‘infrequent PACs’ in their respective study. Totals under ‘frequent PACs’ in subgroup 
‘Holter, continuous’ represent total cohort size, since no dichotomization, or ordinal comparison was applied in 
these studies.
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Strengths and limitations
This systematic review and meta-analysis has a number of strengths. First, our review 

includes only studies that had made efforts to exclude patients with known AF by 

performing at least a medical history check and rhythm recording (ECG or Holter) at 

baseline. This is important as AF patients are known to have higher PAC-count during 

episodes of sinus rhythm.59,60 As such, failure to exclude patients with a history of 

AF would likely have led to an overestimation of the association between baseline 

PAC-count and incidence of the studied outcomes. Second is our inclusion of studies 

from various ethnic backgrounds as well as various high- and low-risk populations 

(i.e. primary care, post-stroke). Third is the presentation of our data, in particular the 

distinction we apply between ECG and Holter studies, as well as between PACs as a 

dichotomized, continuous, and ordinal variable in Holter studies.

The primary limitation of our systematic review was the considerable heterogeneity 

in statistical definitions of the predictor, especially the differences in cut-offs used for 

dichotomization. We made efforts to account for this limitation by not only calculat-

ing the 95% PI in case of high statistical heterogeneity, but also applying a stepwise 

approach in our selection of studies for meta-analysis. Here, we first selected studies 

based on the most commonly applied statistical definition of PAC-count as a predictor, 

followed by an overall analysis if analysis of the homogeneous sample showed a de-

finitive association. The funnel plot for the meta-analysis of dichotomized Holter data 

for AF showed that reporting bias is likely not a large source of bias in this analysis. 

The language restriction within our search, which we applied for practical as well as 

quality-related reasons, has been shown not to lead to significant bias.61

Unadjusted hazard ratio as the primary expression of associations
Since our primary aim was to assess the association between baseline PACs and the 

outcomes of interest, we chose the unadjusted HR as the primary unit of analysis 

for this systematic review and meta-analysis. Analysis of the unadjusted HRs serves 

to explore if there is any association between PACs and the studied outcome, while 

meta-analysis of adjusted models on these associations could later serve to explore 

to what extent PACs played an independent role within that association (if any). The 

considerable heterogeneity in variables used within multivariable models composed 

an extra argument not to present adjusted HRs in the main text.

From relative hazard to absolute risk
In this study, we used the relative measure ‘unadjusted HR’. From a clinical perspec-

tive the magnitude of this effect can only be translated to an absolute risk when 

accompanied by knowledge on the baseline risk for a given patient. We attempted to 
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provide insight into this baseline hazard by displaying the incidences of the studied 

outcomes (AF, ischaemic stroke and/or TIA, and all-cause mortality) among ‘infrequent 

PACs’ and ‘frequent PACs’ patients in each study (see Supplementary material, Table 

S3). The difference between the two incidences provides an estimate of the absolute 

risk difference for the studied outcome in that population. The clinician and the 

patient could use this information to decide whether, e.g. more stringent (periodic) 

rhythm monitoring could be a preferred strategy upon detecting ‘frequent PACs’ in 

absence of AF.

When looking, for example, at the incidences in the study by Binici et al.,55 a popula-

tion-based cohort of patients >55 years with participants randomly assigned to base-

line Holter monitoring, the incidences of AF detection during the 6.3-year follow-up 

were 2.6% or 4.3/1000 person-years among the ‘infrequent PACs’ group and 7.1% or 

12.8/1000 person-years among the ‘frequent PACs’ group (Supplementary material, 

Table S3). Knowledge on a patient’s ‘PACs status’ (here: ≥30 PACs/h or any runs of ≥20 

PACs on baseline 48-h monitor for ‘frequent PACs’) in a comparable cohort could thus 

provide a clinician with valuable information, i.e. whether or not his patient has an 

8.5/1000 person-year higher risk of future AF detection.

Previous work
Two recent systematic reviews,18,19 one of which also included a meta-analysis,18 pro-

vided a synthesis on the composite outcome stroke and death, and recurrent stroke, 

respectively. While differing in inclusion criteria and methods of data synthesis, 

both studies reached the same conclusions: baseline PAC-count is associated with 

an increased risk of the studied outcomes. Our study adds to these reviews by being 

the first to provide a combined overview of four major cardiovascular outcomes with 

which PACs are associated, including AF.

Implications for clinical practice and future research
This systematic review and meta-analysis may have implications for clinicians who 

face the question how to interpret the not uncommon finding of frequent PACs on 

Holter in the absence of current AF. The data firmly indicate that the notion of frequent 

PACs as an innocent finding on Holter must be revised. Therefore, these results warrant 

more research into which patients should be referred for more stringent evaluation 

for AF upon detecting frequent PACs on Holter. A next step would be to perform an in-

dividual patient data (IPD) meta-analysis in order to optimally adjust for confounders, 

as well as to estimate an optimal cut-off for dichotomization for each of the outcomes. 

An IPD meta-analysis is also required to research whether the association between 

PACs and the outcomes, as well as the relative and absolute risks, may be different 
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between patient groups depending on fundamental patient characteristics such as 

age and gender. We, therefore, urge authors to cooperate in future IPD meta-analyses 

on the association between PACs and the outcomes studies in this systematic review 

and meta-analysis.

We emphasize here that evidence on cost-effectiveness of rhythm evaluation after 

detection of frequent PACs on Holter in the absence of actual AF is still lacking. We 

further emphasize that the findings from this systematic review and meta-analysis on 

the outcomes stroke and all-cause mortality are not sufficient to lead to the recom-

mendation that physicians should start any treatment in those patients with frequent 

PACs independent of whether AF has been detected. However, the findings of this 

study do warrant further prospective clinical studies into the predictive value of find-

ing ‘frequent PACs’ on Holter for the outcomes studied in this systematic review and 

meta-analysis.

CONCLUSION

This systematic review with meta-analysis shows a significant association between 

frequent PACs on Holter and the onset of AF, brain ischaemia, and mortality in older 

patients without a history of AF. These outcomes indicate that the notion of frequent 

PACs as an innocent finding on Holter must be revised. The findings of this study war-

rant an IPD meta-analysis in order to optimally adjust for confounders and to estimate 

optimal cut-offs for each outcome in different populations, as well as further prospec-

tive clinical studies into the predictive value of finding ‘frequent PACs’ on Holter for 

the outcomes studied in this work.
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SUPPLEMENTARY MATERIAL

SUPPLEMENTARY METHODS

Modified QUIPS-tool: modifications made to interpretation of the QUIPS 
domains
For risk of bias assessment, we modified the Quality In Prognosis Studies (QUIPS) tool 

for assessing risk of bias in prognosis studies to fit the purposes of our systematic 

review and meta-analysis. The most important modification was our choice not to 

downgrade when the study did not explicitly define the predictor (Domain 3; Prog-

nostic Factor Measurement) or the outcome AF (Domain 4; Outcome Measurement). 

We did so because we considered premature atrial contractions (PACs) and atrial 

fibrillation (AF) to be common electrocardiographic (ECG) findings that any skilled 

ECG analyst should be able to interpret similarly. Consequently, failure by a study 

to explicitly define what they considered a PAC or AF on an ECG or Holter would not 

lead to downgrading of this Domain, as long as the authors defined their statistical 

definition of PACs as a predictor for the studied outcome.

Furthermore, we decided to assess Domain 4 for outcome AF as having moderate 

bias when no systematic follow-up monitoring was performed. This decision was 

based on the assumption that patients with higher baseline PAC-count may be more 

likely to have cardiac symptoms more frequently. Patients with more frequent cardiac 

symptoms will likely receive more frequent follow-up monitoring. A higher baseline 

PAC-count may therefore have led to an increased likelihood of AF detection within 

studies where patients received follow-up monitoring at the physician’s discretion, as 

opposed to a regular, predefined scheme of follow-up ECGs for all patients regardless 

of cardiac symptoms. The means of outcome ascertainment of the included studies 

are depicted in Supplementary material, Table S2.

Overall risk of bias assessment as applied in this systematic review and meta-
analysis
As recommended by the QUIPS authors we defined two domains as most important for 

this purpose: Domain 4 (Outcome Measurement) and Domain 6 (Statistical Analysis 

and Reporting). In accordance with Hayden et al. we defined low overall risk of bias 

as having low risk of bias on all six domains. We defined moderate risk of bias as 

having moderate risk of bias on any of domains 1-6, except when both domains 4 and 

6 had moderate risk of bias. We defined high overall risk of bias as having one or more 

domains as high risk of bias, or having both domains 4 and 6 as moderate risk of bias.
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SUPPLEMENTARY TABLES

Supplementary Table S1. Search strategy
PubMed

Filters activated: English, Dutch, French, German, Italian, Spanish

(((("Atrial Premature Complexes"[Mesh] OR premature atrial[tiab] OR atrial premature[tiab] OR 
premature supraventricular[tiab] OR supraventricular premature[tiab] OR atrial ectop*[tiab] OR 
ectopic atrial[tiab] OR ectopic supraventricular[tiab] OR supraventricular ectop*[tiab] OR atrial 
extrasystole*[tiab] OR supraventricular extrasystole*[tiab])) AND ("Atrial Fibrillation"[Mesh] OR 
"Stroke"[Mesh] OR "Thromboembolism"[Mesh] OR "Embolism"[Mesh] OR "Brain Ischemia"[Mesh] 
OR "Ischemic Attack, Transient"[Mesh] OR "Mortality"[Mesh] OR "Death"[Mesh] OR "mortality" 
[Subheading] OR atrial fibrillation*[tiab] OR stroke*[tiab] OR thromboemboli*[tiab] OR thrombo-
emboli*[tiab] OR emboli*[tiab] OR CVA[tiab] OR CVAs[tiab] OR cerebrovascular accident*[tiab] OR 
transient Ischemic attack*[tiab] OR transient ischaemic attack*[tiab] OR brain ischemi*[tiab] OR brain 
ischaemi*[tiab] OR atrial fibrillat*[tiab] OR TIA[tiab] OR TIAs[tiab] OR reversible ischemic neurological 
deficit*[tiab] OR reversible ischaemic neurological deficit*[tiab] OR reversible ischemic neurologic 
deficit*[tiab] OR reversible ischaemic neurologic deficit*[tiab] OR mortalit*[tiab] OR death*[tiab]))) 
NOT (("Animals"[Mesh] NOT "Humans"[Mesh]) NOT ("Editorial" [Publication Type] OR "Letter" 
[Publication Type] OR "News" [Publication Type] OR "Comment" [Publication Type] OR "Case Reports" 
[Publication Type] OR letter*[ti] OR comment*[ti] OR abstracts[ti]))

Embase
Database(s): Embase Classic+Embase
Search Strategy:

# Searches

1

supraventricular premature beat/ or (premature atrial or atrial premature or premature 
supraventricular or supraventricular premature or atrial ectop* or ectopic atrial or ectopic 
supraventricular or supraventricular ectop* or atrial extrasystole* or supraventricular 
extrasystole*).ti,ab,kw.

2

exp atrial fibrillation/ or exp cerebrovascular accident/ or exp thromboembolism/ or exp brain 
ischemia/ or transient ischemic attack/ or exp mortality/ or exp death/ or mo.fs. or (atrial fibrillat* 
or stroke* or thromboemboli* or thrombo-emboli* or emboli* or CVA or CVAs or cerebrovascular 
accident* or cerebro-vascular accident* or transient isch?emic attack* or brain isch?emi* or TIA 
or TIAs or reversible isch?emic neurological deficit* or reversible isch?emic neurologic deficit* or 
mortalit* or death*).ti,ab,kw.

3
animal/ not human/ not (editorial/ or letter/ or literature/ or case report/ or (letter* or comment* 
or abstracts).ti.)

4 (1 and 2) not 3

5 limit 4 to (dutch or english or french or german or italian or spanish)

Cochrane Library

ID Search	

#1 MeSH descriptor: [Atrial Premature Complexes] explode all trees

#2 premature atrial or atrial premature or premature supraventricular or supraventricular 
premature or atrial ectop* or ectopic atrial or ectopic supraventricular or supraventricular 
ectop* or atrial extrasystole* or supraventricular extrasystole*:ti,ab,kw (Word variations 
have been searched)

#3 #1 or #2

#4 MeSH descriptor: [Atrial Fibrillation] explode all trees



134

CHAPTER 4

#5 MeSH descriptor: [Stroke] explode all trees

#6 MeSH descriptor: [Thromboembolism] explode all trees

#7 MeSH descriptor: [Embolism] explode all trees

#8 MeSH descriptor: [Brain Ischemia] explode all trees

#9 MeSH descriptor: [Ischemic Attack, Transient] explode all trees

#10 MeSH descriptor: [Mortality] explode all trees

#11 MeSH descriptor: [Death] explode all trees

#12 atrial fibrillat* or stroke* or thromboemboli* or thrombo-emboli* or emboli* or CVA or CVAs 
or cerebrovascular accident* or cerebro-vascular accident* or transient ischemic attack* or 
transient ischaemic attack* or brain ischemi* or brain ischaemi* or TIA or TIAs or reversible 
ischemic neurological deficit* or reversible ischaemic neurological deficit* or reversible 
ischemic neurologic deficit* or reversible ischaemic neurologic deficit* or mortalit* or 
death*:ti,ab,kw (Word variations have been searched)

#13 #4 or #5 or #6 or #7 or #8 or #9 or #10 or #11 or #12

#14 #3 and #13 in Cochrane Reviews (Reviews and Protocols), Other Reviews and Trials
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SUPPLEMENTARY RESULTS

Subgroup analysis on the association between dichotomized PAC-count on 
ECG and AF
We performed no subgroup analysis according to overall risk of bias, population or 

follow-up duration since subdivision would result in less than the required 3 studies 

for meta-analysis.

Subgroup analysis on the association between dichotomized PAC-count on 
Holter and AF
Subgroup analysis according to overall risk of bias showed similar results as the overall 

analysis for group ‘moderate overall risk of bias’, but could not replicate the findings 

of the overall analysis in group ‘low overall risk of bias’ due to a non-significant 95% 

PI (Supplementary Figure 3). In subgroup analysis according to population, the only 

subgroup not to result in similar findings as the overall analysis was group ‘general 

population, not necessarily assigned to baseline Holter for cardiac symptoms’ (Sup-

plementary Figure 4). In subgroup analysis according to follow-up duration, subgroup 

‘≥ 5 years follow-up’ resulted in similar findings as the overall analysis, whereas in 

subgroup ‘< 5 years follow-up’ the association resulted in a non-significant 95% PI 

(Supplementary Figure 5).

Subgroup analysis on the association between PAC-count as an ordinal 
variable on Holter and AF
Subgroup analyses according to overall risk of bias as well as population resulted in 

similar findings as the overall analysis for all meta-analyzable subgroups (Supplemen-

tary Figures 7 & 8). In subgroup analysis according to follow-up duration the results of 

the overall analysis could not be replicated among 4 studies with follow-up duration 

≥ 5 years due to a non-significant 95% PI (Supplementary Figure 8).

Subgroup analysis on the association between PAC-count as a continuous 
variable on Holter and AF
In subgroup analyses according to overall risk of bias, population, and follow-up dura-

tion all meta-analyzable subgroups showed similar results as in the overall analysis 

(Supplementary Figures 10-12).

Subgroup analysis on the association between PAC-count on Holter and 
ischemic stroke and/or TIA
We performed no subgroup analysis according to population or follow-up duration 

since subdivision would result in less than the required 3 studies for meta-analysis.
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Subgroup analysis on the association between dichotomized PAC-count on 
Holter and all-cause mortality
Subgroup analysis according to risk of bias was not possible as all 6 studies were of 

moderate overall risk of bias. In subgroup analyses according to population as well as 

follow-up duration all meta-analyzable subgroups resulted in similar results as the 

overall analysis (Supplementary Figures 13 & 14).

Subgroup analysis on the association between PAC-count as a continuous 
variable on Holter and all-cause mortality
In subgroup analyses according to overall risk of bias as well as follow-up duration 

all meta-analyzable groups resulted in similar conclusion as in the overall analysis 

(Supplementary Figures 16 & 17). Subgroup analysis according to population was not 

possible since none of the subgroups included ≥3 studies.

Discussion on the subgroup analyses
In our subgroup analyses arguably the most interesting finding is the difference in 

conclusions between subgroup ‘general population, not necessarily assigned to 

baseline Holter for cardiac symptoms’ and its respective overall meta-analysis. In 

this subgroup, we found a significantly positive 95% CI but a non-significant 95% 

PI, whereas in subgroups ‘general population, assigned to baseline Holter for cardiac 

symptoms’ as well as ‘post-stroke patients’ the findings remained significantly posi-

tive (Supplementary Figure 4). The subgroup analysis leads us to conclude that there 

is currently insufficient evidence for an association between dichotomized baseline 

PAC-count and future AF detection among asymptomatic community-dwelling 

patients. Indeed it may be the case that PAC-count can be more valuable in terms 

of outcome prediction in some populations than in others. However, we argue that 

the high statistical heterogeneity, and therefore wide 95% PI among these 3 studies 

which led us to revising our conclusions for this subgroup, may largely be due to the 

differences in applied cut-offs for dichotomization between the studies. Binici et al. 

as well as Johnson et al. both apply the cut-off ‘≥30 PACs/h or any runs of ≥20 PACs’ 

on baseline 48-hour and 24-hour Holter, respectively. Raman et al. use the cut-off 

‘≥21.15 PACs/h’ on baseline polysomnography continuous ECG (Supplementary mate-

rial, Table S2). As stated by Gladstone et al., the statistical definition of PAC-count 

as the predictor has previously been suggested to play a major role in PAC-count’s 

ability to accurately predict the outcome. Indeed, meta-analysis of only the studies 

by Binici and Johnson on dichotomized Holter data for AF (not shown) resulted in 0% 

statistical heterogeneity, meaning all heterogeneity in meta-analysis of the 3 stud-

ies was caused by the data from Raman et al. Moreover, we saw in meta-analysis of 

continuous Holter data for AF (Supplementary Figure 11) that the data by Binici et al. 
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and Raman et al. completely overlap when regarded on a statistically more homoge-

neous scale. A re-analysis of Raman’s dichotomized Holter data according to a similar 

cut-off as applied in Binici et al. and Johnson et al., or – ideally – an individual patient 

data (IPD) meta-analysis of the 3 studies would be advised for definitively answering 

whether PAC-count dichotomized by a homogeneous cut-off is associated with future 

AF detection among asymptomatic community-dwelling patients as well. Until such 

an analysis is performed, however, we are still to conclude that the current evidence 

suggests a difference in prognostic value of PAC-count on Holter for AF among differ-

ent population types.

In light of study characteristics predetermined for subgroup analysis, we note that all 

3 available cohorts for our analysis of ECG data for AF were performed in asymptom-

atic community-dwelling patients. We therefore encourage researchers to publish any 

available data on the association between presence of ≥1 PACs on ECG and future AF 

detection among populations other than asymptomatic community-dwelling patients. 

This may help determine the clinically important question whether there still may be 

a significant prognostic value of finding a PAC on ECG for AF among e.g. patients with 

cardiac symptoms or post-stroke patients.
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Supplementary Figure 1. Subgroup meta-analysis of studies that reported unadjusted hazard ratios for the out-
come AF based on dichotomized PAC-count on baseline Holter, grouped according to cut-off for dichotomization.

CI = confidence interval; IV = inverse variance; PACs = premature atrial contractions. Totals under ‘Frequent PACs’ 
and ‘Infrequent PACs’ represent the number of participants that were grouped according the applied cut-off for 
‘frequent PACs’ and ‘infrequent PACs’ in their respective study.

Supplementary Figure 2. Funnel plot of studies that reported unadjusted hazard ratios for the outcome AF based 
on dichotomized PAC-count on Holter.

SE = standard error.
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Supplementary Figure 3. Subgroup meta-analysis of studies that reported unadjusted hazard ratios for the out-
come AF based on dichotomized PAC-count on baseline Holter, grouped according to overall risk of bias.

CI = confidence interval; IV = inverse variance; PACs = premature atrial contractions. Totals under ‘Frequent PACs’ 
and ‘Infrequent PACs’ represent the number of participants that were grouped according the applied cut-off for 
‘frequent PACs’ and ‘infrequent PACs’ in their respective study.

Supplementary Figure 4. Subgroup meta-analysis of studies that reported unadjusted hazard ratios for the out-
come AF based on dichotomized PAC-count on baseline Holter, grouped according to population.

CI = confidence interval; IV = inverse variance; N/R = not relevant; PACs = premature atrial contractions. Totals 
under ‘Frequent PACs’ and ‘Infrequent PACs’ represent the number of participants that were grouped according 
the applied cut-off for ‘frequent PACs’ and ‘infrequent PACs’ in their respective study.
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Supplementary Figure 5. Subgroup meta-analysis of studies that reported unadjusted hazard ratios for the out-
come AF based on dichotomized PAC-count on baseline Holter, grouped according to follow-up duration.

CI = confidence interval; IV = inverse variance; PACs = premature atrial contractions. Totals under ‘Frequent PACs’ 
and ‘Infrequent PACs’ represent the number of participants that were grouped according the applied cut-off for 
‘frequent PACs’ and ‘infrequent PACs’ in their respective study.

Supplementary Figure 6. Subgroup meta-analysis of studies that reported unadjusted hazard ratios for the out-
come AF based on ordinal PAC-count on baseline Holter, grouped according to categorization of the ordinal vari-
able.

CI = confi-
dence interval; IV = inverse variance; PACs = premature atrial contractions. Totals under ‘Frequent PACs’ and 
‘Infrequent PACs’ represent the number of participants that were grouped according the applied cut-off for ‘fre-
quent PACs’ and ‘infrequent PACs’ in their respective study.
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Supplementary Figure 7. Subgroup meta-analysis of studies that reported unadjusted hazard ratios for the out-
come AF based on ordinal PAC-count on baseline Holter, grouped according to overall risk of bias.

CI = confidence interval; IV = inverse variance; N/A = not applicable; N/R = not relevant; PACs = premature atrial 
contractions. Totals under ‘Frequent PACs’ and ‘Infrequent PACs’ represent the number of participants that were 
grouped according the applied cut-off for ‘frequent PACs’ and ‘infrequent PACs’ in their respective study.

Supplementary Figure 8. Subgroup meta-analysis of studies that reported unadjusted hazard ratios for the out-
come AF based on ordinal PAC-count on baseline Holter, grouped according to follow-up duration.

CI = confidence interval; IV = inverse variance; N/A = not applicable; PACs = premature atrial contractions. Totals 
under ‘Frequent PACs’ and ‘Infrequent PACs’ represent the number of participants that were grouped according 
the applied cut-off for ‘frequent PACs’ and ‘infrequent PACs’ in their respective study.
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Supplementary Figure 9. Subgroup meta-analysis of studies that reported unadjusted hazard ratios for the out-
come AF based on continuous PAC-count on baseline Holter, grouped according to scale applied to continuous 
PAC-count.

CI = confidence interval; IV = inverse variance; PACs = premature atrial contractions. Totals under ‘Patients (n)’ 
represent total cohort size.

Supplementary Figure 10. Subgroup meta-analysis of studies that reported unadjusted hazard ratios for the 
outcome AF based on continuous PAC-count on baseline Holter, grouped according to overall risk of bias.

CI = confidence interval; IV = inverse variance; N/A = not applicable; N/R = not relevant; PACs = premature atrial 
contractions. Totals under ‘Patients (n)’ represent total cohort size.
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Supplementary Figure 11. Subgroup meta-analysis of studies that reported unadjusted hazard ratios for the 
outcome AF based on continuous PAC-count on baseline Holter, grouped according to population.

CI = confidence interval; IV = inverse variance; N/A = not applicable; N/R = not relevant; PACs = premature atrial 
contractions. Totals under ‘Patients (n)’ represent total cohort size.

Supplementary Figure 12. Subgroup meta-analysis of studies that reported unadjusted hazard ratios for the 
outcome AF based on continuous PAC-count on baseline Holter, grouped according to follow-up duration.

CI = confidence interval; IV = inverse variance; N/A = not applicable; N/R = not relevant; PACs = premature atrial 
contractions. Totals under ‘Patients (n)’ represent total cohort size.
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Supplementary Figure 13. Subgroup meta-analysis of studies that reported unadjusted hazard ratios for the out-
come all-cause mortality based on dichotomized PAC-count on baseline Holter, grouped according to population. 

CI = confidence interval; IV = inverse variance; N/A = not applicable; N/R = not relevant; PACs = premature atrial 
contractions. Totals under ‘Frequent PACs’ and ‘Infrequent PACs’ represent the number of participants that were 
grouped according the applied cut-off for ‘frequent PACs’ and ‘infrequent PACs’ in their respective study.

Supplementary Figure 14. Subgroup meta-analysis of studies that reported unadjusted hazard ratios for the 
outcome all-cause mortality based on dichotomized PAC-count on baseline Holter, grouped according to follow-
up duration.

CI = confidence interval; IV = inverse variance; N/A = not applicable; N/R = not relevant; PACs = premature atrial 
contractions. Totals under ‘Frequent PACs’ and ‘Infrequent PACs’ represent the number of participants that were 
grouped according the applied cut-off for ‘frequent PACs’ and ‘infrequent PACs’ in their respective study.
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Supplementary Figure 15. Subgroup meta-analysis of studies that reported unadjusted hazard ratios for the 
outcome all-cause mortality based on continuous PAC-count on baseline Holter, grouped according to scale ap-
plied to continuous PAC-count.

CI = confidence interval; IV = inverse variance; N/R = not relevant; PACs = premature atrial contractions. Totals 
under ‘Patients (n)’ represent total cohort size.

Supplementary Figure 16. Subgroup meta-analysis of studies that reported unadjusted hazard ratios for the 
outcome all-cause mortality based on continuous PAC-count on baseline Holter, grouped according to overall 
risk of bias.

CI = confidence interval; IV = inverse variance; N/A = not applicable; N/R = not relevant; PACs = premature atrial 
contractions. Totals under ‘Patients (n)’ represent total cohort size.
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Supplementary Figure 17. Subgroup meta-analysis of studies that reported unadjusted hazard ratios for the 
outcome all-cause mortality based on continuous PAC-count on baseline Holter, grouped according to follow-up 
duration.

CI = confidence interval; IV = inverse variance; N/A = not applicable; N/R = not relevant; PACs = premature atrial 
contractions. Totals under ‘Patients (n)’ represent total cohort size.
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ABSTRACT

Background: Premature atrial contractions (PACs) on electrocardiogram (ECG) are 

potential markers for imminent onset of both atrial fibrillation (AF) and brain isch-

emia. We investigated the association of PACs with incident AF and brain ischemia 

separately, and of incident AF with brain ischemia in people with type 2 diabetes 

without pre-existing AF or cerebrovascular disease.

Methods: A prospective longitudinal study of 12,242 people with type 2 diabetes 

without known AF or cerebrovascular disease from the Hoorn Diabetes Care System 

cohort. Annually repeated measurements (1998-2018) included cardiovascular risk 

factors, over 85,000 ECGs, and self-reported cardiovascular events. We assessed the 

association of PACs with incident AF and brain ischemia events (transient ischemic 

attack and ischemic stroke) and of incident AF with brain ischemia events using 

time-dependent Cox-regression models for repeated measurements, adjusted for 

time-varying cardiovascular risk factors and medication use (Hazard Ratios [HR] with 

95% confidence interval [CI]).

Results: At baseline, mean age of the study population was 62.2 ± 11.9 years. During 

a median follow-up of 7.0 (interquartile range [IQR]: 3.4-11.0) years, 1,031 (8.4%) of 

the participants had PACs at any study ECG, and 566 (4.6%) had incident AF at any of 

the median 6 (IQR: 3-10) annual ECG recordings. Brain ischemia events occurred in 

517 (4.2%) people, of which 304 were transient ischemic attacks, and 213 ischemic 

strokes. After adjustment, PACs on any previous study ECG were associated with 

incident AF (HR: 1.96; 95% CI: 1.53-2.50), but not with overall brain ischemia events 

(HR: 1.09; 95% CI: 0.76-1.56), transient ischemic attack (HR: 0.91; 95% CI: 0.57-1.46) 

or ischemic stroke (HR: 1.50; 95% CI: 0.88-2.54). AF was not associated with brain 

ischemia events (HR: 0.95; 95% CI: 0.55-1.63).

Conclusions: In people with T2D without a history of AF or brain ischemia events, 

PACs (prevalent or incident) are associated with a two-fold increased risk of incident 

AF, and might warrant targeted screening for AF.
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BACKGROUND

People with type 2 diabetes (T2D) have an approximately 35% higher risk of develop-

ing atrial fibrillation (AF) than people without T2D.1 Whereas T2D confers an up to 

two-fold higher risk of stroke because the involved metabolic alterations catalyse 

vascular arteriosclerosis and thrombogenesis,2 AF further increases the risk of brain 

ischemia events.3,4 When AF is diagnosed, prescription of anti-coagulant medication 

reduces the excess risk of brain ischemia events by a fifth to two-thirds.5 Therefore, 

early detection of AF in people with T2D is likely to decrease the burden of stroke in 

this high-risk group.3

Periodic electrocardiographic (ECG) screening for cardiovascular risk assessment 

in people with T2D is currently recommended only for those with concomitant 

hypertension or suspected cardiovascular disease, and screening for AF is only rec-

ommended in people aged 65 years and older.6 However, ECG markers might enable 

early recognition of people at increased risk of developing AF and facilitate targeted 

screening.7 Potential ECG markers for AF are premature atrial contractions (PACs). 

Until recently, these ectopic beats were regarded as benign and clinically insignificant 

findings.8 Recent prospective studies in the general population report that PACs are 

associated with an up to five-fold higher risk of AF, and a one-and-a-half-fold higher 

risk of ischemic stroke.9-14 Additionally, a meta-analysis demonstrated that frequent 

PACs are associated with incident AF, brain ischemia or all-cause mortality,15 and the 

association was more pronounced in sub-populations at higher risk of cardiovascular 

disease. The association of PACs with brain ischemia could be both independent from 

and (partially) mediated by AF.

In people with T2D, PACs and AF are common findings,16 and the association of several 

other ECG abnormalities with cardiovascular events did not differ across subgroups by 

age, hypertension or estimated cardiovascular risk.17 Moreover, studies that analysed 

repeated ECG recordings during follow-up reported stronger associations with the 

outcomes, than studies that only analysed baseline ECGs,18-20 indicating that repeated 

ECG recordings could provide additional insight into the value of PACs in assessing 

risk of AF. However, no studies investigated the association of PACs with AF or brain 

ischemia events in people with T2D, or have considered incident PACs after the base-

line measurement.

Therefore, we aimed to investigate the association of PACs with incident AF and brain 

ischemia separately and of incident AF with brain ischemia in people with T2D with-

out pre-existing AF or cerebrovascular disease.
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METHODS

Design and population
The Hoorn Diabetes Care System (DCS) cohort consists of people with T2D from the 

West-Friesland region in The Netherlands. Details of the cohort have been described 

previously.21 Initiated in 1998 as a prospective dynamic cohort of people with T2D, 

General Practitioners (GPs) could refer their T2D patients to the DCS center for annual 

follow-up measurements and treatment. From 2010, all people with newly diagnosed 

T2D in the West-Friesland region were referred to the DCS center. In 2018, the DCS 

cohort consisted of 14,604 people with T2D, approximately 95% of all people with 

T2D from the catchment region. At the DCS center, trained research personnel an-

nually examined participants according to standard operating procedures, including 

anthropometrics, blood pressure, blood samples, an ECG recording, and documenta-

tion of medication use and self-reported cardiovascular events.

Study sample
We used the annual examination data from the period 1998-2018. Of the 14,604 

people in the DCS cohort with at least one annual examination, we excluded 463 

because they did not have any ECG recorded. We also excluded 860 people with a 

history of AF or ischemic cerebrovascular disease at baseline, defined as AF on ECG, 

or self-reported transient ischemic attack (TIA) or ischemic stroke at the participant’s 

first ECG recording after entry into the DCS cohort. We excluded a further 1,039 

people because they had incomplete follow-up for cardiovascular events, including 

cerebrovascular events. The remaining 12,242 (83.8%) participants were included in 

the analyses (Figure 1).

Premature atrial contractions and atrial fibrillation
During the annual examinations, trained personnel recorded a standard 10-second 12-

lead resting ECG. One trained examiner subsequently evaluated and coded all ECGs 

according to the Minnesota Classification (MC) system.22 In a random sample (n=60), 

the coding was compared with the coding of two independent cardiologist, showing a 

Figure 1. Study participant inclusion/exclusion flowchart.

ECG, electrocardiogram
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specific agreement for atrial arrhythmic abnormalities of between 0.87 (95% CI, 0.77 

to 0.93) and 0.97 (95% CI, 0.95 to 0.99).23 In 2020, a consistency over time analysis 

in which the examiner blindly recoded random ECGs from both 2002 (n=60) and 2016 

(n=60), showed a specific agreement for atrial arrhythmic abnormalities between 

0.97 (95% CI, 0.92 to 0.99) and 0.99 (95% CI, 0.97 to 1.00) (unpublished results).

We defined PACs as MC codes 8-1-1 and 8-4-2 (atrial or junctional premature beats in 

10% or more of recorded complexes; generally translating to ≥1 PACs on the 10-sec-

ond 12-lead ECG), and AF MC codes 8-3-1 to 8-3-4 (persistent or intermittent atrial 

fibrillation or atrial flutter). The exact MC descriptions are given in Supplementary 

Table S1.

Brain ischemia events
At the annual DCS examinations, cardiovascular morbidity was assessed through 

self-report and was classified as TIA, stroke, myocardial infarction, angina pectoris, pe-

ripheral artery disease, heart failure, cardiac arrest and arrhythmia. The self-reported 

cardiovascular events were validated against the electronic patient registration of the 

regional hospital in a random sample of 453 participants. The sensitivity and specific-

ity were 86% and 90%, and positive and negative predictive values were 90% and 

87%, respectively.21

We defined brain ischemia as TIA or ischemic stroke and used the self-reported TIA and 

stroke events to record brain ischemia events. Stroke was considered ischemic if sub-

sequently anti-coagulants were prescribed, defined as (new) use of anti-thrombotic 

medication (ATC codes B01) reported at the first follow-up examination within one 

and a half year after the stroke date.

Deceased participants were registered every six months via the national population 

registry. The cause of death was determined from GP and regional hospital records and 

coded according to the International Classification of Diseases, Injuries and Causes of 

Death, ninth revision (ICD-9). For death due to TIA and ischemic stroke, we used ICD-9 

codes 435 and 434, respectively.

Covariables
We recorded sex, date of birth, date of T2D diagnosis and educational level at entry 

into the DCS cohort through self-report. Highest achieved education was classified as 

either low (primary), middle (secondary), or high (tertiary). All other variables were 

assessed annually.
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Smoking behaviour was classified as: never, former smoker, and current smoker. Body 

mass index (BMI) was calculated by dividing body weight by height squared. Systolic 

and diastolic blood pressure was measured using an automatic oscillometric digital 

blood pressure device (Welch Allyn ProBP 3400, Skaneateles Falls, New York, USA). We 

determined fasting glucose level, glycated haemoglobin (HbA1c), total cholesterol, 

high-density lipoprotein (HDL) cholesterol, triglyceride, creatinine level, and urinary 

albumin and creatinine from overnight fasting blood or urine samples (Cobas c501 

analyzer, Roche Diagnostics, Mannheim, Germany). Cholesterol ratio was determined 

by dividing the total cholesterol by HDL-cholesterol. We calculated low-density lipo-

protein (LDL) cholesterol using the Friedewald formula.24 The estimated glomerular 

filtration rate (eGFR) was calculated using the Chronic Kidney Disease Epidemiology 

Collaboration (CKD-EPI) equation,25 and the urinary albumin creatinine ratio (UACR) 

by dividing albumin in mg/l by creatinine in mmol/l.

We obtained information on medication use by inspecting dispensing labels, register-

ing the name of the drug, prescribed quantity, dosage, and the Anatomical Therapeutic 

Chemical classification code. The use of glucose-lowering medication (A10A or A10B 

codes) was classified as: no medication, oral medication only, insulin use only, and 

combined oral and insulin use. Anti-thrombotic (B01 codes), anti-hypertensive (C02, 

C03A, C03B, C03E, C03DA, C07, C08, or C09 codes) and lipid-modifying (C10 codes) 

medication use were classified as: no or yes.

Hypertension was defined as elevated blood pressure (systolic>140 mmHg or dia-

stolic>90 mmHg) and/or anti-hypertensive medication use, dyslipidaemia as elevated 

LDL-cholesterol (>2.4 mmol/l) and/or lipid lowering medication use. We categorized 

eGFR as: normal or high (>90 ml/min), mildly decreased (60-90 ml/min), moderately 

decreased (30-60 ml/min) or severely decreased (<30 ml/min). We categorized albu-

minuria as: normal to mild (<3 mg/mmol), moderate (3-30 mg/mmol) or severe (>30 

mg/mmol).

Statistical analyses
Baseline was defined as the first study visit with available 12-lead ECG. We calcu-

lated baseline characteristics for the total study sample and for participants with and 

without prevalent PACs at baseline and with and without PACs during any study visit, 

reporting means with standard deviations (SD), medians with interquartile range (IQR) 

or percentages as appropriate. Differences in baseline characteristics were compared 

using an unpaired t-test, Wilcoxon rank-sum (Mann-Whitney) test, or Chi-square test 

for normally distributed, skewed, and categorical variables.
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We calculated the prevalence and incidence of PACs at baseline and during the entire 

follow-up, respectively, and the incidence of AF stratified by prevalent or incident 

PACs at baseline and any examination and reported the median follow-up time, the 

median number of ECG recordings, and the number of observed TIA and/or ischemic 

stroke events. In addition, we calculated incidence rates and plotted incidence curves 

for AF and brain ischemia events stratified by PACs or AF at any study visit.

During follow-up, 3,193 (3.6%) ECG measurements were missing. In case of missing 

ECG data, we imputed PAC and AF status with the last value carried forward method 

until the next non-missing value. The missing measurements for the covariables were 

calculated stratified by consecutive annual examination (Supplementary Figure S1). 

The total proportion of missing values for all covariables over the 20 year follow-up 

period was only 1.7% (34,385/2,041,710), therefore we excluded the missing values 

pair-wise.

We used time-dependent Cox-regression models for repeated measurements to 

evaluate the association of PACs with incident AF and brain ischemia events (TIA and 

ischemic stroke) and of incident AF with brain ischemia events, computing hazard 

ratios (HRs) with 95% confidence intervals (95% CI). To adjust for confounding, we 

built models using a step-wise approach: model 1, unadjusted; model 2, adjusted for 

age and sex; model 3, additionally adjusted for smoking behavior, BMI, systolic blood 

pressure, HbA1c, and TC/HDL–C ratio; model 4, additionally adjusted for education, 

eGFR, UACR, glucose-lowering medication use, lipid-modifying medication use, and 

antihypertensive medication use.

PACs and AF were modelled as irreversible, meaning that a participant’s status re-

mained positive once a PAC or AF was detected on an annual ECG, even when PAC or 

AF was not detected at subsequent annual visit ECGs. Covariables were modelled as 

time-varying (age, smoking behavior, BMI, systolic blood pressure, HbA1c, TC/HDL–C 

ratio, eGFR, UACR, antihypertensive medication, glucose-lowering medication and 

lipid-modifying medication), or as time-constant (sex, and education).

Follow-up duration was defined as the time from baseline to first AF or brain ischemia 

event (depending on the outcome of the analysis), last contact date (in case of loss to 

follow-up) or date of death (if participants died of a cause other than brain ischemia), 

whichever occurred first.

In all analyses, significance was assessed at the p<0.05 (two-sided) or 95% CI level. 

Analyses were performed using SPSS version 26 (IBM corporation, New York, USA),26 
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and R (studio) version 4.0.3 (R foundation for statistical computing, Vienna, Austria)27 

with the R packages haven (2.3.1),28 epiR (2.0.19),29 survival (3.2-7),30 survminer 

(0.4.8),31 and ggplot2 (3.3.2).32

RESULTS

Baseline characteristics
At baseline, the mean age of the study population was 62.2 ±11.9 years, median T2D 

duration was 0.6 (IQR: 0.2-3.2) years, and 53.1% was male (Table 1). Compared to 

participants without PACs, participants with PACs were older, more frequently male, 

former smoker and lower educated, had higher blood pressure, lower eGFR, higher 

UACR, and used more insulin, antithrombotic, antihypertensive and lipid-lowering 

medication. These differences were more prominent in people with PACs at baseline 

compared to people with PACs at any examination during follow-up. Additionally, 

participants with PACs at baseline and/or during follow-up, had higher incidence of 

AF during follow-up.

Follow-up for PACs, AF, and brain ischemia events
During a median follow-up of 7.0 (IQR: 3.4-11.0) years, 1,031 (8.4%) of the partici-

pants had PACs at any study ECG, and 566 (4.6%) had incident AF at any of the median 

6 (IQR: 3-10) annual ECG recordings. Brain ischemia events occurred in 517 (4.2%) 

people, of which 304 were TIA, and 213 ischemic strokes.

The crude incidence rate of AF per 1,000 person-years was more than three-fold higher 

in participants with PACs (20.4; 95% CI: 16.8-24.5) on any previous study ECG, com-

pared to participants without PACs (6.1; 95% CI: 5.6-6.6)) (Supplementary Table S2). 

The crude incidence rate of brain ischemia events (TIA or ischemic stroke) per 1,000 

person-years was a marginally significant one-and-a-half-fold higher in participants 

with PACs (8.0; 95% CI: 5.9-10.7)), compared to participants without PACs (5.3; 95% 

CI: 4.8-5.8)), and a statistically insignificant one-and-a-half-fold higher in participants 

with AF (7.9; 95% CI: 4.9-12.0)), compared to participants without AF (5.4; 95% CI: 

4.9-5.9)). The cumulative incidence curves provided similar results for the difference 

between participants with and without PACs, albeit somewhat attenuated. There was 

no significant difference in cumulative incidence of brain ischemia events between 

participants with and without AF (Figure 2).
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Association between PACs, AF and brain ischemia
After adjustment for all covariables in model 4, PACs on any previous study ECG were 

associated with incident AF (HR: 1.96; 95%CI: 1.53-2.50), but not with brain ischemia 

events (HR: 1.09; 95%CI: 0.76-1.56), TIA (HR: 0.91; 95%CI: 0.57-1.46) or ischemic 

stroke (HR: 1.50; 95%CI: 0.88-2.54) (Figure 3). However, the HRs for TIA of just below 

one were consistently of the opposite direction and lower in magnitude compared to 

the HRs for ischemic stroke of approximately one-and-a-half. Lastly, AF on ECG after 

baseline was not associated with brain ischemia events (HR: 0.95; 95%CI: 0.55-1.63), 

TIA (HR: 0.80; 95%CI: 0.39-1.65) or ischemic stroke (HR: 1.35; 95%CI: 0.62-2.95).

Figure 2. Cumulative incidence of AF and brain ischemia, stratified by presence of PACs or AF on study ECG with 
confidence intervals (shaded areas).

AF, atrial fibrillation; BI, brain ischemia; PACs, premature atrial contractions.
Note: The curves are based on instantaneous hazard functions that change over time, and therefore in time-
dependent analyses depict the cumulative events for (hypothetical) participants with an ECG abnormality status 
that is time-constant over the whole follow-up period.
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DISCUSSION

Principal findings
This study showed an approximately two-fold increased incidence of AF in people 

with T2D with PACs, compared to people with T2D without PACs. However, we ob-

served no increased risk for brain ischemia events, TIA or ischemic stroke in people 

with T2D with PACs or AF.

Comparison to previous work
Kamel and colleagues (2016) proposed that both PACs and AF should be seen as signs 

of atrial cardiomyopathy, and that PACs may be independently related to clinical 

outcomes, while AF is an already clinically established (thrombogenic) variant.33 In 

line with this novel framework, previous studies conducted in general populations 

reported associations of PACs with AF: a three-fold to five-fold increased risk of AF 

(over a 14-year follow-up period) in the Japanese IPHS cohort,10 an almost two-fold 

increased risk of AF in the North-American REGARDS cohort,12 and a roughly one-and-

a-half-fold increased risk of AF in the North-American CHS and ARIC cohorts.13 These 

risks are similar to the two-fold increased incidence of AF in people with T2D in our 

current study. This finding suggests that the association between PACs and AF is not 

modified by T2D, and somewhat contradicts the more pronounced association in other 

high-risk populations observed by a recent meta-analysis.15 The higher risk found in 

the Japanesse IPHS cohort maybe explained by the different ancestry, the on average 

Figure 3. Hazard ratios with 95% confidence intervals for atrial fibrillation and brain ischemia events from time-
dependent Cox-regression models.

AF, atrial fibrillation; BI, brain ischemia; PACs, premature atrial contractions; TIA, transient ischemic attack.
Model 1, unadjusted.
Model 2, adjusted for age and sex.
Model 3, adjusted for age, sex, smoking behavior, BMI, systolic blood pressure, HbA1c, and TC/HDL–C ratio.
Model 4, adjusted for age, sex, smoking behavior, BMI, systolic blood pressure, HbA1c, and TC/HDL–C ratio, edu-
cation, eGFR, UACR, glucose-lowering medication, lipid-modifying medication, and antihypertensive medication 
use.
* significant at the p<0.05 level (two-sided).
** significant at the p<0.01 level (two-sided).
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twice as long follow-up or the six times lower overall incidence rate of AF in that 

study, possibly a result of not counting atrial flutter as AF. Our study is the first to 

confirm the association of PACs with AF in people with T2D.

Our study does not indisputably confirm previously reported associations of PACs with 

a roughly one-and-a-half-fold increased risk of ischemic stroke or stroke mortality in 

the IPHS, the ARIC, and the REGARDS cohorts.9-11,14 Despite similar point estimates 

across our analyses models, the association between PACs and ischemic stroke was 

only significant in the unadjusted model, not in the adjusted models. This difference 

could result from our time-dependent cox regression analysis that more accurately 

adjusts for repeated measurements of both PACs and confounders, or because the 

power of the separate TIA and ischemic stroke analyses was too low. In the latter 

case, PACs might be associated with ischemic stroke both through AF and subsequent 

thromboembolism, and independently from AF via arteriosclerotic small vessel dis-

ease. We are the first to report on the association of PACs with incident TIA, in people 

without previous brain ischemia events. In our analysis, there was no association of 

PACs with TIAs.

We found no association of AF with brain ischemia events. A plausible explanation 

is that in the DCS cohort, incident AF on one of the annual study ECG recordings was 

commonly followed by initiation of adequate thrombosis prophylactic medication 

and (intensified) cardiovascular risk management according to the guidelines of the 

Dutch College of General Practitioners.34

PACs have been called signs of atrial cardiomyopathy that convey a risk of stroke both 

independent and through its association with AF.33 Secondary analyses from previous 

studies hinted that AF could indeed be a mediator of the association between PACs 

and cardiovascular risk factors, stroke and mortality.35,36 Therefore, a proper media-

tion analysis of the association between PACs, AF and brain ischemia events would 

be of interest. However, we were unable to perform a mediation analysis because 

methods for mediation analysis with time-dependent survival analysis have not yet 

been established.

Strengths and limitations
This study has a number of strengths. First, the DCS is a large unselected population-

based cohort with real-world data of people with T2D in primary care. Second, the 

DCS dataset contains measurements of over 85,000 annual study visits from over 15 

years of follow-up with detailed information and a high level of completeness. Third, 

time-varying analyses closely resemble clinical practice in which individuals’ risk 
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profiles change over time, compared to classical time-to-event analyses that assess 

exposures and confounders only at baseline. Finally, PACs and AF were assessed with 

annual study ECGs, enabling an assessment of the potential for incident AF detection 

with periodic screening ECG in people with T2D.

A limitation of this study is the use of study ECGs for the detection of AF, which might 

have resulted in missing (paroxysmal) AF that was not present at the annual check-

ups. This could potentially have led to underestimation of the association between 

PACs and AF if people with missed (paroxysmal) AF previously had PACs on a study 

ECG. By extension, this could also have led to underestimation of the association be-

tween PACs and brain ischemia, if antithrombotic medication was initiated in people 

with missed (paroxysmal) AF that had PACs on a study ECG. Another limitation is the 

use of mostly self-reported events. We could not distinguish ischemic from hemor-

rhagic stroke solely based and the self-reported cardiovascular morbidity. However, 

the self-reported cardiovascular morbidity registration was validated against hospital 

records in a sub-sample. In addition, we included only stroke events followed by anti-

thrombotic medication use. Finally, the power of the separate TIA and ischemic stroke 

analyses is on the low side due to the limited number of events. This is reflected in the 

confidence intervals and increases the risk of a type II error. Therefore, the separate 

TIA and ischemic stroke analyses should be interpreted with caution.

Clinical relevance
There is a need for low-cost markers that help physicians decide which people with 

T2D would benefit from more stringent follow-up or targeted screening for risk of 

cardiovascular events. This need will not likely decrease in the foreseeable future 

because the prevalence of T2D is increasing worldwide.37 Our findings indicate that 

PACs could constitute such a marker, and that encountering PACs on an ECG in people 

with T2D might warrant targeted or intensified screening for AF. Moreover, our find-

ings support further research into the added value of ECG-aided clinical screening 

models for people with T2D.

CONCLUSIONS

In people with T2D without a history of AF or brain ischemia events, PACs (prevalent 

or incident) are associated with a two-fold increased risk of incident AF, and might 

warrant targeted screening for AF.
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SUPPLEMENTARY MATERIAL

SUPPLEMENTARY TABLES

Supplementary Table S1. The ECG abnormality categories used in this study based on aggregated Minnesota Clas-
sification codes.

ECG abnormality 
category

Minnesota Classification

code definition

Premature Atrial 
Contractions

8-1-1 Presence of frequent atrial or junctional premature beats (10% or more of 
recorded complexes).

8-4-2 Supraventricular tachycardia intermittent. Three consecutive atrial or 
junctional premature beats occurring at a rate ≥ 100.

Atrial Fibrillation 8-3-1 Atrial fibrillation.

8-3-2 Atrial flutter.

8-3-3 Intermittent atrial fibrillation (code if 3 or more clear-cut, consecutive 
sinus beats are present in any lead).

8-3-4 Intermittent atrial flutter (code of 3 or more clear-cut, consecutive sinus 
beats are present in any lead).

Note: During coding, no distinction was made between a few codes for two reasons:
1. Differentiation between them was deemed clinically irrelevant:
 Atrial fibrillation or flutter (codes 8-3-1 and 8-3-2)).
2. Since distinction between persistent and intermittent varieties of an ECG abnormality is generally impossible 
with a 10 second ECG recording:
 Atrial fibrillation (codes 8-3-1 and 8-3-3);
 Atrial flutter (codes 8-3-2 and 8-3-4)

Supplementary Table S2. Incidence rates with 95% confidence intervals for atrial fibrillation and brain ischemia 
events by ECG abnormality.

ECG abnormality category AF BI events Time
(person years)

Incidence rate
(per 1000 person years)

PAC

no 528 86788.4 6.1 (5.6-6.6)

yes 111 5447.6 20.4 (16.8-24.5)

PAC

no 470 88823.9 5.3 (4.8-5.8)

yes 47 5865.4 8.0 (5.9-10.7)

AF

no 496 92014.6 5.4 (4.9-5.9)

yes 21 2674.7 7.9 (4.9-12.0)

AF, atrial fibrillation; BI, brain ischemia; PACs, premature atrial contractions; TIA, transient ischemic attack.
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SUPPLEMENTARY FIGURES

Supplementary Figure S1. Missing values of covariables at baseline and at subsequent follow-up measurements.

BMI, body mass index; CVD, cardiovascular disease; DBP, diastolic blood pressure; eGFR, estimated glomerular 
filtration rate; HbA1c, haemoglobin A1c; HDL, high density lipoprotein; LDL, low density lipoprotein; SBP, systolic 
blood pressure; T2D, type 2 diabetes; TC, total cholesterol; UACR, urinary albumin creatinine ratio.
Data are presented as percentage. Baseline was defined as the first annual examination with an ECG recording 
after entry into the DCS cohort.
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ABSTRACT

Purpose: To validate a smartphone-operated, single-lead electrocardiography (1L-

ECG) device (AliveCor KardiaMobile) with an integrated algorithm for atrial fibrillation 

(AF) against 12-lead ECG (12L-ECG) in a primary care population.

Methods: We recruited consecutive patients who underwent 12L-ECG for any non-

acute indication. Patients held a smartphone with connected 1L-ECG while local 

personnel simultaneously performed 12L-ECG. All 1L-ECG recordings were assessed 

by blinded cardiologists as well as by the smartphone-integrated algorithm. The study 

cardiologists also assessed all 12L-recordings in random order as the reference stan-

dard. We determined the diagnostic accuracy of the 1L-ECG in detecting AF or atrial 

flutter (AFL) as well as any rhythm abnormality and any conduction abnormality with 

the simultaneously performed 12L-ECG as the reference standard.

Results: We included 214 patients from 10 Dutch general practices. Mean ± SD age 

was 64.1±14.7 years, and 53.7% of the patients were male. The 12L-ECG diagnosed 

AF/AFL, any rhythm abnormality, and any conduction abnormality in 23, 44, and 28 

patients, respectively. The 1L-ECG as assessed by cardiologists had a sensitivity and 

specificity for AF/AFL of 100% (95% CI, 85.2%-100%) and 100% (95% CI, 98.1%-

100%). The AF detection algorithm had a sensitivity and specificity of 87.0% (95% 

CI, 66.4%-97.2%) and 97.9% (95% CI, 94.7%-99.4%).

The 1L-ECG as assessed by cardiologists had a sensitivity and specificity for any 

rhythm abnormality of 90.9% (95% CI, 78.3%-97.5%) and 93.5% (95% CI, 88.7%-

96.7%) and for any conduction abnormality of 46.4% (95% CI, 27.5%-66.1%) and 

100% (95% CI, 98.0%-100%).

Conclusions: In a primary care population, a smartphone-operated, 1L-ECG device 

showed excellent diagnostic accuracy for AF/AFL and good diagnostic accuracy for 

other rhythm abnormalities. The 1L-ECG device was less sensitive for conduction 

abnormalities.
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PURPOSE

Patients frequently visit their primary care physician with symptoms that may be 

due to cardiac arrhythmias.1 Manifestations include palpitations, light-headedness, 

and (near) fainting and account for 0.8% to 16% of symptoms that prompt patients 

to visit their primary care physician.1,2 Some heart rhythm abnormalities, such as 

ectopic beats, are common electrocardiography (ECG) findings that generally do not 

require action.3 Others, such as atrial fibrillation (AF) or atrial flutter (AFL), are pres-

ent in approximately 2% to 3% of the population and warrant further work-up and 

management to reduce associated risks of stroke and heart failure.4-6 When a cardiac 

arrhythmia is suspected in a symptomatic patient, resting 12-lead ECG (12L-ECG) 

should always be performed.7 Unfortunately, in primary care, performing 12L-ECG 

can be cumbersome, particularly during house visits, and it is not available at every 

practice. As a result, only in approximately one-third of cases is ECG performed during 

a symptomatic period.3

The availability of an unobtrusive, handheld ECG device is likely to lower the logisti-

cal threshold for performing ECG and may therefore improve detection of relevant 

arrhythmias in primary care.8 One such device, the KardiaMobile, is a smartphone-

connected, single-lead ECG (1L-ECG) device.9,10 Smartphone-operated ECG has been 

studied for screening purposes and has shown great promise.11 A recent report issued 

by the United Kingdom’s National Health Service expects the device to be highly cost 

saving in the context of primary care.12

To our knowledge, the KardiaMobile has not yet been validated against simultaneously 

performed 12LECG in a primary care population. We hypothesized that the informa-

tion obtained with smartphone-operated 1L-ECG can be used to accurately detect 

AF/AFL and common ectopic beats. We therefore performed a multicenter validation 

study in primary care to assess the validity of 1L-ECG as an office/bedside tool for the 

detection of arrhythmias as well as rhythm and conduction abnormalities compared 

with simultaneously performed 12L-ECG as assessed by blinded cardiologists as the 

reference standard.
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METHODS

We reported this diagnostic accuracy study in accordance with the Standards for Re-

porting of Diagnostic Accuracy Studies (STARD) 2015 statement.13 The study protocol 

was approved by our institution’s Medical Ethical Review Committee. All participants 

provided written informed consent.

Study Design
We enrolled consecutive patients as part of the Validation of a mobile bedside ECG 

Screening and diagnostic Tool for Arrhythmias in general practice (VESTA) study. 

Eligible patients were aged 18 years or older who were assigned to 12L-ECG for 

any nonacute indication as ordered by the local primary care physician in 1 of 10 

participating general practices across the Netherlands. The practices were in posses-

sion of a 12L-ECG device and had qualified and skilled personnel to perform 12L-ECG. 

Exclusion criteria were a clinically acute indication for ECG as defined by the local 

primary care physician (eg, suspicion of acute coronary syndrome) and presence of a 

pacemaker rhythm on 12L-ECG. We categorized patients according to indication for 

12L-ECG either because of presentation with new symptoms (symptom-driven ECG) 

or as an integral part of protocolized care for primary or secondary prevention of 

cardiovascular disease (protocol-driven ECG). For each participant, the study design 

involved 3 different readings as follows: (1) the 1L-ECG read by the AF detection algo-

rithm of the smartphone application, (2) the 1L-ECG read by cardiologists, and (3) the 

standard 12L-ECG read by cardiologists.

Index Test
The KardiaMobile (AliveCor, Inc) is a smartphone-connected, 1L-ECG device that dis-

plays ECG recordings in real time (30 seconds) via a smartphone application with a 

built-in AF detection algorithm (Figure 1). The 1L-ECG recordings were assessed in 2 

ways as follows:

1.	 The AF detection algorithm assessed all 1L-ECG recordings. It classified record-

ings as either possible AF, normal, or unreadable, or provided no classification. We 

marked all recordings classified as possible AF as positive for AF. We marked all 

other algorithm classifications, or when no classification was provided, as negative 

for AF. The algorithm did not provide a classification for when a 1L-ECG recording 

was truncated (<30 seconds).

2.	 Cardiologists (M.L.H., R.N., J.R.dG.) assessed all 1L-ECG recordings in randomized 

order. The evaluation consisted of scoring each recording for the presence of ar-

rhythmias, ectopic beats, and conduction abnormalities according to a scoring tem-

plate designed for this study (see Supplementary Methods for exact definitions).
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Reference Standard
All 12L-ECG recordings were independently evaluated by 2 cardiologists, and in case 

of disagreement, by a third cardiologist (M.L.H., R.N., J.R.dG.). We presented 12L-ECG 

recordings to the cardiologists in randomized order. The evaluation consisted of scor-

ing each recording for the presence of arrhythmias, ectopic beats, and conduction 

abnormalities according to a scoring template designed for this study (see Supple-

mentary Methods for exact definitions).

Rhythm Measurement
Personnel instructed each patient to commence the KardiaMobile recording by hold-

ing the device loosely with both hands (corresponding with lead I for 12L-ECG). We 

advised patients who used hand lotion or had sweaty hands to wash their hands 

with soap or to use alcohol wipes on the fingertips to optimize electrical conduc-

tion quality. When a steady 1L-ECG signal was visible on the smartphone, the local 

investigator started a 10-second 12L-ECG recording. We thereby obtained 10 seconds 

of simultaneous recording. We excluded patients for whom 1 or both ECG types were 

not available or when there was no 10-second overlap between recording types. The 

1L-ECG recordings were not used for clinical decision making.

Figure 1. The KardiaMobile and Kardia smartphone application.

Photograph by Jelle Himmelreich.
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Data Collection
Three investigators (J.C.L.H., E.P.M.K., R.E.H.) visited participating practices to col-

lect the 12L-ECG recordings (as PDF file or photocopy of paper original) as well as 

patient data at the time of index ECG from the practice’s electronic health records. 

We collected the corresponding 1L-ECG recordings (PDF files) from the secure online 

platform that is part of the KardiaMobile software package. Baseline data included 

sex, age, indication for undergoing 12L-ECG, use of relevant antiarrhythmic drugs, and 

relevant medical history. We pseudonymized all data before storing it in a secured 

electronic case report form (Castor EDC).

Statistical Analysis
We expressed diagnostic accuracy for all analyses as sensitivity, specificity, positive 

and negative likelihood ratios, and positive and negative predictive values, with 95% 

CI. The primary analyses of this study were (1) the diagnostic accuracy of 1L-ECG as 

assessed by cardiologists in detecting AF or AFL with 12L-ECG as reference and (2) the 

diagnostic accuracy of the AF detection algorithm for AF/AFL with 12L-ECG as refer-

ence. Secondary analyses were (1) the diagnostic accuracy of 1L-ECG as assessed by 

cardiologists in detecting any rhythm abnormality, defined as any nonsinus rhythm 

including AF/AFL and/or presence of any ectopic beat, with 12L-ECG as reference and 

(2) the diagnostic accuracy of 1L-ECG as assessed by cardiologists in detecting any 

conduction abnormality, defined as presence of atrioventricular (AV) block, bundle 

branch block (BBB), and/or left axis deviation and/or left anterior fascicular block, 

with 12L-ECG as reference. We counted the cardiologists’ generic assessment of BBB 

on 1L-ECG as true positive even if specification of subtype of BBB (left BBB or right 

BBB) was provided by the corresponding 12L-ECG.

We performed an exploratory analysis of the primary and secondary outcomes strati-

fied by whether ECG was performed based on symptoms or as part of protocol-driven 

care. We performed a sensitivity analysis on the comparison of the AF detection 

algorithm vs 12L-ECG for the outcome AF/AFL, in which we excluded all patients with 

a truncated 1L-ECG recording.

We presented discrete variables as number and percentage and continuous variables 

as mean ± standard deviation. We compared continuous variables using the Student 

t test and proportions using the Fisher exact test or Pearson χ2 test and used 2-tailed 

tests. We evaluated statistical significance in all analyses at the .05 level and per-

formed analyses using IBM SPSS Statistics version 24.0 (IBM Corp) and MedCalc ver-

sion 18.10.2 (MedCalc Software).
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RESULTS

We included 219 patients during the period April 2017 to July 2018. After excluding 2 

patients for missing 1L- and/or 12L-ECG recordings and 3 patients for nonoverlapping 

recordings, the remaining 214 patients comprised the study population. No adverse 

device effects were reported. Baseline characteristics of the included patients are 

listed in Table 1. Mean age was 64.1 ± 14.7 years, and 53.7% of the patients were male. 

As shown in Figure 2, the indication for performing 12L-ECG was symptom driven for 

one-half of the patients (n = 108). Among those presenting with new symptoms, most 

(44.4%) reported palpitations as the primary symptom (Table 2). The 12L-ECG record-

ings revealed that AF/AFL, any rhythm abnormality, and any conduction abnormality 

were present in 23, 44, and 28 patients, respectively (Table 3).

Figure 2. Study flow diagram

ACA, any conduction abnormality; AF, atrial fibrillation; AFL, atrial flutter; ARA, any rhythm abnormality; bpm, 
beats per minute; ECG, electrocardiography; PCP, primary care physician; 1L, single-lead; 12L, 12-lead.
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Table 1. Baseline characteristics of the study population

Variable
Overall
(n=214)

Symptom driven 
ECG patients
(n=108)

Protocol driven 
ECG patients
(n=106)

Demographics

Age (years)
Female

64.1 ± 14.7
99 (46.3)

59.1 ± 16.3
55 (50.9)

69.3 ± 10.7*
44 (41.5)

History

Obesity (BMI > 30 kg/m2) 41 (19.2) 12 (11.1) 29 (27.4)*

Smoking    

-	 Current smoker 36 (16.8) 17 (15.7) 19 (17.9) 

-	 Past history of smoking 72 (33.6) 23 (21.3) 49 (46.2)* 

-	 No history of smoking 72 (33.6) 42 (38.9) 30 (28.3) 

-	 Unknown 34 (15.9) 26 (24.1) 8 (7.5)* 

Alcohol abuse 10 (4.7) 5 (4.6) 5 (4.7) 

Hypertension 87 (40.7) 31 (28.7) 56 (52.8)* 

Diabetes 66 (30.8) 10 (9.3) 56 (52.8)* 

Hypercholesterolemia 54 (25.2) 20 (18.5) 34 (32.1)* 

Atrial fibrillation or flutter 23 (10.7) 13 (12.0) 10 (9.4) 

Other arrhythmia 12 (5.6) 6 (5.6) 6 (5.7) 

Coronary heart disease 21 (9.8) 4 (3.7) 17 (16.0)* 

TIA or ischemic stroke 13 (6.1) 6 (5.6) 7 (6.6) 

Valvular heart disease 9 (4.2) 6 (5.6) 3 (2.8) 

Heart failure 8 (3.7) 5 (4.6) 3 (2.8) 

Chronic obstructive pulmonary disease 21 (9.8) 9 (8.3) 12 (11.3) 

Peripheral vascular disease 19 (8.9) 4 (3.7) 15 (14.2)* 

Chronic renal failure 26 (12.1) 9 (8.3) 17 (16.0) 

eGFR of those with chronic renal failure  
(ml/min/1.73m2) 

50.3 ± 6.0 48.9 ± 8.6 51.0 ± 4.5 

Medication

Beta blocker 42 (19.6) 15 (13.9) 27 (25.5)*

Calcium channel blocker 31 (14.5) 11 (10.2) 20 (18.9) 

Digoxin 1 (0.5) 0 (0.0) 1 (0.9) 

Potassium channel blocker 2 (0.9) 2 (1.9) 0 (0.0) 

Sodium channel blocker 1 (0.5) 1 (0.9) 0 (0.0) 

BMI, body mass index; eGFR, estimated glomerular filtration rate; m, meter; min, minute; ml, millilitre; SD, stan-
dard deviation; TIA, transient ischemic attack.
Data presented as mean and standard deviation for continuous variables and number and percentage between 
parentheses for categorical variables.
*, p < 0.05.
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Diagnostic Accuracy of the 1L-ECG
Data on diagnostic accuracy with calculated 95% CIs are summarized in Table 4. The 

2×2 contingency tables with detailed information, including the rhythm diagnoses of 

all true positives, false negatives, and false positives, can be found in Supplementary 

Figure S1.

For the primary outcome of AF/AFL, we found that cardiologists were able to correctly 

classify all 23 cases using 1L-ECG, resulting in a sensitivity and a specificity of 100%. 

The smartphone-integrated algorithm correctly identified 20 of 23 AF cases and in-

correctly classified 4 cases of sinus rhythm as possible AF (sensitivity: 87%; specific-

ity: 97.9%). Interpretation of 1L-ECG was less robust for the secondary endpoints of 

any rhythm abnormality (sensitivity: 90.9%; specificity: 93.5%) and any conduction 

abnormality (sensitivity: 46.4%; specificity: 100%). Explicitly for ectopic beats, 1L-

ECG correctly classified 20 of 23 cases of known ectopic beats. The false positives for 

the outcome any rhythm abnormality could all be attributed to misclassified ectopic 

beats (n = 11).

Table 2. Indications for undergoing 12L-ECG (n = 214)

Indication n (%)

Symptom driven ECGs (n = 108)

Palpitations 48 (44.4)

Other chest symptoms (non-acute) 47 (43.5) 

Dyspnea 23 (21.3) 

Lightheadedness 16 (14.8) 

Fatigue 14 (13.0) 

Collapse 3 (2.8) 

Other 17 (15.7) 

Protocol driven ECGs (n = 106)

Cardiovascular risk management 34 (32.1)

Known diabetes mellitus 45 (42.5) 

Known ischemic heart disease 13 (12.3) 

Known heart rhythm disorder 7 (6.6) 

Known TIA or ischemic stroke 4 (3.8) 

Known heart failure 1 (0.9) 

Irregular pulse at examination 1 (0.9) 

Follow-up after starting new medication 1 (0.9) 

ECG, electrocardiogram; TIA, transient ischemic attack.
We included patients once and reported one reason for ECG per patient. See the Supplementary Methods for how 
we handled patients with more than one symptom and-or comorbidity.
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Additional Analyses
The stratified analysis according to indication for ECG (symptom or protocol driven) 

and the sensitivity analysis in which we excluded truncated 1L-ECG recordings (n = 6) 

rendered similar results (see Supplementary Figure S2, Supplementary Table S1, and 

Supplementary Table S2, respectively).

Table 3. Outcomes of the 12-lead ECGs (n = 214)

Outcome n (%)

Rhythm

Sinus rhythm 187 (87.4)

Atrial fibrillation 20 (9.3) 

Atrial flutter 3 (1.4) 

Narrow complex tachycardia 3 (1.4) 

Broad complex tachycardia 0 (0.0) 

Ectopic atrial rhythm 1 (0.5) 

Ectopic beats

Premature atrial complex 7 (3.3)

Premature ventricular complex 16 (7.5) 

Conduction abnormalities

AV block 7 (3.3)

-	 1st degree AV block  7 (100) 

-	 2nd degree AV block, Wenckebach  0 (0.0) 

-	 2nd degree AV block, Mobitz II  0 (0.0) 

-	 3rd degree AV block  0 (0.0) 

Bundle branch block 23 (10.7) 

-	 LBBB  5 (21.7) 

-	 RBBB  9 (37.5) 

-	 LAD/LAFB  9 (37.5) 

Composite outcomes

Atrial fibrillation or flutter 23 (10.7)

Any rhythm abnormality* 44 (20.6) 

Any conduction abnormality# 28 (13.1) 

AV, atrioventricular; LAD/LAFB, left axis deviation and/or left anterior fascicular block; LBBB, left bundle branch 
block; RBBB, right bundle branch block.
*, n = 6 patients showed 2 rhythm abnormalities on 12-lead ECG (see Supplementary Figure S1);
#, n = 1 patients showed 3 conduction abnormalities on 12-lead ECG (see Supplementary Figure S1).
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DISCUSSION

The diagnostic properties of the KardiaMobile 1L-ECG device as assessed by cardiolo-

gists against simultaneously performed 12L-ECG in a primary care population were 

excellent for AF/AFL. The AF detection algorithm showed high sensitivity and specific-

ity for AF/AFL. Visual assessment of the 1L-ECG recordings by cardiologists resulted in 

high sensitivity and specificity for rhythm abnormalities and high specificity but low 

sensitivity for conduction abnormalities. To our knowledge, this is the first study to 

validate the KardiaMobile device for both AF and common non-AF ECG abnormalities 

against simultaneously performed 12L-ECG in a primary care population.

Clinical Relevance
Patients who present to their primary care physician with palpitations often no longer 

have symptoms at the time of consultation or when ECG is performed.3 When ECG is 

performed during palpitations, an abnormal heart rhythm is found in approximately 

one-half of patients, whereas this drops to approximately one-fifth when symptoms 

are no longer present at the time of ECG.3 The findings from the present study are 

therefore highly relevant for primary care physicians because the smartphone-op-

erated ECG device operates as a point- of-care test and allows for immediate rhythm 

assessment during a symptomatic episode. Moreover, our findings support patients’ 

use of the device at home as a 1L event recorder, provided that the ECG readings 

Table 4. Diagnostic Accuracy Measures of the Interpretation of 1L-ECG by Cardiologists or the Smartphone Algo-
rithm Using 12L-ECG as Reference Standard

Outcome
Assessor

Sensitivity
(95%CI)

Specificity
(95%CI)

LR+
(95%CI)

LR-
(95%CI)

PPV
(95%CI)

NPV
(95%CI)

Atrial fibrillation or flutter

Cardiologists
100%
(85.2-100)

100%
(98.1-100)

∞* 0** 100%# 100%#

Smartphone algorithm
87.0%
(66.4-97.2)

97.9%
(94.7-99.4)

41.5
(15.5-110.9)

0.13
(0.05-0.38)

83.3%
(65.2-93.0)

98.4%
(95.6-99.4)

Any rhythm abnormality

Cardiologists
90.9%
(78.3-97.5)

93.5%
(88.7-96.7)

14.1
(7.9-25.1)

0.10
(0.04-0.25)

78.4%
(67.1-86.7)

97.6%
(94.0-99.0)

Any conduction abnormality

Cardiologists
46.4%
(27.5-66.1)

100%
(98.0-100)

∞*
0.54
(0.38-0.76)

100%# 92.5%
(89.8-94.6)

LR+, positive likelihood ratio; LR-, negative likelihood ratio; N/A, not applicable; NPV, negative predictive value; 
PPV, positive predicting value; 95%CI, 95% confidence interval. *, LR+ is infinite and 95%CI is not applicable 
when specificity = 100%14; **, LR- is 0 and 95%CI is not applicable when sensitivity = 100%14; #, 95%CI is not 
applicable when PPV or NPV = 100%.14,15



206

CHAPTER 6

are assessed by a cardiologist. We note that the device is already available on the 

consumer market for this purpose.

Our stratified analysis by indication for ECG showed that in older patients for whom 

ECG was not indicated primarily for cardiac symptoms, a negative reading excluded 

AF with a similarly high degree of certainty as that for symptomatic patients, despite 

differences in pretest likelihood within our sample. These results may be relevant 

for primary care physicians because they are encouraged to perform proactive case 

identification in asymptomatic patients with elevated risk of developing AF (eg, via 

pulse palpation followed by ECG).16 Here, the 1L-ECG device could be a valuable 

point-of-care tool for at-risk patients for whom traveling to the practice for standard 

12L-ECG is too cumbersome or for primary care physicians who do not possess a 12L-

ECG device.

We added the comparison on any rhythm abnormality because for primary care 

patients, cardiac symptoms may often be explained by ectopy.1 We found that the 

1L-ECG device can correctly classify instances of ectopic beats, suggesting that it may 

be useful as a point-of-care diagnostic instrument for this rhythm anomaly.

The 1L-ECG device was less sensitive for conduction abnormalities, which in the pres-

ent study particularly involved the detection of first-degree AV blocks. For primary 

care physicians, however, the detection of conduction abnormalities is generally less 

clinically relevant than the detection of arrhythmias, with the notable exception of 

decisions regarding the prescribing of QT-prolonging medication.17 Whereas the QT 

interval was not scored in the present study, others have reported the KardiaMobile’s 

ability to accurately assess QT intervals.18

Strengths and Limitations
Our study had a number of strengths. First, we included consecutive patients who 

underwent 12L-ECG as part of routine medical practice, resulting in a cohort general-

izable to general practice. Second, the study design ensured simultaneous rather than 

consecutive 1L- and 12L-ECG recordings, as done in prior studies.10,19,20 This allowed 

for a comparison on the detection of ectopic beats, which may be a frequent cause 

for palpitations in primary care.21 Third, by providing a stratified analysis according to 

indication for ECG, we were able to show that the 1L-ECG device performed similarly 

in patients with symptoms vs those who present as part of protocol-driven (second-

ary) preventive care. Fourth, we ensured standardized interpretation of all recordings 

by blinded assessment of 1L-and 12L-ECG recordings in random order.



207

Diagnostic accuracy of the KardiaMobile single-lead ECG

Several limitations should be mentioned. First, this study was not designed to deter-

mine to what extent primary care physicians are able to assess the 1L-ECG signal, but 

rather to describe the test characteristics of the 1L-ECG device in a representative 

primary care patient sample when analyzed by experts (cardiologists/electrophysi-

ologists). Second, the use of recordings of different durations (10-second 12L-ECG 

vs 30-second 1L-ECG) may have led us to underestimate the specificity of 1L-ECG in 

the analysis of any rhythm abnormality, given that ectopic beats might have occurred 

during the nonoverlapping 20 seconds of the 1L-ECG recording. Third, we presented 

cardiologists with the PDF file of the 1L-ECG recording instead of having them assess 

the recording from a smartphone or tablet screen, which is how physicians will often 

use the device.20 Fourth, the KardiaMobile application did not provide an automated 

assessment of conduction intervals in milliseconds, as is done for most 12L-ECGs. This 

might have affected sensitivity in the analysis on any conduction abnormality. Fifth, 

the 95% CIs were relatively wide, owing to sample size and prevalence of the studied 

outcomes among the cohort. Finally, the present study was not designed to study 

whether the availability of a smartphone 1L-ECG would change ECG use, diagnosis, or 

patient management.

Previous Work
The good diagnostic properties that we found for the 1L-ECG device for AF/AFL, when 

assessed by cardiologists or by the smartphone application algorithm, coincide with a 

number of prior studies10,11,19,20,22-27 (see Supplementary Table S3 and Supplementary 

Table S4 for an overview of prior studies that validated the KardiaMobile 1L-ECG 

device for rhythm and/or conduction abnormalities). Notable exceptions are 2 studies 

by Chan et al8,28 and 1 study by Desteghe et al29 that reported sensitivities of 71.4%, 

66.7%, and 65.9%, respectively, for the KardiaMobile algorithm to detect AF. The 

authors provide no clear explanation for the AF-detection algorithm’s low sensitivity 

in their respective studies, which were all performed with selected elderly patients.

Although a number of studies have assessed the presence of ectopic beats on 1L-ECG 

recordings, none have validated 1L-ECG for ectopy alone or as part of a composite 

outcome.8,10,11,22-24,28,29 One study validated 1L-ECG against 12L-ECG for conduction 

abnormalities. That study, by Haberman et al,19 found high specificity but sensitivities 

of 77.3% and 72.4%, respectively, for AV block and BBB. The results for AV block con-

trast with those from our present study, in which none of the AV blocks were detected 

using the 1L-ECG device (Figure 2). We note that Haberman et al19 determined au-

tomated conduction intervals for 1L-ECG before assessment by electrophysiologists, 

whereas in our present study, automated intervals for 1L-ECG were absent.



208

CHAPTER 6

Our present work adds to the literature by validating 1L-ECG against 12L-ECG in a 

primary care setting of consecutive patients and by validating 1L-ECG for a broad 

spectrum of cardiac arrhythmias and conduction disturbances including ectopic beats.

Future Work
Further study is required to evaluate the safety and efficacy of the 1L-ECG device in the 

hands of primary care physicians instead of cardiologists, particularly for detecting 

AF/AFL. Moreover, future studies are warranted to determine whether the availability 

of 1L-ECG changes the use of 12L-ECG, diagnosis, and/or patient management. Data 

should be obtained to study the net benefit as well as impact on cost-effectiveness of 

adding the KardiaMobile algorithm’s or cardiologists’ assessment to that of primary 

care physicians for arrhythmia detection. Findings from such studies might determine 

whether and how the KardiaMobile 1L-ECG device can be safely and effectively imple-

mented in clinical practice as well as used in future screening programs for detecting 

AF in at-risk general populations.

CONCLUSIONS

A smartphone-operated, 1L-ECG device is a reliable instrument for detecting AF when 

assessed by the internal detection algorithm, and even more so when assessed by car-

diologists. Moreover, the 1L-ECG recording can display atrial and ventricular ectopy 

with high sensitivity. The 1L-ECG recording was less robust for detecting conduction 

delays. Our primary care–based study provides important insights for physicians who 

are in need of a point-of-care ECG device that can lower the logistical threshold for 

performing ECG to improve diagnostic gain.
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SUPPLEMENTARY MATERIAL

SUPPLEMENTARY METHODS

Definitions of items scored in all recordings
The cardiologists scored each recording for rhythm (sinus rhythm, atrial fibrillation, 

atrial flutter, narrow complex (non-sinus) tachycardia, broad complex (non-sinus) 

tachycardia, ectopic atrial rhythm), presence of ectopic beats (premature atrial or 

ventricular complexes) and conduction disorders (atrioventricular block defined as 

PR interval >200ms, bundle branch block defined as QRS duration >120ms, and left 

axis deviation and/or left anterior fascicular block) according to a scoring template 

especially designed for this study.

Patients with multiple symptoms and/or comorbidities
In case of multiple symptoms in a symptom driven ECG we used the first reported 

symptom in the medical record as the index symptom for that patient. When a patient 

was due to receive a protocol driven ECG, but also reported to have had cardiac symp-

toms prior to the appointment for ECG, we still counted this ECG as protocol driven 

since the timing of the ECG was not influenced by the symptoms.

In case of multiple comorbidities in protocol driven ECGs we assessed for which 

chronic care program the ECG was primarily intended. Since Dutch primary care 

physicians label all patients who are in the cardiovascular risk management (CVRM) 

program as ‘CVRM patient’, we counted the protocol driven ECGs of patients with the 

CVRM label as such. In case of multiple comorbidities but no CVRM label, we assessed 

what the stated primary reason was for making the ECG appointment as assessed by 

documentation of the current and/or previous consultations.
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SUPPLEMENTARY TABLES

Supplementary Table S1. Diagnostic accuracy measures of the interpretation of the single-lead ECG by cardiolo-
gists or the smartphone algorithm using 12-lead ECG as reference standard: stratified analysis according to indica-
tion for ECG

Outcome
Assessor

Sensitivity
(95%CI)

Specificity
(95%CI)

LR+
(95%CI)

LR-
(95%CI)

PPV
(95%CI)

NPV
(95%CI)

Symptom driven ECGs (n = 108)

Atrial fibrillation or flutter

Cardiologists
100%
(78.2-100)

100%
(96.1-100)

∞* 0** 100%# 100%#

Smartphone algorithm
86.7%
(59.4-98.3)

95.7%
(89.4-98.8)

20.2
(7.6-53.6)

0.14
(0.04-0.51)

76.5%
(55.0-89.6)

97.8%
(92.5-99.4)

Any rhythm abnormality

Cardiologists
96.6%
(82.2-99.9)

94.9%
(87.5-98.6)

19.1
(7.3-49.7)

0.04
(0.01-0.25)

87.5%
(72.9-94.8)

98.7%
(91.6-99.8)

Any conduction abnormality

Cardiologists
33.3%
(9.9-65.1)

100%
(96.2-100)

∞*
0.67
(0.45-0.99)

100%# 92.3%
(88.9-94.7)

Protocol driven ECGs (n = 106)

Atrial fibrillation or flutter

Cardiologists
100%
(63.1-100)

100%
(96.3-100)

∞* 0** 100%# 100%#

Smartphone algorithm
87.5%
(47.4-99.7)

100%
(96.3-100)

∞*
0.12
(0.02-0.78)

100%# 99.0%
(94.0-99.8)

Any rhythm abnormality

Cardiologists
80.0%
(51.9-95.7)

92.3%
(84.8-96.9)

10.4
(4.9-22.1)

0.22
(0.08-0.60)

63.2%
(44.6-78.5)

96.6%
(91.0-98.7)

Any conduction abnormality

Cardiologists
56.3%
(29.9-80.3)

100%
(96.0-100)

∞*
0.44
(0.25-0.76)

100%# 92.8%
(88.1-95.7)

LR+, positive likelihood ratio; LR-, negative likelihood ratio; N/A, not applicable; NPV, negative predictive value; 
PPV, positive predicting value; 95%CI, 95% confidence interval. *, LR+ is infinite and 95%CI is not applicable 
when specificity = 100%14; **, LR- is 0 and 95%CI is not applicable when sensitivity = 100%14; #, 95%CI is not 
applicable when PPV or NPV = 100%.15

Supplementary Table S2. Diagnostic accuracy of the AF detection smartphone algorithm versus 12-lead ECG: sensi-
tivity analysis including only patients with non-truncated 1L-ECG recordings (n = 208)

Assessor
Sensitivity
(95%CI)

Specificity
(95%CI)

LR+
(95%CI)

LR-
(95%CI)

PPV
(95% CI)

NPV
(95%CI)

Smartphone algorithm
87.0%
(66.4-97.2)

97.8%
(94.6-99.4)

40.2
(15.1-107.4)

0.13
(0.05-0.38)

83.3%
(65.2-93.0)

98.4%
(95.5-99.4)

LR+, positive likelihood ratio; LR-, negative likelihood ratio; N/A, not applicable; NPV, negative predictive value; 
PPV, positive predicting value; 95%CI, 95% confidence interval.
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Supplementary Table S3. Characteristics of previous studies that reported sensitivity and specificity of the KM 1L-
ECG for rhythm and/or conduction abnormalities

Study Population Outcome n Reference standard

Assessment of 
reference by:

ALG C/EP PCP

Brasier 
201822

In-house patients with 
presumed AF and matched 
controls in SR

AF 408 Visual assessment of 
the 1L-ECG

x x

Chan 201628 Patients with 
hypertension, DM or age 
≥65 years

AF 1,013 Visual assessment of 
the 1L-ECG

x x

Chan 20178 Patients ≥65 years with 
hypertension or DM 
attending an outpatient 
clinic

AF 2,052 Visual assessment of 
the 1L-ECG

x x

Desteghe 
201729

Hospitalized patients at 
cardiology or geriatric 
wards

AF 378 6- or 12-lead ECG 
immediately prior to 
1L-ECG

x x

Haberman 
201519

Healthy young adults, 
elite athletes and 
cardiology clinic patients

AF/Afl, 
AVB, BBB

381 12-lead ECG 
immediately after 
1L-ECG

x x

Koshy 201820 Patients before and after 
elective cardioversion

AF/Afl 51 12-lead ECG 
immediately prior to 
1L-ECG

x x x

Lau 201310 Known AF and non-AF 
patients

AF 204 12-lead ECG max 6 
hours before 1L-ECG

x x

Lowres 
201411

All people aged ≥65 years 
entering a pharmacy

AF 996 Visual assessment of 
the 1L-ECG

x x

Lowres 
201623

Patients with 
postoperative AF 
following cardiac surgery

AF 42 Visual assessment of 
the 1L-ECG

x x

Orchard 
201624

People aged ≥65 years 
attending flu vaccination

AF 915 Visual assessment of 
the 1L-ECG

x x

Tarakji 
201525

Patients with AF 
undergoing ablation who 
had iPhones

AF/Afl 55 Simultaneous TTM x

William 
201826

AF patients who 
were admitted for 
antiarrhythmic drug 
initiation

AF 52 12-lead ECG 
immediately prior to 
1L-ECG

x x

Williams 
201527

Outpatients known to be 
in AF or SR

AF 95 Simultaneous 12-lead 
ECG

x

AF, atrial fibrillation; Afl, atrial flutter; ALG, smartphone algorithm; AVB, atrioventricular block; BBB, bundle 
branch block; C/EP, cardiologist and/or electrophysiologist; DM, diabetes mellitus; ECG, electrocardiogram; PCP, 
primary care physician; SR, sinus rhythm; TTM, transtelephonic monitor; 1L, single-lead.
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Supplementary Table S4. Outcomes of previous studies that reported sensitivity and specificity of the KM 1L-ECG for 
rhythm and/or conduction abnormalities

Study M
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Brasier 201822 Visual - - - - - - -

Algorithm 1L-ECG 99.6% 97.8% - - - -

Chan 201628 Visual - - - - - - -

Algorithm 1L-ECG 71.4% 99.4% - - - -

Chan 20178 Visual - - - - - - -

Algorithm 1L-ECG 66.7% 99.5% - - - -

Desteghe 201729 Visual 12L-ECG 96.2%* 95.6%* - - - -

Algorithm 12L-ECG 65.9% 97.6% - - - -

Haberman 201519 Visual 12L-ECG 94.4% 99.4% 77.3% 96.4% 72.4% 94.9%

Algorithm - - - - - - -

Koshy 201820

Visual 12L-ECG
87% (C/EP)*
81% (PCP)*

96% (C/EP)*
90% (PCP)*

- - - -

Algorithm 12L-ECG 100%# 95%# - - - -

Lau 201310 Visual 12L-ECG 98%* 92%* - - - -

Algorithm 12L-ECG 98% 97% - - - -

Lowres 201411 Visual - - - - - - -

Algorithm 1L-ECG 98.5% 91.4% - - - -

Lowres 201623 Visual - - - - - - -

Algorithm 1L-ECG 94.6% 92.9% - - - -

Orchard 201624 Visual - - - - - - -

Algorithm 1L-ECG 95% 99% - - - -

Tarakji 201525 Visual TTM 97% 100% - - - -

Algorithm - - - - - - -

William 201826 Visual 12L-ECG 100% 89% - - - -

Algorithm 12L-ECG 96.6% 94% - - - -

Williams 201527 Visual 12L-ECG 91.4%* 81.1%* - - - -

Algorithm - - - - - - -

AF, atrial fibrillation; Afl, atrial flutter; AVB, atrioventricular block; BBB, bundle branch block; C/EP, cardiologist 
and/or electrophysiologist; ECG, electrocardiogram; PCP, primary care physician; SR, sinus rhythm; TTM, trans-
telephonic monitor; 1L, single-lead; 12L, 12-lead.
* Study reported separate sensitivity and specificity for multiple individual assessors. Values in this table rep-
resent the mean sensitivity and specificity for all assessors reported within the original study; # unclassified 
recordings excluded from analysis by the original study.
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SUPPLEMENTARY FIGURES

Supplementary Figure S1. 2x2 contingency tables of the primary and secondary analyses (n = 214)

AF, atrial fibrillation ; Afl, atrial flutter; AVB, atrioventricular block; BBB, bundle branch block; EAR, ectopic atrial 
rhythm; ECG, electrocardiogram; LAD/LAFB, left axis deviation and/or left anterior fascicular block; LBBB, left 
bundle branch block; NCT, narrow complex tachycardia; PAC, premature atrial complex; PVC, premature ventricu-
lar complex; RBBB, right bundle branch block; SR, sinus rhythm; 1L, single-lead.
A: primary analysis on AF/Afl, the 1L-ECG as assessed by cardiologists versus 12-lead ECG;
B: primary analysis on AF/Afl, the 1L-ECG as assessed by the smartphone algorithm versus 12-lead ECG;
C: secondary analysis on any rhythm abnormality, the 1L-ECG as assessed by cardiologists versus 12-lead ECG;
D: secondary analysis on any conduction abnormality, the 1L-ECG as assessed by cardiologists versus 12-lead 
ECG.
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Supplementary Figure S2. Diagnostic accuracy of the KardiaMobile single-lead ECG: 2x2 contingency tables of the 
stratified analysis according to indication for ECG

ACA, any conduction abnormality; AF, atrial fibrillation ; Afl, atrial flutter; ARA, any rhythm abnormality; ECG, 
electrocardiogram; KM, KardiaMobile; 1L, single-lead.
A: primary analysis on AF/Afl, the 1L-ECG as assessed by cardiologists versus 12-lead ECG;
B: primary analysis on AF/Afl, the 1L-ECG as assessed by the smartphone algorithm versus 12-lead ECG;
C: secondary analysis on any rhythm abnormality, the 1L-ECG as assessed by cardiologists versus 12-lead ECG;
D: secondary analysis on any conduction abnormality, the 1L-ECG as assessed by cardiologists versus 12-lead 
ECG.
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ABSTRACT

Introduction: Current European Stroke Organisation (ESO) guidelines recommend 

>48 h of continuous electrocardiographic monitoring for atrial fibrillation (AF) in all 

patients with ischemic stroke or transient ischemic attack (TIA) with undetermined 

origin. We assessed the yield of the guideline-recommended monitoring for AF, as 

well as of extending monitoring up to 14 days.

Patients and methods: We included consecutive patients with stroke/TIA without AF 

in an academic hospital in The Netherlands. We reported AF incidence and number 

needed to screen (NNS) in the overall sample after 48 h and 14 days of Holter monitor-

ing.

Results: Among 379 patients with median age 63 years (IQR 55–73), 58% male, Holter 

monitoring detected 10 cases of incident AF during a median of 13 (IQR 12–14) days of 

monitoring. Seven AF cases were detected within the first 48 hours (incidence 1.85%, 

95% CI 0.74–3.81; NNS 54), and three additional AF cases were recorded among the 

362 patients with >48 h of monitoring and without AF ≤ 48 h (incidence 0.83%, 95% 

CI: 0.17–2.42; NNS 121). All AF cases were detected within the first 7 days of monitor-

ing. Our sample was subject to sampling bias favoring inclusion of participants with 

low AF risk.

Discussion: Strengths of this work were the broad inclusion criteria as recommended 

by ESO guidelines, and high Holter adherence among participants. The analysis was 

limited by inclusion of lower-risk cases and a relatively small sample size.

Conclusion:In low-risk patients with recent stroke or TIA, ESO guideline-recommended 

screening for AF resulted in a low AF yield, with limited additional value of monitoring 

up to 14 days. Our results underline the need for a personalized approach in determin-

ing a patient’s optimum duration for post-stroke non-invasive ambulatory monitoring.
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INTRODUCTION

Atrial fibrillation (AF) is an arrhythmia associated with an elevated risk of ischemic 

stroke that can be effectively lowered with oral anticoagulation.1 Confirming AF on 

electrocardiogram (ECG) is however complicated due to its often paroxysmal and/or 

asymptomatic nature. Screening for paroxysmal AF is therefore warranted in high-risk 

populations in order to achieve early AF detection to lower the burden of (recurrent) 

stroke.1,2

It is estimated that up to a quarter of ischemic strokes are AF-related.3,4 Ambulatory 

post-stroke monitoring yields between 10.7% and 14.7% AF cases, with higher yield 

among selected patients.5,6 Therefore, in patients with recent brain ischemia there 

is consensus to screen for AF if no other cause for stroke is detected.1,2,7,8 However, 

there is no uniform recommendation on optimal rhythm monitoring duration.2 The 

European Stroke Organisation (ESO), in its Guideline on screening for subclinical atrial 

fibrillation after stroke or transient ischemic attack of undetermined origin (2022) 

recommends more than 48 h of cardiac monitoring for AF after stroke or transient 

attack (TIA). While the American Heart Association/American Stroke Association (AHA/

ASS) provide no specific recommendations on monitoring duration,8 the European 

Society of Cardiology (ESC) recommends at least 72 h of post-stroke monitoring for 

AF in all patients with recent ischemic stroke or TIA.1 Guidelines generally advise to 

consider extending monitoring duration in order to increase the chance of detect-

ing silent AF, without specific recommendations whom to select for such prolonged 

monitoring.1,2,8-10

We investigated the merits of guideline recommendations for post-stroke ECG 

monitoring duration by presenting the yield of post-stroke monitoring with 14-day 

ambulatory Holter in consecutive patients who presented with ischemic stroke or 

TIA and who were free of AF at inclusion. The primary aim of the current analysis 

was to assess the overall yield of newly diagnosed AF in an unselected post-stroke 

or TIA population using 14-day Holter. Secondary aims were to assess AF yields when 

monitoring according to, as well as beyond, the ESO and ESC guideline-recommended 

48 and 72 h, respectively, and to assess AF yield in clinically relevant subgroups of 

ischemic stroke and TIA patients.
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PATIENTS AND METHODS

The current work is presented within the framework of the Risk Assessment for the 

Identification of Paroxysmal AF (RAPID-AF) study which was initiated to validate 

novel techniques of assessing the risk of new AF in a combined dataset two high-risk 

populations: post-stroke and elderly primary care patients [Netherlands Trial Register, 

NTR6489]. The current analysis aims to provide detailed results on AF yield in RAPID-

AF’s post-stroke arm. Data on the primary care arm of the RAPID-AF study has been 

published previously.11

Patients
For the post-stroke arm of the RAPID-AF study we included consecutive patients with 

ischemic stroke or TIA (stroke/TIA) without a history of AF and free of AF on admission 

ECG who presented to the Neurology department of the Amsterdam University Medical 

Centers, location Academic Medical Center (AUMC-AMC). We defined ischemic stroke 

and TIA as an acute loss of focal cerebral or ocular function with symptoms lasting 

more than or under 24 hours, respectively, and which after adequate investigation 

was presumed to be due to embolic or thrombotic vascular disease.7 Inclusion was 

active from 18 July 2017 through 12 March 2020, and from 11 June 2020 through 17 

December 2020, with the intermission and premature end date (distributing n = 400 

out of the protocol’s stated aim of n = 500 Holter monitors) determined by clinical 

research restrictions in AUMC-AMC relating to the SARS-CoV-2 pandemic.

Patients were eligible for inclusion in the post-stroke RAPID-AF ambulatory Holter 

monitoring cohort if they: neither had a history of AF nor de novo AF on ambulance, 

admission or inpatient ECG or bedside monitor before Holter initiation; were 18 years 

or older; did not use oral anticoagulation; were free of a pacemaker and/or implant-

able cardioverter defibrillator; had a life expectancy ≥1 year as estimated by the 

neurologist in charge; would be able to wear a Holter device for 14 days, and; pro-

vided informed consent. We excluded patients who had an alternative explanation for 

stroke or in whom AF-related stroke was highly unlikely (e.g. periprocedural stroke, 

symptomatic internal carotid artery (ICA) dissection, or symptomatic ICA occlusion). 

In patients who presented more than once to our clinic during active inclusion we 

assessed eligibility only at the first encounter for stroke/TIA.

Study procedures
Standard of care in our center for those presenting with stroke/TIA at time of enroll-

ment consisted of clinical assessment, brain imaging (CT in all patients; MRI at the 

discretion of the physician e.g. in case of doubt regarding diagnosis or stroke loca-
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tion with consequences for treatment), 12-lead resting ECG, laboratory tests, carotid 

imaging by ultrasound and/or CT-angiogram in case of non-vertebrobasilar stroke/

TIA, and ambulatory Holter monitoring (up to 14 days when consenting to RAPID-AF 

study participation, or up to 72 h in absence of study consent). Initiation and duration 

of bedside cardiac monitoring in those admitted for stroke was at the discretion of the 

physician. Patients with TIA or mild stroke generally were not admitted. Patients aged 

50 or younger at presentation were given more elaborate investigation including ad-

ditional laboratory tests, brain MRI and echocardiography as part of the young stroke 

protocol. For other patients, such additional investigations were at the discretion of 

the treating physician. Study Holter was the first form of ambulatory cardiac monitor-

ing in all patients included in RAPID-AF.

Additional study procedures were as follows. A study nurse included eligible pa-

tients either in the Neurology department, the emergency unit or in the RAPID-AF 

study outpatient clinic. We aimed to include patients within 90 days after onset of 

symptoms of the qualifying stroke/TIA. After informed consent, the nurse collected 

baseline data and instructed patients on the use of the Holter device (Fysiologic ECG 

Services, Amsterdam, The Netherlands). The study used 2-lead Holters corresponding 

to leads V1 and V5 of the standard 12-lead ECG, with 8 bit resolution and sampling 

rate 100 Hz. The leads were applied on the patient’s body by three patches attached 

to one wire leading to a wallet-sized device which was worn in a pouch around the 

patient’s neck. We instructed patients to wear the device continuously except when 

bathing. We encouraged patients to wear the Holter for the maximum of 14 days, but 

indicated that they were free to return the device earlier. We instructed patients to 

return their device either at a return clinical visit or through a prepaid return envelope 

provided by the study team.

Study procedures were in accordance with the Declaration of Helsinki on medical 

research involving human subjects.

Baseline data
We collected baseline data at the baseline visit and from the hospital’s electronic 

health records (EHR). At the baseline visit, study personnel asked the patient for data 

on ethnicity, family history for AF, height, weight, smoking and alcohol consumption. 

Baseline data retrieved from the EHR consisted of age, sex, index ischemia type and 

location, stroke severity as per the National Institutes of Health Stroke Scale (NIHSS; 

score ranging from 0 to 42 with higher scores indicating clinically more severe 

stroke),12 blood pressure, baseline 12-lead ECG parameters, medication use, medical 

history, and relevant routine care laboratory findings. We defined stroke/TIA location 
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as either retinal, vertebrobasilar, lacunar or non-lacunar anterior, middle or posterior 

cerebral artery (ACA, MCA, and PCA, respectively) territory, as assessed by clinical 

symptoms (primarily) and/or available brain imaging. We distinguished the subgroup 

of patients with non-lacunar hemispheric stroke, defined as retinal, ACA, MCA, or PCA 

ischemic stroke, due to its relevance in post-stroke AF detection.13,14 We were unable 

to distinguish other subgroups relevant to post-stroke AF detection such as cryp-

togenic stroke or embolic stroke of undetermined source due to lack of systematic 

pre-enrollment cardiac monitoring and/or echocardiography in our center’s standard 

post-stroke/TIA work-up (see under “Study procedures”).14,15

We defined vascular disease as history of coronary artery disease, myocardial infarc-

tion, peripheral arterial disease, aorta dilatation or known arterial plaques. We defined 

prior cardiac intervention as a history of coronary artery bypass grafting, percutane-

ous coronary intervention or cardiothoracic surgery. We determined stroke location 

based on brain imaging and/or clinical symptoms. We calculated the CHA2DS2-VASc 

score from baseline medical history EHR data.16

In order to assess potential sampling bias we collected a selection of baseline vari-

ables from stroke/TIA presentations from a random sample of 25% of potentially eli-

gible patients who were not included in our study, as permitted by the Dutch Medical 

Research Involving Human Subjects Act (WMO) on the use of de-identified routinely 

collected medical data. In those excluded for a de novo AF diagnosis, we recorded the 

time at which the AF diagnosis was made (at presentation for, during admission for, or 

after discharge for their stroke/TIA).

Outcome definitions
The primary outcome was the overall incidence of newly diagnosed (incident) AF 

as per ambulatory Holter monitoring, with AF defined as AF or atrial flutter lasting 

≥30 s.17 Fysiologic ECG Services (Amsterdam, The Netherlands) performed analysis 

of all study Holters through digital pre-selection of relevant recordings, followed by 

manual assessment by trained cardiologists.

Secondary outcomes were the number of days until first AF detection in those with AF 

diagnosed on study Holter, and AF incidence during monitoring after the guideline-

recommended 48 h of Holter monitoring in those who wore their Holter >48 h.2

Statistical analysis
We reported medians and interquartile range (IQR) for continuous variables, and num-

bers and percentages for categorical variables. In case of missing data we reported the 
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percentage of missing data for each baseline variable with missingness. We displayed 

baseline characteristics at first presentation for the overall sample, as well as strati-

fied by AF presence on Holter. We plotted the distribution of first day of AF diagnosis 

in those with AF on Holter, as well as the distribution of the number of days of Holter 

recording per patient. We calculated incidence and 95% confidence interval (95% CI) 

and number needed to screen (NNS) using the exact method for AF diagnosed during 

overall (up to 14 days) Holter monitoring as well as at 24, 48, and 72 h in order to 

assess the merits of different guidelines.1,2,10

We provided a sensitivity analysis of AF incidence and factors associated with AF 

detection in those with Holter duration over 48 h and without AF detected in the first 

48 h of monitoring, in order to assess the added value of monitoring beyond ESO’s 

currently recommended 48 h post-stroke.2

In order to assess whether the application of selection criteria for post-stroke monitor-

ing could have increased AF yield, we presented AF incidence and NNS in subgroups of 

patients with stroke (not TIA), non-lacunar hemispheric stroke/TIA, and patients with 

moderate-severe stroke at presentation (NIHSS ≥ 7),6,18,19 and we presented discrimi-

nation of multivariable prediction models developed for post-stroke AF detection. We 

assessed model discrimination by the C-statistic and 95% CI, using the AS5F (Age, 

Stroke Severity NIHSS > 5 to Find AF),20 Re-CHARGE-AF (Recalibrated Cohorts for Heart 

and Aging Research in Genomic Epidemiology for Atrial Fibrillation), and STAF (Score 

for the Targeting of AF)21 risk models, with risk calculated for each patient at baseline 

using the models’ originally published coefficients, and with 95% CIs calculated using 

2000 bootstrap samples.

We used R version 3.6.122 using the epiR, expss, ggplot2, lubridate, pROC, scales, and 

table1 packages for our analyses.

RESULTS

Out of 2574 patients who presented with stroke/TIA during the study inclusion 

windows, 1079 patients (41.9%) were eligible for inclusion (see flowchart, Figure 1). 

Of these, 400 patients provided written consent and were given a study Holter. We 

collected analyzable Holter recordings from 379 of these 400 patients, constituting 

the study sample (35.1% of all eligible patients).
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Of the 1495 patients with one or more exclusion criteria, the main reason for exclu-

sion was known AF at time of study eligibility assessment (n = 617, 41.3%). Of these, 

157 (25.4%) were de novo AF diagnoses, a majority of whom were diagnosed at first 

presentation (Figure 1).

Figure 1. Study flowchart.

AF, atrial fibrillation; ED, emergency department; ICA, internal carotid artery; ICD, implantable cardioverter-defi-
brillator; OC, outpatient clinic; QE, qualifying event; TIA, transient ischemic attack.
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Patient characteristics
Table 1 shows the main baseline characteristics of included patients. Median age of 

the included patients was 63 years (IQR: 55–73), 57.8% was male and 69% Caucasian/

white. Most patients were included with stroke as qualifying event (68.9% vs 31.1% 

with TIA), with the middle cerebral artery (MCA) being the most common location for 

stroke/TIA. Median NIHSS of the total sample was 1 (IQR: 0–3). Median CHA2DS2-VASc 

was 4 (IQR: 3–5). Platelet inhibitors and statins were used at presentation by 34.3% 

and 36.9%, respectively. Time to Holter was median 35 days (IQR: 14–60), with 88.9% 

of Holters initiated within 90 days (Figure 2).

Table 1. Main baseline characteristics of the study sample

Overall
(n=379)

Female sex (n,%) 160 (42.2%)

Age, years (Median [Q1-Q3]) 63.0 (55.0-73.0)

Ethnicity

Caucasian/white (n,%) 261 (68.9%)

African/black (n,%) 71 (18.7%)

South Asian (n,%) 19 (5.0%)

Asian (n,%) 18 (4.7%)

Other (n,%) 10 (2.6%)

Qualifying event

Ischemic stroke (n,%) 261 (68.9%)

TIA (n,%) 118 (31.1%)

Stroke/TIA location

Middle cerebral artery (n,%) 169 (44.6%)

Anterior cerebral artery (n,%) 7 (1.8%)

Posterior cerebral artery (n,%) 20 (5.3%)

Lacunar (n,%) 47 (12.4%)

Retinal (n,%) 16 (4.2%)

Vertebrobasilar (n,%) 120 (31.7%)

Non-lacunar hemispheric stroke (n,%) 131 (34.6)

NIHSS at first presentation (Median [Q1-Q3]) 1 (0-3)

Ipsilateral carotid artery stenosis >50% (n,%) 10 (2.6%)

Intravenous thrombolysis (n,%) 74 (19.5%)

Intra-arterial thrombectomy (n,%) 27 (7.1%)

Time to Holter, days (Median [Q1-Q3]) 35 (14-60)

Time to Holter ≤90 days (n,%) 337 (88.9%)

Holter duration, days (Median [Q1-Q3]) 13 (12-14)

Heart failure (n,%) 10 (2.6%)

Hypertension (n,%) 176 (46.4%)
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Table 1. Main baseline characteristics of the study sample (continued)

Overall
(n=379)

Diabetes (n,%) 71 (18.7%)

Prior myocardial infarction (n,%) 29 (7.7%)

Prior stroke/TIA/SE (n,%) 83 (21.9%)

Vascular disease (n,%) 49 (12.9%)

CHA2DS2-VASc (Median [Q1-Q3]) 4 (3-5)

Antiplatelet use (n,%) 130 (34.3%)

ACE/ARB use (n,%) 109 (28.8%)

Calcium antagonist use (n,%) 70 (18.5%)

Diuretics use (n,%) 50 (13.2%)

Statin use (n,%) 140 (36.9%)

Insulin use (n,%) 20 (5.3%)

Metformin use (n,%) 49 (12.9%)

ACE/ARB, angiotensin-converting enzyme inhibitor/angiotensin II receptor blocker; CHA2DS2-VASc, congestive 
heart failure, Hypertension, Age ≥75 years (doubled), Diabetes mellitus, prior Stroke or TIA or thromboembolism 
(doubled), Vascular disease, Age 65 to 74 years, Sex category; NIHSS, National Institutes of Health Stroke Scale; 
Q1, 1st quartile; Q3, 3rd quartile; SE, systemic embolism; TIA, transient ischemic attack.

Figure 2. Time between qualifying event and Holter initiation (n = 379)

Insert: detailed view of time between qualifying event and Holter initiation as percentage of total patients within 
the first 90 days after qualifying event.



230

CHAPTER 7

Supplementary Table S1 shows a comparison of baseline characteristics between the 

study sample and a 25% random sample of non-included eligible patients. Included 

patients were younger and more often female, had lower NIHSS at presentation, more 

often had a TIA as qualifying event, less often had an MCA stroke, less frequently 

underwent intravenous thrombolysis (IVT) or intra-arterial thrombectomy (IAT), and 

had lower cardiovascular comorbidity and medication use. Of those eligible but not 

included, 30.1% were presented to our center for tertiary IAT care after which they 

were discharged to their referring secondary care centers. A further 26.6% were 

discharged during admission due to shortage of beds in our center and/or residence 

outside the Amsterdam region.

Holter results
Patients wore their Holter for a median of 13 (IQR: 12–14) days, with 96.0% wearing 

the device more than 3 days, and 83.1% using the Holter more than 7 days (Figure 3). 

Overall, 14-day study Holter recorded 10 AF diagnoses (2.64%, 95% CI 1.27–4.85; 

NNS 38). Four cases were diagnosed in the first 24 h of Holter monitoring (incidence 

1.06%, 95% CI 0.29–2.70; NNS 94), and seven were recorded within the first 48 

hours with no additional cases in the third day of monitoring (48- and 72-h incidence 

1.85%, 95% CI 0.74–3.81; NNS 54). All cases in our sample were detected within the 

first week of Holter monitoring (Figure 4). Time to Holter initiation was not associated 

with AF detection in our sample (Supplementary Figure S1).

Figure 3. Total Holter recording duration in the overall sample (n = 379).
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Baseline characteristics and AF detection
There were a number of notable differences in baseline characteristics between 

patients who were and who were not diagnosed with AF on 14-day Holter (Supple-

mentary Table S2). These included higher age (median 69.5 vs 63.0 years), higher rate 

of IAT (40.0% vs 6.2%) or IVT (50.0% vs 18.7%) on admission, higher rate of diuretics 

use (40.0% vs 12.5%), and lower serum triglycerides (median 0.90 vs 1.36 mmol/l) 

among those with and those without AF on 14-day monitor. Time from index stroke/

TIA onset to Holter initiation was similar in both groups (median 45 days, IQR: 8–60, 

among those with and 35 days, IQR: 14–59, in those without AF).

Patients with Holter duration >48 h
There were 362 patients who had worn their Holter >48 h and without documented 

AF during the first 2 days of monitoring (95.5% of the study sample). During the fol-

lowing median 12 days (IQR: 10–12), the study Holter detected three additional AF 

cases (0.83%, 95% CI 0.17–2.42; NNS 121). Baseline characteristics of patients with 

>48 h of Holter recording available are shown in Supplementary Table S3. Notable 

differences were seen in age (median 70.0 and 63.0 years), NIHSS (median 18 vs 1), 

proportion of patients who underwent IAT at presentation (66.7% vs 5.6%), and 

family history of AF (66.7% vs 12.4%) in those with and those without AF on Holter 

beyond the first 48 h, respectively.

Figure 4. Day of first AF recorded in those with AF on Holter (n = 10). AF: atrial fibrillation.

AF, atrial fibrillation.
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Subgroup analysis and prediction models
Among patients with ischemic stroke as qualifying event 9/261 had an AF during 14-

day monitoring (incidence 3.45%, 95% CI 1.58–6.55; NNS 29). In patients with non-

lacunar hemispheric stroke/TIA 9/212 had AF (incidence 4.25%, 95% CI 1.94–8.06; 

NNS 24), and among those with non-lacunar hemispheric stroke (not TIA) 8/131 

showed AF on 14-day Holter (incidence 6.11%, 95% CI 2.64–12.03; NNS 16). Among 

patients with moderate-severe stroke at presentation 5/32 were diagnosed with AF 

during 14-day monitoring (incidence 15.63%, 95% CI 5.07–36.46; NNS 6).

C-statistics (95% CI) of the AS5F, Re-CHARGE-AF, and STAF risk models for 14-day AF 

detection were 0.75 (0.61–0.89), 0.59 (0.43–0.75), and 0.70 (0.56–0.84), respectively.

DISCUSSION

In low-risk patients with recent ischemic stroke or TIA attending an academic hos-

pital in The Netherlands, screening for AF using 14-day Holter resulted in an overall 

AF yield of 2.6%, with an NNS of 38. Extending Holter monitoring beyond the ESO 

guideline-recommended 48 h for post-stroke patients resulted in 0.83% of new AF 

cases (NNS 121), with no new AF cases detected after the first 7 days of ambulatory 

monitoring within our study sample. Selection of higher-risk patients to screen for AF 

using clinically relevant criteria would have increased AF yield. Our results underline 

the need for a personalized approach in determining a patient’s optimum duration for 

post-stroke non-invasive ambulatory monitoring.

Comparison with previous work
The incidence of device-detected AF during 14-day Holter monitoring in our sample 

was considerably lower than generally found in previous studies of prolonged am-

bulatory Holter monitoring among unselected patients with recent stroke/TIA.5,6,23,24 

Even among patients further selected for cryptogenic stroke, thus having undergone 

at least 24 h of continuous ECG monitoring before further monitoring, AF yield was 

generally higher in the first 14 days of recording than in our sample.25-29 Studies that 

reported Holter-detected post-stroke AF yields similar to ours were generally per-

formed with 24-h rather than 14-day Holter30-32 or involved retrospective rather than 

prospective data.33

Potentially the main reason for the low AF yield was sampling bias toward inclusion 

of patients with a lower overall likelihood of post-stroke AF detection. The logistics of 

our inclusion process, with the requirement of active consent before Holter installa-
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tion and with inclusion in part through a study outpatient clinic, has likely contributed 

to the undersampling of patients who attended our hospital only for IAT (short admis-

sion time) or with severe stroke (barriers to attending the study outpatient clinic) 

who are known to have a higher likelihood of post-stroke AF detection.34 As shown in 

our comparison between included patients and the random sample of eligible non-

included patients, this resulted in a sample of patients who were younger, with less 

severe strokes and lower overall cardiovascular risk factor burden than the overall 

stroke/TIA population. Since AF is associated with increased stroke severity,35,36 and 

studies have shown clinical stroke scores to be associated with post-stroke AF de-

tection,34 inclusion of lower-NIHSS patients could have led to a lower proportion of 

patients with AF in our study than in the overall stroke/TIA population. Likewise, IAT, 

an intervention to remove large thrombi from the intracranial anterior circulation, is 

typically performed in patients with higher stroke severity.37,38 It can be theorized that 

such thrombi are more frequently associated with AF, whether directly through AF-

associated cardiac emboli or as a result of a cardiovascular risk profile that increases 

the risk of both large thrombi and atrial cardiomyopathy, including AF.39 It is therefore 

likely that the AF yield in our sample cannot be extrapolated to reflect that of the 

general Dutch stroke/TIA population.

In previous AF screening studies of unselected post-stroke/TIA patients participants 

were generally older.23,40-42 With age being one of the most important risk factors for 

AF incidence,1 this is likely to explain to a large degree the higher AF incidence seen 

in these studies. The proportion of TIA versus stroke as qualifying event as well as 

overall NIHSS in our sample were similar compared to previous unselected TIA/stroke 

studies on post-stroke AF.40-42 As these studies did not provide a comparison with po-

tentially eligible non-included patients it is not known to what extent their baseline 

characteristics were affected by sampling bias.

Another possible explanation for the low AF incidence is the time from the quali-

fying event to commencement of Holter monitoring. Although data suggesting this 

association is limited, time to Holter initiation is likely related to the probability of 

AF detection after stroke.2,43-45 Research on the Stroke-Heart Syndrome (SHS) has 

indicated that post-stroke major adverse cardiovascular events and AF peak in the 

first 3–30 days after stroke onset.45 Our data showed no significant difference in time 

to Holter between patients with and without detected AF as reported in previous 

work.28,46 However, with median time to Holter of 35 days in our sample, we largely 

included patients outside the peak window for potential SHS cases. Our time to moni-

toring initiation far exceeded that of other studies which often had timely monitoring 

commencement in their inclusion criteria.23,40 These and other post-stroke studies 
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with shorter mean duration to Holter have shown higher rates of AF detection.27,42,46 

Our study excluded a number of patients with AF detected during admission for their 

stroke/TIA as de novo AF cases. As such cases may have been included in previous 

studies on post-stroke Holter yield, which would hinder a comparison with our work, 

we explicitly reported time of de novo AF detection in our Flowchart for comparison 

purposes. It is not known to what extent a further reduction in the time to Holter 

would have resulted in a higher AF yield in our population, or whether the sampling 

bias alone sufficiently accounts for the lower AF yield in our sample. In line with work 

on the SHS and its peak in the first 30 days, one could even speculate that the higher 

AF rate in studies with monitoring initiation directly after stroke were higher due to 

transient stroke-induced cardiomyopathy which we “missed” with mean 35 days to 

Holter initiation.45 A post-hoc sensitivity analysis applying inclusion criteria of pre-

vious unselected stroke/TIA AF screening studies to our data showed no significant 

increase in AF yield compared to our overall sample (data not shown),23,40 however 

sample size and event rate were severely limited in these analyses as in the overall 

analysis. Thus, the question whether every patient with stroke or TIA would benefit 

from rhythm monitoring directly following their cerebral event – which is currently 

not routinely performed in our center for logistical reasons – remains unanswered 

from our data.

A final explanation for our low AF yield is the proportion of patients who already had 

a known AF diagnosis at time of assessment for study Holter eligibility – a quarter of 

whom had de novo AF in our study. With pre-Holter AF prevalence of 41% in our stroke 

population this was considerably higher than in previous post-stroke AF screening 

studies that reported prior AF as reason for exclusion (generally below 20%).30,32,47-50 

This potentially indicates that, in the presence of an already high proportion of post-

stroke patients with (a history of) documented AF, prolonged rhythm monitoring 

has a relatively low additional yield. This view is supported by a recently published 

randomized controlled AF opportunistic screening trial among Dutch primary care 

patients of 65 years and over. The intervention did not achieve higher AF yield than 

usual care over a 1-year period, mainly underscoring the efficacy of detecting AF in 

routine primary care in the Netherlands.11,51

Our work subscribed to previous work which indicated that stroke location among 

patients with AF on post-stroke monitoring was most often non-lacunar hemispheric, 

with none or very few AF cases among patients with lacunar stroke/TIA.6,41 We note 

here that stroke location in our data was primarily based on clinical symptoms as MRI 

was not routinely performed in all stroke/TIA patients. As in previous work, we saw 

most AF cases detected during the first days of monitoring.52 Our data also concur with 
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a recent systematic review and meta-analysis which found an association between IVT 

treatment, higher age, and lower triglycerides with AF detection.34 The yield of post 

stroke rhythm monitoring may thus increase when clinical risk factors for AF are taken 

into account.

Clinical implications
Our findings are relevant for neurologists in similar settings who aim to optimize ef-

ficacy of their post-stroke rhythm monitoring strategy in low-risk stroke/TIA patients. 

The current data show that the yield of 48-h ambulatory Holter monitoring in a low-

risk post-stroke patients of a Dutch academic hospital was lower than expected based 

on recent international literature. The additional value of monitoring beyond 48 h or 

72 h as recommended by the ESC and similarly by the Dutch Neurological Society, 

was even more limited.1,53 Given that we detected a minority of cases within the first 

24 h, 24-h monitoring as currently recommended by The National Institute for Health 

and Care Excellence (NICE) may be too short for post-stroke AF diagnosis.10 It is not 

known to what extent the more recent NICE diagnostic guidance to consider implant-

ing implantable cardiac monitors in cryptogenic stroke patients will contribute to the 

detection of occult AF after brain ischemia.54

Recent publications have emphasized that the optimal screening strategy for AF after 

stroke/TIA is yet to be determined.55 The current work underlines the potential for a 

more personalized approach than the current recommendation to screen all stroke/TIA 

patients for more than 48 h.2 While the question of risk stratification is often viewed 

from the perspective of identifying those at highest risk (safety driven), we now add a 

low-risk perspective: are there low-risk patients whom we can spare potentially costly 

and burdensome prolonged monitoring beyond the guideline-recommended mini-

mum? Given the limitations of our work, our data are especially relevant for those at 

lowest risk of AF, and in those who are not able to commence monitoring immediately 

after symptom onset. Our data indicated that 14-day monitoring in low-risk stroke/TIA 

patients results in surprisingly low AF yields, while selecting for clinically relevant risk 

factors increases AF detection rates considerably. Due to the low overall AF yield and 

relatively low number of patients in our sample, we were unable to provide definitive 

answers to this question. Still, our data on AF yield in clinically relevant subgroups 

as well as our validation of risk models for post-stroke AF could be combined with 

that of other observational studies in order to increase our understanding of optimal 

screening strategies for AF detection after stroke or TIA. We emphasize, however, that 

it is ultimately up to physicians and other stakeholders in each particular care setting 

to decide whether the numbers needed to screen as reflected by our and previous 

studies are deemed sufficiently (cost-)efficient in their situation.
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Our data underscore the need for a reliable triage test to identify patients in whom 

prolonged rhythm monitoring after TIA or stroke is associated with a fair chance of 

capturing AF. Given the low apparent yield in low-risk stroke/TIA patients, but with un-

certainty around the optimal use of biomarkers as triage test for prolonged monitor-

ing,2 further research could focus on strategies to use clinical parameters to select for 

prolonged monitoring. Depending on the available resources and expected burden to 

the patient of wearing extended ambulatory ECG monitoring, clinicians can use such 

work to decide on whether to extend monitoring duration in their particular patients.

Strengths and limitations
A strength of our work is the prolonged Holter monitoring duration up to 14 days, 

which far exceeds the currently recommended continuous ECG recording duration 

for post-stroke patients. Moreover, there was a high rate of patient compliance 

with a large majority of patients wearing their Holter for 12 days or more. A further 

strength of our study was the relatively broad inclusion criteria compared to other 

work that focused ECG monitoring strategies on subgroups of patients, most notably 

patients with cryptogenic stroke or embolic stroke of undetermined source.14,25,26,52 

This allowed for a closer validation of current guidelines whose recommendations 

for rhythm monitoring regard all ischemic stroke and TIA cases with undetermined 

origin.1,2,8 Another strength is our detailed documentation of reasons for exclusion to 

the study. This enabled us to demonstrate that almost a quarter of all stroke presenta-

tions arrived in our hospital with a known AF diagnosis at time of presentation, which 

potentially provided further context to the relatively low AF incidence during Holter 

monitoring. However, by carefully excluding patients with a history of AF or with de 

novo AF detected during comprehensive clinical and early outpatient clinical obser-

vation, our study allows for the assessment of truly new-onset AF. A final strength 

was the presentation of selected baseline characteristics among a random sample 

of non-included eligible patients which allowed a better assessment of the extent of 

sampling bias within our study.

The primary limitation of our study was sampling bias, resulting in a study population 

with lower risk of AF than the overall ischemic stroke/TIA population. The study’s 

logistic limitations as described above lowered the likelihood of severe stroke or ter-

tiary care IAT patients to be included in our sample. To address this issue we presented 

limited baseline data from a random sample of non-included study-eligible patients 

in order to better understand the extent of sampling bias in our sample, which was 

considerable. Due to limitations imposed by the European Union’s GDPR we were un-

able to compare complete baseline characteristics of non-included eligible patients 

with those included in our study.56 The low AF incidence in our sample, as well as 
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limitations to the scope of our dataset (e.g. incomplete data on MRI for stroke location 

particularly insular cortex, echocardiography for presence of patent foramen ovale, 

or biomarkers such as cardiac troponin) impaired our ability to assess the significance 

of risk factors and biomarkers associated with post-stroke AF detection.34,45,57 By still 

presenting baseline data stratified by AF detection during Holter monitoring, we 

aimed to contribute to potential future work on personalized monitoring approaches.2 

While adherence to our 14-day study design was high among included patients, recent 

evidence points to the superiority implantable devices in detecting silent AF, which is 

reflected in the current ESO guideline’s recommendations.2 The use of 14-day Holter 

was thus a limitation in comparison to AF screening studies that employ implantable 

loop recorders, and potentially contributed to the low AF yield in our low-risk sample. 

The use of 2-lead Holter monitors in our study has been shown not to be associated 

with lower AF yield during post-stroke monitoring than 3- or 6-lead ambulatory moni-

tors.6 Finally, our study does not contain follow-up for outcomes after AF detection, 

and is therefore unable to contribute to the work on stroke recurrence in post-stroke 

AF patients.55

CONCLUSION

In conclusion, in low-risk patients with recent stroke or TIA, ESO guideline-recom-

mended screening for AF resulted in a low AF yield, with limited additional value of 

monitoring up to 14 days. Our results underline the need for a personalized approach 

in determining a patient’s optimum duration for post-stroke non-invasive ambulatory 

monitoring.
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SUPPLEMENTARY MATERIAL

SUPPLEMENTARY TABLES

Supplementary Table S1. Comparison of selected baseline characteristics between the study sample (n = 379) and 
a 25% random sample of potentially eligible, non-included patients (n = 169)

Study sample
(All, n=379)

Eligible
non-included

(25% RS, n=169)

Female sex (%) 42.2 49.7

Age, years (Median [Q1-Q3]) 63.0 (55.0-73.0) 71.0 (60.0-80.0)

Qualifying event

  Ischemic stroke (%) 68.9 81.1

  TIA (%) 31.1 18.9

Stroke/TIA location

  Middle cerebral artery (%) 44.6 60.4

  Anterior cerebral artery (%) 1.8 1.2

  Posterior cerebral artery (%) 5.3 2.4

  Lacunar (%) 12.4 13.0

  Retinal (%) 4.2 3.0

  Vertebrobasilar (%) 31.7 20.1

Non-lacunar hemispheric stroke (%) 34.6 56.8

NIHSS at first presentation (Median [Q1-Q3]) 1 (0-3) 3 (1-9)

Intravenous thrombolysis (%) 19.5 34.3

Intra-arterial thrombectomy (%) 7.1 17.2

Heart failure (%) 2.6 0

Hypertension (%) 46.4 45.6

Diabetes (%) 18.7 19.5

Prior myocardial infarction (%) 7.7 9.5

Prior stroke/TIA/SE (%) 21.9 31.4

Vascular disease (%) 12.9 21.9

CHA2DS2-VASc (Median [Q1-Q3]) 4 (3-5) 5 (3-6)

Antiplatelet use (%) 34.3 39.1

ACE/ARB use (%) 28.8 31.4

Calcium antagonist use (%) 18.5 17.8

Diuretics use (%) 13.2 21.3

Statin use (%) 36.9 38.5

Insulin use (%) 5.3 5.9

Metformin use (%) 12.9 14.8

ACE/ARB, angiotensin-converting enzyme inhibitor/angiotensin II receptor blocker; AF, atrial fibrillation; 
CHA2DS2-VASc, Congestive heart failure, Hypertension, Age ≥75 years (doubled), Diabetes mellitus, prior Stroke 
or TIA or thromboembolism (doubled), Vascular disease, Age 65 to 74 years, Sex category; NIHSS, National In-
stitutes of Health Stroke Scale; Q1, 1st quartile; Q3, 3rd quartile; RS, random sample; SE, systemic embolism; TIA, 
transient ischemic attack.
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Supplementary Table S2. Extended baseline characteristics of the total study sample (n = 379) stratified by AF 
presence on study Holter

AF
(n = 10)

No AF
(n = 369)

Female sex (n,%) 4 (40.0%) 156 (42.3%)

Age, years (Median [Q1-Q3]) 69.5 (63.8-71.8) 63.0 (55.0-73.0)

Ethnicity

  Caucasian/white (n,%) 10 (100%) 251 (68.0%)

  African/black (n,%) 0 (0%) 71 (19.2%)

  South Asian (n,%) 0 (0%) 19 (5.1%)

  Asian (n,%) 0 (0%) 18 (4.9%)

  Other (n,%) 0 (0%) 10 (3.3%)

Qualifying event

  Ischemic stroke (n,%) 9 (90.0%) 252 (68.3%)

  TIA (n,%) 1 (10.0%) 117 (31.7%)

Stroke/TIA location

  Middle cerebral artery (n,%) 8 (80.0%) 161 (43.6%)

  Anterior cerebral artery (n,%) 0 (0%) 7 (1.9%)

  Posterior cerebral artery (n,%) 1 (10.0%) 19 (5.1%)

  Lacunar (n,%) 0 (0%) 47 (12.7%)

  Retinal (n,%) 0 (0%) 16 (4.3%)

  Vertebrobasilar (n,%) 1 (10.0%) 119 (32.2%)

Non-lacunar hemispheric stroke (n,%) 8 (80.0%) 123 (33.3)

NIHSS at first presentation (Median [Q1-Q3]) 7 (2-13) 1 (0-3)

Ipsilateral carotid artery stenosis >50% (n,%) 1 (10.0%) 9 (2.4%)

Intravenous thrombolysis (n,%) 5 (50.0%) 69 (18.7%)

Intra-arterial thrombectomy (n,%) 4 (40.0%) 23 (6.2%)

Time to Holter, days (Median [Q1-Q3]) 45 (8-60) 35 (14-59)

Time to Holter ≤90 days (n,%) 9 (90.0%) 328 (88.9%)

Holter duration, days (Median [Q1-Q3]) 14 (12-14) 13 (12-14)

BMI, kg/m2 (Median [Q1-Q3]) 25.3 (22.5-30.0) 26.0 (24.0-29.1)

Missing (n,%) 0 (0%) 2 (0.5%)

SBP, mm Hg (Median [Q1-Q3]) 156 (138-166) 154 (135-172)

Missing (n,%) 1 (10.0%) 21 (5.7%)

DBP, mm Hg (Median [Q1-Q3]) 78 (70-94) 87 (77-99)

Missing (n,%) 1 (10.0%) 21 (5.7%)

Smoking

Current smoker (n,%) 2 (20.0%) 76 (20.6%)

Never smoked (n,%) 2 (20.0%) 134 (36.3%)

Former smoker (n,%) 6 (60.0%) 159 (43.1%)

Pack years, years (Median [Q1-Q3]) 22 (4-45) 7 (0-24)

Missing (n,%) 0 (0%) 8 (2.2%)

Alcohol units/day (Median [Q1-Q3]) 2 (1-2) 0 (0-1)

Family history of AF
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Supplementary Table S2. Extended baseline characteristics of the total study sample (n = 379) stratified by AF pres-
ence on study Holter (continued)

AF
(n = 10)

No AF
(n = 369)

Yes (n,%) 3 (30.0%) 45 (12.2%)

No (n,%) 6 (60.0%) 254 (68.8%)

Unknown (n,%) 1 (10.0%) 70 (19.0%)

Heart failure (n,%) 0 (0%) 10 (2.7%)

Hypertension (n,%) 7 (70.0%) 169 (45.8%)

Diabetes (n,%) 0 (0%) 71 (19.2%)

Prior myocardial infarction (n,%) 1 (10.0%) 28 (7.6%)

Prior stroke/TIA/SE (n,%) 3 (30.0%) 80 (21.7%)

Vascular disease (n,%) 1 (10.0%) 48 (13.0%)

Prior cardiac intervention (n,%) 0 (0%) 31 (8.4%)

Asthma or COPD (n,%) 1 (10.0%) 27 (7.3%)

Chronic kidney disease 1 (10.0%) 16 (4.3%)

CHA2DS2-VASc (Median [Q1-Q3]) 4 (3-5) 4 (3-5)

AS5F (Median [Q1-Q3]) 65.9 (61.8-73.4) 58.4 (51.6-65.2)

Re-CHARGE-AF (Median [Q1-Q3]) 0.129 (0.095-0.168) 0.112 (0.061-0.187)

Missing (n,%) 1 (10.0%) 23 (6.2%)

STAF (Median [Q1-Q3]) 6 (5-6) 5 (3-5)

Missing (n,%) 0 (0%) 22 (6.0%)

Antiplatelet use (n,%) 4 (40.0%) 126 (34.1%)

ACE/ARB use (n,%) 4 (40.0%) 105 (28.5%)

Calcium antagonist use (n,%) 1 (10.0%) 69 (18.7%)

Diuretics use (n,%) 4 (40.0%) 46 (12.5%)

Statin use (n,%) 4 (40.0%) 136 (36.9%)

Insulin use (n,%) 0 (0%) 20 (5.4%)

Metformin use (n,%) 0 (0%) 49 (13.3%)

eGFR, mL/min/1.73m2 (Median [Q1-Q3]) 68 (55-81) 77 (63-88)

Missing (n,%) 0 (0%) 7 (1.9%)

LDL cholesterol, mmol/L (Median [Q1-Q3]) 2.32 (2.27-2.95) 2.65 (1.93-3.42)

Missing (n,%) 2 (20.0%) 48 (13.0%)

Triglycerides, mmol/L (Median [Q1-Q3]) 0.90 (0.78-1.32) 1.36 (0.90-1.94)

Missing (n,%) 2 (20.0%) 48 (13.0%)

ACE/ARB, angiotensin-converting enzyme inhibitor/angiotensin II receptor blocker; AF, atrial fibrillation; AS5F, 
Age, Stroke Severity NIHSS >5 to Find AF; BMI, body mass index; CHA2DS2-VASc, Congestive heart failure, Hyper-
tension, Age ≥75 years (doubled), Diabetes mellitus, prior Stroke or TIA or thromboembolism (doubled), Vascular 
disease, Age 65 to 74 years, Sex category; COPD, chronic obstructive pulmonary disease; DBP, diastolic blood 
pressure; eGFR, estimated glomerular filtration rate; LDL, low-density lipoprotein; NIHSS, National Institutes of 
Health Stroke Scale; Q1, 1st quartile; Q3, 3rd quartile; Re-CHARGE-AF, Recalibrated Cohorts for Heart and Aging 
Research in Genomic Epidemiology for Atrial Fibrillation; SBP, systolic blood pressure; SE, systemic embolism; 
STAF, Score for the Targeting of Atrial Fibrillation; TIA, transient ischemic attack.
In case of missing data in each variable, number and percentage of missing are indicated.
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Supplementary Table S3. Extended baseline characteristics of patients with over 48 hours of Holter recording and 
free of AF at 48 hours of monitoring (n = 362) stratified by AF presence on subsequent Holter

AF
(n = 3)

No AF
(n = 359)

Female sex (n,%) 1 (33.3%) 152 (42.3%)

Age, years (Median [Q1-Q3]) 70.0 (69.5-71.0) 63.0 (55.0-73.0)

Ethnicity

  Caucasian/white (n,%) 3 (100%) 245 (68.2%)

  African/black (n,%) 0 (0%) 68 (19.1%)

  South Asian (n,%) 0 (0%) 19 (5.3%)

  Asian (n,%) 0 (0%) 18 (5.1%)

  Other (n,%) 0 (0%) 9 (2.5%)

Qualifying event

  Ischemic stroke (n,%) 3 (100%) 244 (68.0%)

  TIA (n,%) 0 (0%) 115 (32.0%)

Stroke/TIA location

  Middle cerebral artery (n,%) 3 (100%) 158 (44.0%)

  Anterior cerebral artery (n,%) 0 (0%) 7 (1.9%)

  Posterior cerebral artery (n,%) 0 (0%) 18 (5.1%)

  Lacunar (n,%) 0 (0%) 44 (12.4%)

  Retinal (n,%) 0 (0%) 16 (4.5%)

  Vertebrobasilar (n,%) 0 (0%) 116 (32.6%)

Non-lacunar hemispheric stroke (n,%) 3 (100%) 120 (33.4%)

NIHSS at first presentation (Median [Q1-Q3]) 18 (10-20) 1 (0-3)

Ipsilateral carotid artery stenosis >50% (n,%) 0 (0%) 9 (2.5%)

Intravenous thrombolysis (n,%) 2 (66.7%) 67 (18.7%)

Intra-arterial thrombectomy (n,%) 2 (66.7%) 20 (5.6%)

Time to Holter, days (Median [Q1-Q3]) 63 (32-70) 36 (15-60)

Time to Holter ≤90 days (n,%) 3 (100%) 319 (88.9%)

Holter duration, days (Median [Q1-Q3]) 14 (14-14) 14 (12-14)

BMI, kg/m2 (Median [Q1-Q3]) 21.9 (21.5-23.4) 26.0 (24.0-29.1)

Missing (n,%) 0 (0%) 2 (0.6%)

SBP, mm Hg (Median [Q1-Q3]) 148 (143-153) 155 (136-171)

Missing (n,%) 1 (33.3%) 21 (5.8%)

DBP, mm Hg (Median [Q1-Q3]) 70 (67-72) 88 (77-99)

Missing (n,%) 1 (33.3%) 21 (5.8%)

Smoking

Current smoker (n,%) 1 (33.3%) 72 (20.1%)

Never smoked (n,%) 1 (33.3%) 131 (36.5%)

Former smoker (n,%) 1 (33.3%) 156 (43.5%)

Alcohol units/day (Median [Q1-Q3]) 2 (1-2) 0 (0-1)

Family history of AF
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Supplementary Table S3. Extended baseline characteristics of patients with over 48 hours of Holter recording and 
free of AF at 48 hours of monitoring (n = 362) stratified by AF presence on subsequent Holter (continued)

AF
(n = 3)

No AF
(n = 359)

Yes (n,%) 2 (66.7%) 44 (12.3%)

No (n,%) 1 (33.3%) 248 (69.1%)

Unknown (n,%) 0 (0%) 67 (18.7%)

Heart failure (n,%) 0 (0%) 9 (2.5%)

Hypertension (n,%) 2 (66.7%) 168 (46.8%)

Diabetes (n,%) 0 (0%) 69 (19.2%)

Prior myocardial infarction (n,%) 0 (0%) 26 (7.2%)

Prior stroke/TIA/SE (n,%) 0 (0%) 79 (22.0%)

Vascular disease (n,%) 0 (0%) 46 (12.8%)

Prior cardiac intervention (n,%) 0 (0%) 29 (8.1%)

Asthma or COPD (n,%) 1 (10.0%) 25 (7.0%)

Chronic kidney disease 1 (10.0%) 16 (4.3%)

CHA2DS2-VASc (Median [Q1-Q3]) 4 (4-5) 4 (3-5)

AS5F (Median [Q1-Q3]) 74.2 (67.8-75.0) 58.4 (51.6-65.2)

Re-CHARGE-AF (Median [Q1-Q3]) 0.109 (0.102-0.116) 0.112 (0.062-0.186)

Missing (n,%) 1 (33.3%) 23 (6.4%)

STAF (Median [Q1-Q3]) 6 (6-7) 5 (3-5)

Missing (n,%) 0 (0%) 20 (5.6%)

Antiplatelet use (n,%) 0 (0%) 123 (34.3%)

ACE/ARB use (n,%) 1 (33.3%) 104 (29.0%)

Calcium antagonist use (n,%) 0 (0%) 68 (18.9%)

Diuretics use (n,%) 2 (66.7%) 46 (12.8%)

Statin use (n,%) 2 (66.7%) 133 (37.0%)

Insulin use (n,%) 0 (0%) 19 (5.3%)

Metformin use (n,%) 0 (0%) 48 (13.4%)

eGFR, mL/min/1.73m2 (Median [Q1-Q3]) 52 (50-61) 77 (63-88)

Missing (n,%) 0 (0%) 7 (1.9%)

LDL cholesterol, mmol/L (Median [Q1-Q3]) 2.32 (2.31-2.32) 2.65 (1.90-3.42)

Missing (n,%) 1 (33.3%) 46 (12.8%)

Triglycerides, mmol/L (Median [Q1-Q3]) 0.77 (0.72-0.82) 1.36 (0.90-1.94)

Missing (n,%) 1 (33.3%) 46 (12.8%)

ACE/ARB, angiotensin-converting enzyme inhibitor/angiotensin II receptor blocker; AF, atrial fibrillation; AS5F, 
Age, Stroke Severity NIHSS >5 to Find AF; BMI, body mass index; CHA2DS2-VASc, Congestive heart failure, Hyper-
tension, Age ≥75 years (doubled), Diabetes mellitus, prior Stroke or TIA or thromboembolism (doubled), Vascular 
disease, Age 65 to 74 years, Sex category; COPD, chronic obstructive pulmonary disease; DBP, diastolic blood 
pressure; eGFR, estimated glomerular filtration rate; LDL, low-density lipoprotein; NIHSS, National Institutes of 
Health Stroke Scale; Q1, 1st quartile; Q3, 3rd quartile; Re-CHARGE-AF, Recalibrated Cohorts for Heart and Aging 
Research in Genomic Epidemiology for Atrial Fibrillation; SBP, systolic blood pressure; SE, systemic embolism; 
STAF, Score for the Targeting of Atrial Fibrillation; TIA, transient ischemic attack.
In case of missing data in each variable, number and percentage of missing are indicated.
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SUPPLEMENTARY FIGURES

Supplementary Figure S1. Association between Holter initiation and day of first AF detection after qualifying event 
(n = 379)

AF, atrial fibrillation.
Blue bars indicate percentage of included patients with Holter initiated after n days of the qualifying event. Red 
dots indicate the days from qualifying event at which each AF case was first detected (n = 10). P-value indicates 
the association between time from qualifying event to Holter and presence of AF on study Holter.
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ABSTRACT

Background: Early detection of paroxysmal atrial fibrillation (pAF) could contribute to 

preventing (recurrent) ischemic stroke through effective prophylaxis.

Objective: To validate a computer algorithm that assesses risk of pAF during non-AF 

rhythm on Holter electrocardiogram (ECG) recordings with 14-day Holter monitoring 

as reference test.

Methods: We included primary care AF screening trial participants (n=264) and con-

secutive patients with recent brain ischemia in The Netherlands (n=359), free of AF 

at baseline, who underwent 14-day Holter. We applied a computer algorithm which 

weighs ECG parameters to assess the risk of pAF during non-AF Holter recordings on 

snippets of the first 1, 2, 6, 12 and 24 hours of each Holter recording. We validated 

the algorithm’s assessment against the outcome (AF or no AF) at the end of the study 

Holter.

Results: Median age in the overall cohort was 69.3 years, 45.4% were female. Holter 

detected 13 pAF cases during median 12 days of recording. Specificity (95% CI) of the 

computer algorithm for subsequent pAF rose with snippet length: 74.4% (70.5-78.1) 

in 1-hour snippets; 84.5% (81.3-87.3) in 24-hour snippets. Sensitivity (95% CI) was 

low, with estimates declining from 50.0% (15.7-84.3) in 1-hour snippets to 28.6% 

(3.7-71.0) in 24-hour snippets.

Conclusions: A computer algorithm showed low to moderate diagnostic accuracy for 

pAF in elderly primary care and post-stroke patients with low AF incidence. Due to 

low sensitivity for pAF, the algorithm was not effective as a stand-alone triage test for 

14-day Holter monitoring in our low-risk sample. The validation was limited by the 

low number of positive cases in our sample, preventing definitive conclusions on the 

algorithm’s value for pAF risk assessment.
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INTRODUCTION

Atrial fibrillation (AF) is a common arrhythmia associated with increased risk of 

ischemic stroke for which effective anticoagulation is available.1 Screening for AF in 

patients at high risk for ischemic stroke is therefore warranted.2 Since AF detection 

can be costly and burdensome for patients, there is increasing interest in methods 

to identify patients at highest risk of AF in order for them to be monitored more 

extensively.3 One patient group with established indication for AF screening are pa-

tients after ischemic stroke or transient ischemic attack (TIA) who are recommended 

to undergo at least 72 hours of continuous electrocardiogram (ECG) monitoring.1 

Another group are community-dwelling elderly, in whom opportunistic case finding is 

currently recommended to increase the likelihood of early AF detection.1

In recent years, researchers have looked at risk factors4,5 as well as clinical prediction 

models6-8 as tools for patient selection for AF screening. With the increased oppor-

tunities arising from automated algorithms and artificial intelligence on ECG data, 

new potential methods for AF risk stratification have arisen.1,3 One such method is the 

Stroke Risk Analysis (SRA) algorithm that uses continuous ECG data to assess whether a 

person who is currently in non-AF rhythm has a high risk for paroxysmal AF (pAF) when 

monitored for an extended period of time.9 The SRA algorithm has been validated in 

case-control settings using 1- and 24-hour ECG data as input, as well as in post-stroke 

patients using 1-hour ECG data for predicting 72-hour pAF, with remarkable results.9-11 

Among the questions remaining from current research are SRA’s accuracy when using 

ECG input over one but under 24 hours, in order to assess whether an optimum dura-

tion for pAF risk prediction can be derived within this time window. Also, SRA valida-

tion for predicting pAF beyond the guideline-recommended monitoring duration of 

≥72 hours for post-stroke patients is warranted.1 Finally, the algorithm has never been 

tested for assessing risk of pAF in community-dwelling elderly patients.

If the SRA algorithm were found to have clinically relevant predictive abilities in 

community-dwelling elderly or post-stroke patients, it could serve as a triage test for 

prolonged monitoring. We therefore validated the SRA algorithm’s high and low pAF 

risk assessment categories against the outcome of 14-day Holter in participants from 

a primary care AF screening study as well as in consecutive patients presenting for 

ischemic stroke or TIA.
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METHODS

Primary care elderly and post-stroke datasets
For the current analysis we used data from primary care elderly as well as from 

post-stroke patients who underwent 14-day Holter as part of two separate studies 

conducted by our research group.12,13

Primary care elderly patients were recruited as part of the Detecting and Diagnosing 

AF (D2AF) study, a cluster randomized controlled trial comparing opportunistic case 

finding for AF with care as usual in Dutch primary care patients 65 years or over and 

free of AF (Netherlands Trial Register [NTR] No NL4776 (old NTR4914)). Patients from 

the D2AF intervention arm who had one or more positive tests out of three index tests 

and a 10% random sample of index-negative patients underwent 12-lead ECG. Those 

without AF on study ECG were subsequently invited to undergo 14-day Holter in 

search of paroxysmal AF. The D2AF-study performed 266 Holters between September 

2015 and August 2018, resulting in four new AF cases.14

For the post-stroke cohort we included consecutive adult patients free of AF at baseline 

who were treated in an academic hospital in the Netherlands (Amsterdam University 

Medical Centers, location AMC (AUMC-AMC), Amsterdam, The Netherlands) for TIA or 

ischemic stroke (NTR6489). Ischemic stroke and TIA were defined as an acute loss of 

focal cerebral or ocular function with symptoms lasting more than or under 24 hours, 

respectively, and which after adequate investigation was presumed to be due to em-

bolic or thrombotic vascular disease.15 All included post-stroke patients underwent 

14-day Holter monitoring in search of paroxysmal AF. Inclusion ran from July 2017 

to June 2020, resulting in 379 Holter recordings which detected 10 new AF cases.13

Patient selection
Participants were eligible if raw Holter data was available and convertible to SRA-

compatible format, and if at least one hour within the first 24 hours was analysable by 

the SRA algorithm. For validation of the SRA algorithm in each of the first 1-, 2-, 6-, 12- 

and 24-hour snippets of Holter recording we subsequently excluded patients who had 

manifest AF as per the reference standard during the snippet of interest. We did this 

in accordance with clinical practice, where such patients would have been confirmed 

AF positive upon snippet analysis, and prediction of AF risk to triage for subsequent 

Holter recording would have been futile. For instance, a patient with AF first detected 

during the 5th hour of recording would only be eligible for the 1- and 2-hour snippet 

validation as that patient would still have been at risk of AF detection after 1 and 2 

hours. However, that same patient would not be eligible for the 6-, 12- and 24-hour 
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snippet analyses as AF would have already been detected within these snippets with 

no subsequent need for AF risk prediction.

Data collection
The D2AF study remotely extracted baseline data including age, sex, ethnicity, and 

history of heart failure, hypertension, diabetes, stroke, TIA, systemic embolism (SE), 

and vascular disease, from electronic health records (EHRs) from participating primary 

care practices. Additional data on ethnicity as well as systolic and diastolic blood 

pressure were taken at the index visit. We calculated the CHA2DS2-VASc score from its 

individual components recorded at baseline.16

We extracted baseline data of RAPID-AF participants from the hospital’s routine care 

EHR data, with additional study data taken during the index visit. RAPID-AF baseline 

data included the same parameters as D2AF, with additional data on the qualifying 

event, NIHSS at first presentation (National Institutes of Health Stroke Scale; rang-

ing 0-42 where a higher score indicates clinically more severe stroke),17 stroke/TIA 

location, presence of >50% ipsilateral carotid artery stenosis as per vascular imag-

ing, treatment with intravenous thrombolysis and/or intra-arterial thrombectomy 

at first presentation, time from qualifying event to Holter, height, weight, smoking 

status, prior myocardial infarction, chronic kidney disease, use of antiplatelet drugs, 

angiotensin-converting enzyme inhibitors or angiotensin receptor blockers, calcium 

antagonists, diuretics, statins or antidiabetic drugs (oral or parenteral), and laboratory 

measurements including estimated glomerular filtration rate and triglycerides.

Reference standard and outcome definition
All participants in both D2AF and RAPID-AF underwent Holter recording up to 14 days 

as the reference standard for presence or absence of AF. We used 2-lead Holters (Fysi-

ologic, Amsterdam, The Netherlands) in all participants. Trained cardiologists, blinded 

to index test results, assessed Holters using automated signal processing followed 

by visual assessment of selected sections. We defined AF in accordance with recent 

guidelines as presence of ≥30 seconds of irregularly irregular RR intervals without 

discernible P waves as detected on study Holter.1

The index-test: SRA algorithm
The SRA algorithm (Apoplex Medical Technologies, Pirmasens, Germany) is an 

automated screening software program to assess presence of AF, or risk of having 

paroxysmal AF in those without AF, based on continuous ECG data.18 Details of the 

algorithm have been published previously.9 In short, its AI-enabled assessment is 

based on automated QRS recognition followed by time series analysis of linear and 
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non-linear parameters such as RR difference, frequency of premature contractions, 

and the ratio between shortest and longest interval of maximum 6 consecutive R-R 

intervals, within 1-hour segments of ECG data.9,18 The software subsequently derives 

one of four possible outcomes to the overall amount of ECG data fed to the algorithm 

at each time: 1) no AF and low risk of pAF (‘low risk’); 2) no AF but increased risk of pAF 

(‘high risk’); 3) manifest AF; 4) not analysable. When manifest AF is detected, the SRA 

software provides the relevant ECG section to allow for visual verification.

In case of disagreement in manifest AF assessment between SRA and the reference 

standard, two investigators assessed the type of rhythm and presence of any artefacts 

that could explain the discrepancy in the relevant ECG section, with a third acting 

as arbiter in case of disagreement. The researchers operated independently in study 

conduct and reporting from, and had no financial ties with, the SRA algorithm manu-

facturer.

Statistical analysis
We reported the descriptives of continuous variables as medians and interquartile 

range (IQR), and of categorical variables as numbers and percentages. We reported 

the percentage of missing data for each baseline variable (Supplementary Table S1). 

We reported baseline characteristics for the overall cohort, as well as for the indi-

vidual primary care elderly and post-stroke cohort stratified by AF diagnosis on study 

Holter. In order to assess generalisability of our validation results to overall primary 

care elderly and post-stroke populations, we compared baseline characteristics of 

included primary care elderly patients with patients from the D2AF intervention arm 

who did not undergo Holter, as well as of included post-stroke patients with a 25% 

random sample of non-included stroke/TIA presentations at AUMC-AMC who would 

have been eligible for study Holter.

In our primary analysis we validated SRA’s low risk and high risk assessment catego-

ries in snippets of participants’ first 1-, 2-, 6-, 12- and 24-hours of recording against 

the presence or absence of AF on the remaining hours of Holter recording following 

each snippet. In a secondary analysis we validated the algorithm’s manifest AF as-

sessment category against presence of AF within the first 24 hours of patients’ Holter 

recording. We validated the SRA algorithm in the overall sample (D2AF + RAPID-AF) 

as the primary validation cohort and in the individual D2AF and RAPID-AF cohorts as 

secondary validation cohorts.

In a sensitivity analysis we validated SRA’s risk assessment categories in high-risk 

subgroups of each cohort in order to assess whether SRA accuracy could be increased 
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when combined with established clinical variables. In D2AF participants we defined 

high risk as CHA2DS2-VASc ≥2 in men or ≥3 in women, i.e. those with an indication for 

oral anticoagulation upon AF detection.1 In RAPID-AF patients we defined high risk 

as AS5F (Age, Stroke Severity NIHSS >5 to Find AF) risk score ≥67.5,7 STAF (Score for 

the Targeting of AF) risk score ≥56 or presence of non-lacunar hemispheric stroke.19 

We also validated the SRA algorithm in all RAPID-AF participants with over 72 hours 

of Holter data and without AF detected in the first 72 hours of monitoring in order to 

validate SRA as a potential triage test for whom to select for monitoring beyond the 

current 72-hour minimum in the post-stroke setting as per recent European Society of 

Cardiology guidelines.1

We presented sensitivity, specificity, positive predicting value (PPV) and negative 

predicting value (NPV) as primary measures of validation. We presented the number 

needed to evaluate (NNE; the inverse of the PPV) and the positive and negative likeli-

hood ratio (LR+ and LR-, respectively) as secondary measures of validation.20 Here, a 

LR+ and 95% confidence interval (CI) >1, and LR- significantly <1, indicated that high 

and low risk as per the SRA algorithm were significantly associated with presence and 

absence, respectively, of AF on subsequent Holter. An LR+ >10 or LR- <0.1 indicated 

a strong triage test.21

Finally, we presented an exploratory analysis on the proportion of patients transition-

ing between SRA results (low risk, high risk, and manifest AF) in subsequent snippet 

duration (from 1 to 2 hours, from 2 to 6 hours, etc.) in the overall cohort. We did so in 

order to assess whether there was a snippet duration after which saturation had argu-

ably been reached in terms of SRA prediction variability, or whether longer snippets 

would continuously increase variability in SRA results.

We used R version 3.6.122 using the dplyr, expss, haven, and table1 packages for the 

analyses.

Ethics and approval
All study procedures were in accordance with the Declaration of Helsinki on medi-

cal research involving human subjects. The D2AF study was approved by the medical 

research ethics committee (MREC) of the AUMC, Amsterdam (No. NL48215.018.14, 

2014). The inclusion of post-stroke patients was granted a waiver for formal informed 

consent requirement under the Medical Research Involving Human Subjects Act (WMO) 

by the MREC of the AUMC, Amsterdam, as post-stroke Holter monitoring was regarded 

as standard of post-stroke care (No. W16_168, 2016). All post-stroke participants, 

however, provided written permission for use of their de-identified Holter and routine 
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care data as well as data acquired for study purposes (index visit questionnaire) under 

the General Data Protection Regulation (GDPR).

RESULTS

The primary care elderly and post-stroke cohorts included 266 and 379 participants, 

respectively, with available Holter data. Of these, 264 and 359 participants, respec-

tively, had ≥1 hour out of the first 24 hours available for SRA algorithm validation. 

Together, these 623 participants constituted the study population (see Figure 1 for 

study flowchart and reasons for exclusion).

Holter results
Median Holter recording duration was 12 (IQR 7-14) days in the overall sample, and 

8 (IQR 6-14) and 13 (IQR 12-14) days in the individual primary care elderly and post-

stroke cohorts, respectively (Figure 2)

Figure 1. Patient flowchart

AF, atrial fibrillation; SRA, Stroke Risk Analysis algorithm.
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The overall sample contained 13 cases of Holter-detected AF. All but one AF cases 

were detected within the first week of monitoring (Figure 3). Among the six patients 

with AF detected during the first 24 hours, three post-stroke patients had AF within 

the 1st hour, one AF case was detected in the 2nd hour in the post-stroke cohort, one 

AF case from the primary care cohort was first seen in the 11th hour, and one AF case 

from the primary care cohort was detected in the 15th hour (Figure 3, inset).

Figure 2. Holter duration within the primary care elderly and post-stroke cohorts.

Plot depicts the percentage of patients (y axis) with Holter duration up to n days (x axis).

Figure 3. Day of first recorded AF episode within the primary care elderly and post-stroke cohorts.

AF, atrial fibrillation.
Inset: histogram detailing the number of AF cases detected within each of the first 24 hours of recording.



260

CHAPTER 8

Baseline characteristics
Table 1 shows the main baseline characteristics among the overall sample. Median 

age was 69.3 (IQR 61.0-75.1) years with 45.4% female and a majority Caucasian/

white (80.6%). Median CHA2DS2-VASc score was 3 (IQR 2-4), with hypertension as the 

most common comorbid risk factor (48.6%).

Primary care elderly participants were older and more often Caucasian/white, and 

more often had vascular disease than post-stroke participants. Prior stroke/TIA/SE 

was present in under 10% among primary care elderly participants, reflected in lower 

median CHA2DS2-VASc compared to the post-stroke cohort. All AF cases in each cohort 

were of Caucasian/white ethnicity (Supplementary Table S2). Post-stroke participants 

with Holter-detected AF had higher median age and higher rates of hypertension, 

Table 1. Baseline characteristics of the overall sample (n = 623).

All (n = 623)

Female sex 283 (45.4%)

Age (years) 69.3 (61.0-75.1)

Ethnicity

  Caucasian/white 502 (80.6%)

  African/black 69 (11.1%)

  Other 51 (8.2%)

Holter duration (days) 12 (7-14)

SBP (mm Hg) 145 (130-162)

DBP (mm Hg) 82 (74-92)

Heart failure 16 (2.6%)

Hypertension 303 (48.6%)

Diabetes 118 (18.9%)

Stroke/TIA/SE 104 (16.7%)

Vascular disease 98 (15.7%)

CHA2DS2-VASc 3 (2-4)

CHA2DS2-VASc ≥2 in men, ≥3 in women 555 (89.1%)

Baseline ECG

  QTc (ms) 423 (401-448)

  PAC 52 (8.3%)

  PVC 29 (4.7%)

  LVH 49 (7.9%)

CHA2DS2-VASc, Congestive heart failure, Hypertension, Age ≥75 years (doubled), Diabetes mellitus, prior Stroke 
or TIA or thromboembolism (doubled), Vascular disease, Age 65 to 74 years, Sex category; DBP, diastolic blood 
pressure; ECG, electrocardiogram; LVH, left ventricular hypertrophy; ms, milliseconds; PAC, premature atrial con-
traction; PVC, premature ventricular contraction; QTc, corrected QT interval; SBP, systolic blood pressure; SE, sys-
temic embolism; TIA, transient ischemic attack.
Data are number (percentage) or median (interquartile range).
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higher rate of ischemic stroke vs TIA as qualifying event, higher rate of non-lacunar 

hemispheric stroke and higher percentage of IVT and IAT at baseline, but lower preva-

lence of diabetes, compared to those without AF on Holter (Supplementary Tables S2 

& S3).

In assessing generalisability of patient characteristics of study participants compared 

to non-included patients who would have been eligible for inclusion, included post-

stroke patients were younger and had lower cardiovascular risk burden compared to 

non-included stroke/TIA presentations. Among primary care patients, those who had 

undergone Holter were younger and more often male, but cardiovascular risk factors 

were more evenly distributed compared to eligible non-included patients (Supple-

mentary Table S4).

Primary analysis: high/low risk category validation
Figure 4 shows the results of the validation of the SRA algorithm for risk of pAF with 

Holter-detected AF beyond the snippet’s duration in the overall sample as reference 

standard. The sensitivity decreased from of 50.0% (95% CI: 15.7-84.3) in the 1-hour 

snippets to 28.6% (3.7-71.0) in the 24-hour snippets while the specificity (95% CI) 

increased from 74.4% (70.5-78.1) in the 1h snippets to 84.5% (81.3-87.3) in the 24-

hour snippets. In all snippets, the NPV was around 99.0%, while the PPV was between 

2-3%. The NNE was 34 in the 1-hour snippets and 45 in the 24-hour snippets. Only 

the 6-hour snippets within the overall sample showed a statistically significant LR+ 

with 2.4 (95% CI: 1.01-5.8).

In validating the SRA algorithm within the individual D2AF and RAPID-AF cohorts, 

diagnostic accuracy was generally higher in post-stroke patients (Table 2). SRA analy-

sis within the shorter snippets in RAPID-AF participants showed the highest validity 

for AF on subsequent Holter, with sensitivity 66.7% (95% CI: 22.3-95.7), specificity 

80.0% (95% CI: 75.1-84.3), PPV 6.2% (95% CI: 3.4-10.8; NNE 16) and NPV 99.2% 

(95% CI: 97.5-99.7) in post-stroke patients’ 1-hour snippets. In the RAPID-AF cohort 

all snippets except the 24-hour snippets showed a statistically significant LR+, while 

none were significant in the D2AF cohort.

Secondary analysis: manifest AF category validation
The SRA algorithm’s manifest AF assessment correctly diagnosed all Holter-detected 

AF episodes within the first 24 hours (100% sensitivity and NPV for manifest AF 

detection). However, 30 patients in the overall sample’s 24-hour snippets were 

incorrectly assessed as having manifest AF (specificity 95.1%; 95% CI: 93.1-96.7). 

False-positive manifest AF assessments by SRA were most often misdiagnosed ectopy 
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during sinus rhythm, with a majority of false-positive recordings showing significant 

noise and/or baseline drift (Supplementary Table S3). Within the individual D2AF and 

RAPID-AF cohorts specificity (95% CI) was 91.2% (87.0-94.3) and 98.0% (95.9-99.2), 

respectively.

Sensitivity analysis: high/low risk category validation in subgroups
Validation of SRA in high-risk participants saw a trend towards more favourable pa-

rameters of diagnostic accuracy than in the overall sample (Supplementary Tables S5 

& S6). The analyses were however hindered by a lack of power due to low number of 

positive cases. A more detailed description of SRA validation in high-risk subgroups is 

provided in the Supplementary Results.

Figure 4. SRA algorithm validation, primary analysis (combined primary care elderly and post-stroke cohorts)

AF, atrial fibrillation; LR+, positive likelihood ratio; NNE, number needed to evaluate; NPV, negative prediction 
value; PPV, positive predicting value.
Panels A-E depict the 2x4 tables of SRA analysis results (rows) versus the Holter reference standard (columns) 
when assessing the 1-hour, 2-hour, 6-hour, 12-hour and 24-hour snippets, respectively. Diagnostic accuracy pa-
rameters (95%CI) are provided for each snippet based on the top rows (‘high risk’ and ‘low risk’ SRA results) 
against the reference standard. Patients with manifest AF during each snippet as per the reference standard were 
excluded from each snippet’s 2x4 table, hence true positives for ‘Manifest AF’ are shown as ‘0’; Panel F shows a 
schematic diagram of the division of a patient’s recording into snippets of the recording’s first 1, 2, 6, 12 and 24 
hours, with each consecutive snippet containing all information of the entire previous snippet plus additional 
hours, and with the remaining duration of that patient’s Holter monitor serving as the reference standard against 
which the snippet’s SRA algorithm results are validated.
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SRA transitions from previous snippets
Supplementary Figure S1 shows the transitioning from SRA result 0 (low AF risk; Panel 

A) to 1 (risk of AF) or 2 (suspected manifest AF), and from SRA result 1 (risk of AF; Panel 

B) to 0 (low AF risk) or 2 (suspected manifest AF) at each subsequent snippet duration 

in the overall cohort. There were no transitions down from SRA result 2 (suspected 

manifest AF) in subsequent snippets indicating that a manifest AF assessment was 

consistently adjudicated by the algorithm. Most transitions in SRA results were seen 

within the first 6 hours of recording.

DISCUSSION

Validation of the SRA algorithm in post-stroke and elderly primary care cohorts at 

lower risk of AF resulted in low to moderate diagnostic accuracy for pAF during sub-

sequent 14-day Holter recording. Our analyses were severely limited by the low AF 

incidence among both primary care and post-stroke participants despite good overall 

adherence to 14-day monitoring.

Clinical relevance
Previous studies in the field of AF risk prediction have often focused on validating 

tools for stratifying patients according to risk of AF detection over an extended time 

window, e.g. 3 months or 5 years.6,8,23 While providing useful insights into clinical mark-

ers associated with a risk of AF, such studies are often lacking in practical guidance for 

which clinical actions to take in the presence of high risk. The current study was aimed 

at bridging the gap between prediction and clinical consequence by validating SRA 

as a potential triage test for immediate further monitoring. We found that in Dutch 

elderly primary care patients at lower risk of AF, the SRA algorithm showed no merits 

in informing a decision whether or not to extend monitoring up to 14 days. In Dutch 

post-stroke/TIA patients at lower risk of AF the SRA algorithm showed somewhat 

better performance than in primary care patients. However, with LR+ point estimates 

ranging 3.2-4.3 in those post-stroke analyses that reached statistical significance – far 

below the commonly accepted LR+ ≥10 required to assess a test’s performance as 

strong21 – SRA’s predictive performance was still moderate at best.

	 Both the primary care elderly and post-stroke datasets were subject to 

sampling bias. This resulted in a study cohort with a relatively low AF yield in both 

samples.13,14 Our study results may therefore not be generalizable to all elderly pri-

mary care or post-stroke patients. Given the low a priori risk in our sample, if the SRA 

algorithm had shown a higher sensitivity and highly significant negative likelihood 
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ratios in our analyses, it could still have been a useful triage tool to exclude patients 

of further prolonged monitoring. Since this does not seem to be the case, we conclude 

that the SRA algorithm is likely not the best candidate for this purpose in popula-

tions resembling our study cohorts. Validation of SRA in predicting pAF in higher-risk 

patients in post-stroke or community settings is, however, still warranted.

Our results of low AF screening yield in Dutch primary care and post-stroke patients 

leads to further questions on the extent to which researchers should aim for intensive 

AF screening in elderly primary care or post-stroke patients at lower risk of AF. If more 

intensive screening were at all investigated, more efficient efforts could likely be 

attempted in those with the highest estimated benefit in terms of AF detection and 

subsequent stroke prophylaxis. Whether ECG signal-based algorithms such as SRA 

could contribute to the latter aim is a question for potential future investigations.

Comparison to previous work
Early case-control studies on the SRA algorithm’s high and low pAF risk categories 

showed around 50% sensitivity and up to 99% specificity for pAF.9,10 A later study in 

post-stroke patients showed a PPV of 38.5% (95% CI: 25–52) for AF detected during 

or after hospitalisation for ischemic stroke or TIA.24 While we were able to replicate 

the sensitivity of 50% in some of our (sensitivity) analyses, the other measures of 

diagnostic accuracy were consistently lower in our study. A possible explanation is 

that we externally validated SRA in samples with lower AF incidence than in previous 

work. A difference in cardiovascular risk profile of included patients could affect SRA’s 

relative ability to discern pAF risk, given that the algorithm is based on ECG features 

associated with higher cardiovascular risk. The high sensitivity for manifest AF in our 

study concurred with previous findings.10,24-27

Previous work on the SRA algorithm indicated a potential increase in diagnostic ac-

curacy with increased duration of the snippet fed to the algorithm.10 This led us to 

validate SRA on snippets of increased duration in order to assess whether an optimum 

could be deduced at which diagnostic accuracy and burden to the patient could be 

balanced. Conversely, in the overall cohort we saw trends of declining sensitivity 

with increasing snippet duration for which we have no plausible explanation other 

than chance from our low incidence and subsequently broad and largely overlapping 

confidence intervals. Significant LR+ and overall association between SRA high risk 

and subsequent AF were only seen in the shorter snippets. Moreover, most transitions 

in SRA results occurred within the first 6 hours of recording. These data suggest that 

application of the SRA algorithm on 12- or 24-hour snippets provided relatively little 
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additional information over 1-, 2- or 6-hour snippets in terms of pAF prediction in our 

sample.

With its use of a multitude of ECG markers for cardiomyopathy in its risk assessment 

for pAF, the SRA algorithm’s philosophy fits well within the current understanding of 

AF as one of many ECG markers for the continuum that constitutes a patient’s cardio-

vascular disease burden – albeit one with a rich body of evidence on how to act in its 

presence.28 Why, then, did the SRA algorithm not show the diagnostic accuracy that 

it had shown in previous work?9,10 One possible explanation is the low incidence of 

Holter-detected AF in our sample; lower than would be expected in samples of elderly 

primary care or post-stroke patients. Previous reports have pointed to a relatively 

high quality of routine care in the overall Dutch medical system, as assessed by a high 

rate of 1-year AF incidence through routine primary care in the D2AF control arm, as 

well as a high rate of prevalent or de novo AF at stroke/TIA presentation.13,14 It is pos-

sible that those who remain at risk of AF in such a healthcare setting have a different 

cardiovascular make-up in terms of clinical and/or electrocardiographic profile than 

those patients on which the SRA algorithm has been trained – an effect that may have 

been amplified by the aforementioned sampling bias.

Another potential explanation for both the low AF incidence and the low validity of 

the SRA algorithm is that we simply have not monitored long enough. Despite good 

overall adherence to our 14-day protocol – especially in the post-stroke cohort – it 

could be that the use of loop recorders or consecutive monitoring episodes as used 

in other AF screening studies could have led to less uncertainty and possibly even 

different results.29,30 Whether the difference in monitoring duration between AF and 

non-AF patients seen in the D2AF cohort played a role in its low Holter-detected AF 

rate is not sure.

Strengths and limitations
This work had a number of strengths. Adherence to the 14-day protocol was high, 

especially in the post-stroke cohort. Few participants were excluded for non-analys-

able data or inability to convert data to SRA-compatible format. We were the first 

to validate the SRA in primary care, and the first to validate it against subsequent 

continuous monitoring longer than 72 hours in post-stroke patients. This enabled us 

to assess SRA’s merits as a triage test for immediate prolonged ambulatory monitoring 

in primary care, and as a potential triage test for monitoring longer than the guideline-

recommended minimum in post-stroke patients.1,31 We included a comparison of 

baseline characteristics between study participants and patients eligible for inclusion 

but who were not included in each of our study cohorts. This increased transparency 
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into the existence of sampling bias, strengthening our understanding of whom to 

generalize our results to.

The principal limitations of our study were the relatively small sample size and low 

incidence of AF in both the D2AF and RAPID-AF cohorts. This increased uncertainty 

in our overall validation analyses, and especially in our subgroup analyses aimed 

at identifying populations where SRA could have a higher accuracy. The limitation 

was further exacerbated by a considerable proportion of patients with AF detected 

during the first 24 hours, precluding these from further snippet validation. In all, this 

inhibited definitive conclusions on the value of the SRA algorithm for assessing risk of 

pAF on prolonged Holter monitoring based on our analysis. The use of 14-day Holter 

rather than e.g. implantable loop recorder devices could have underestimated AF yield 

in our samples.29 Further limitations were the drop in Holter data after day 7 of Holter 

monitoring in the primary care sample of which the reason is improperly understood. 

It is not known to what extent a change and/or loss of data resolution played a role in 

SRA results in our conversion from the Holter provider’s format to an SRA-compatible 

format. We mitigated this problem as much as possible by working closely together 

with engineers of both parties in order to achieve data compatibility, resulting in rela-

tively few cases that were excluded for data incompatibility. Due to the low number of 

AF cases as well as the relatively low number of transitions between snippet lengths 

in our dataset we were unable to formally test the presence of an optimum snippet 

duration for SRA prediction variability.

Future work
The question whether our monitoring was too short for a thorough validation of 

the SRA algorithm due to false-negatives for pAF in our reference standard could 

be answered by validation of the SRA algorithm on the first hours of AF screening 

studies with longer follow-up employing e.g. loop recorder or repeated ambulatory 

monitoring.29,30 Given the indications for higher validity in post-stroke patients at 

higher risk of AF, researchers could combine SRA with clinical variables to devise a 

more accurate triage test for prolonged monitoring, or could expand on previous work 

that investigates whether addition of SRA results to established clinical risk models 

could increase the performance of such models for AF risk prediction.11 Finally, given 

SRA’s reliance on ECG parameters associated with elevated stroke risk,28 it would 

be interesting to test whether SRA could assist in informing treatment strategies 

in screening-detected pAF patients when applying SRA to non-AF snippets in these 

pAF patients. The latter is especially relevant in light of recent indications that not 

all AF may be worth screening for – and not all screening-detected AF may warrant 
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anticoagulation – which should urge researchers to look for alternative strategies of 

assessing stroke risk in screening-detected pAF patients.29

CONCLUSION

Validation of the SRA algorithm in elderly primary care and post-stroke patients with 

low AF incidence resulted in low to moderate point estimates on diagnostic accuracy 

for pAF during 14-day Holter recording. The SRA algorithm was not effective as a 

stand-alone triage test for 14-day Holter monitoring in our sample. The validation 

was considerably limited by the low number of positive cases, inhibiting definitive 

conclusions on the value of the SRA algorithm for assessing risk of pAF on prolonged 

Holter monitoring.
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SUPPLEMENTARY MATERIAL

SUPPLEMENTARY RESULTS

Sensitivity analysis: high/low risk category validation in subgroups
In elderly primary care participants with CHA2DS2-VASc ≥2 in men or ≥3 in women 

SRA’s high and low risk categories showed poor accuracy for AF on subsequent Holter 

in the shorter snippets, but 100% sensitivity and significant LR+ (4.0, 95%CI: 3.1-5.1) 

in the 24-hour snippets (Supplementary Table S5).

High-risk subgroups in the post-stroke cohort generally saw higher diagnostic accu-

racy from SRA in the shorter snippets (Supplementary Table S6). Application of SRA 

in patients with STAF≥5 and with non-lacunar hemispheric stroke showed significant 

LR+ in snippets of 1- through 12-hour duration (LR+ range 2.4-4.6), with NNE being 

particularly low in those with non-lacunar hemispheric stroke (range 6-7 in 1- through 

12-hour snippets). In patients with high AS5F risk SRA showed no significant associa-

tion with subsequent AF on Holter as per the LR+.

In the subgroup of post-stroke patients with over 72 hours of monitoring data and 

free of AF within the first 72 hours, diagnostic accuracy parameter point estimates 

were similar to those of the overall RAPID-AF cohort. The LR+ remained significantly 

positive in the 1- and 2-hours snippets recorded in the over-72-hour post-stroke 

subgroup at 3.2 (95%I: 1.4-7.4) and 4.3 (95%CI: 1.9-10.1), respectively.
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SUPPLEMENTARY TABLES

Supplementary Table S1. Missing data per baseline variable in included participants

Primary care elderly Post-stroke patients

AF
(N=4)

No AF
(N=260)

AF
(N=9)

No AF
(N=350)

Female sex 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Age (years) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Ethnicity 0 (0%) 1 (0.4%) 0 (0%) 0 (0%)

Holter duration (days) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

SBP (mm Hg) 0 (0%) 1 (0.4%) 1 (11.1%) 21 (6.0%)

DBP (mm Hg) 0 (0%) 1 (0.4%) 1 (11.1%) 21 (6.0%)

Heart failure 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Hypertension 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Diabetes 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Stroke/TIA/SE 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Vascular disease 0 (0%) 0 (0%) 0 (0%) 0 (0%)

CHA2DS2-VASc 0 (0%) 0 (0%) 0 (0%) 0 (0%)

QTc 0 (0%) 16 (6.2%) 0 (0%) 17 (4.9%)

PAC 0 (0%) 16 (6.2%) 0 (0%) 17 (4.9%)

PVC 0 (0%) 16 (6.2%) 0 (0%) 17 (4.9%)

LVH 0 (0%) 16 (6.2%) 0 (0%) 17 (4.9%)

Qualifying event - - 0 (0%) 0 (0%)

NIHSS at first presentation - - 0 (0%) 0 (0%)

Stroke/TIA location - - 0 (0%) 0 (0%)

Non-lacunar hemispheric stroke - - 0 (0%) 0 (0%)

Ipsilateral stenosis >50% - - 0 (0%) 0 (0%)

Intravenous thrombolysis - - 0 (0%) 0 (0%)

Intra-arterial thrombectomy - - 0 (0%) 0 (0%)

Time to Holter - - 0 (0%) 0 (0%)

Ethnicity - - 0 (0%) 0 (0%)

Height - - 0 (0%) 1 (0.3%)

Weight - - 0 (0%) 1 (0.3%)

Current smoker - - 0 (0%) 0 (0%)

Prior myocardial infarction - - 0 (0%) 0 (0%)

Chronic kidney disease - - 0 (0%) 0 (0%)

AS5F 0 (0%) 0 (0%)

STAF 0 (0%) 22 (6.3%)

Antiplatelet use - - 0 (0%) 0 (0%)

ACE/ARB use - - 0 (0%) 0 (0%)

Calcium antagonist use - - 0 (0%) 0 (0%)
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Supplementary Table S1. Missing data per baseline variable in included participants (continued)

Primary care elderly Post-stroke patients

AF
(N=4)

No AF
(N=260)

AF
(N=9)

No AF
(N=350)

Diuretics use - - 0 (0%) 0 (0%)

Statin use - - 0 (0%) 0 (0%)

Antidiabetic drug use - - 0 (0%) 0 (0%)

eGFR - - 0 (0%) 7 (2.0%)

Triglycerides - - 2 (22.2%) 46 (13.1%)

ACE/ARB, angiotensin-converting enzyme inhibitor/angiotensin II receptor blocker; AF, atrial fibrillation; AS5F, 
Age, Stroke Severity NIHSS >5 to Find AF; CHA2DS2-VA, Congestive heart failure, Hypertension, Age ≥75 years 
(doubled), Diabetes mellitus, prior Stroke or TIA or thromboembolism (doubled), Vascular disease, Age 65 to 74 
years; CHA2DS2-VASc, Congestive heart failure, Hypertension, Age ≥75 years (doubled), Diabetes mellitus, prior 
Stroke or TIA or thromboembolism (doubled), Vascular disease, Age 65 to 74 years, Sex category; COPD, chronic 
obstructive pulmonary disease; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; LVH, 
left ventricular hypertrophy; NIHSS, National Institutes of Health Stroke Scale; PAC, premature atrial contraction; 
PVC, premature ventricular contraction; QTc, corrected QT interval; SBP, systolic blood pressure; SE, systemic 
embolism; STAF, Score for the Targeting of AF; TIA, transient ischemic attack.
Data are number (percentage).
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Supplementary Table S2. Baseline characteristics of included participants by cohort and AF status

Primary care elderly Post-stroke patients

AF
(N=4)

No AF
(N=260)

AF
(N=9)

No AF
(N=350)

Female sex 1 (25.0%) 130 (50.0%) 3 (33.3%) 149 (42.6%)

Age (years) 71.6 (70.9-72.2) 72.5 (69.2-77.1) 69.0 (63.0-71.0) 63.0 (55.0-72.8)

Ethnicity

  Caucasian/white 4 (100%) 253 (97.3%) 9 (100%) 236 (67.4%)

  African/black 0 (0%) 1 (0.4%) 0 (0%) 68 (19.4%)

  Other 0 (0%) 5 (1.9%) 0 (0%) 46 (13.1%)

Holter duration (days) 14 (14-14) 8 (6-14) 14 (12-14) 13 (12-14)

SBP (mm Hg) 133 (128-137) 139 (128-152) 149 (136-160) 154 (135-171)

DBP (mm Hg) 80 (71-84) 78.0 (71-84) 82 (73-94) 88 (78-99)

Heart failure 0 (0%) 7 (2.7%) 0 (0%) 9 (2.6%)

Hypertension 3 (75.0%) 137 (52.7%) 7 (77.8%) 156 (44.6%)

Diabetes 0 (0%) 52 (20.0%) 0 (0%) 66 (18.9%)

Stroke/TIA/SE 0 (0%) 25 (9.6%) 9 (100.0%) 350 (100.0%)

Vascular disease 0 (0%) 52 (20.0%) 1 (11.1%) 45 (12.9%)

CHA2DS2-VASc 2 (2-2) 3 (2-4) 4 (3-5) 4 (3-5)

CHA2DS2-VASc ≥2 in men, ≥3 
in women

3 (75.0%) 193 (74.2%) 9 (100%) 350 (100%)

Baseline ECG

  QTc (ms) 392 (384-399) 403 (386-421) 449 (416-464) 437 (418-460)

  PAC 1 (25.0%) 37 (14.2%) 2 (22.2%) 12 (3.4%)

  PVC 0 (0%) 17 (6.5%) 0 (0%) 12 (3.4%)

  LVH 0 (0%) 6 (2.3%) 0 (0%) 43 (12.3%)

AF, atrial fibrillation; CHA2DS2-VASc, Congestive heart failure, Hypertension, Age ≥75 years (doubled), Diabetes 
mellitus, prior Stroke or TIA or thromboembolism (doubled), Vascular disease, Age 65 to 74 years, Sex category; 
DBP, diastolic blood pressure; ECG, electrocardiogram; LVH, left ventricular hypertrophy; ms, milliseconds; PAC, 
premature atrial contraction; PVC, premature ventricular contraction; QTc, corrected QT interval; SBP, systolic 
blood pressure; SE, systemic embolism; TIA, transient ischemic attack.
Data are number (percentage) or median (interquartile range).
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Supplementary Table S3. Additional baseline characteristics of included post-stroke participants

AF
(N=9)

No AF
(N=350)

Qualifying event

  Ischemic stroke 8 (88.9%) 245 (70.0%)

  TIA 1 (11.1%) 105 (30.0%)

NIHSS at first presentation 2 (2-13) 1 (0-3)

Stroke/TIA location

  ACA 0 (0%) 7 (2.0%)

  MCA 7 (77.8%) 153 (43.7%)

  PCA 1 (11.1%) 18 (5.1%)

  Lacunar 0 (0%) 46 (13.1%)

  Retinal 0 (0%) 12 (3.4%)

  Vertebrobasilar 1 (11.1%) 114 (32.6%)

Non-lacunar hemispheric stroke 7 (77.8%) 119 (34.0%)

Ipsilateral stenosis >50% 0 (0%) 9 (2.6%)

Intravenous thrombolysis 4 (44.4%) 67 (19.1%)

Intra-arterial thrombectomy 3 (33.3%) 21 (6.0%)

Time to Holter (days) 47 (1-63) 35 (14-61)

Height (cm) 173 (168-181) 173 (165-180)

Weight (kg) 80.7 (63.0-85.0) 78.8 (70.0-89.0)

Current smoker 2 (22.2%) 70 (20.0%)

Prior myocardial infarction 1 (11.1%) 25 (7.1%)

Chronic kidney disease 1 (11.1%) 15 (4.3%)

AS5F 64.3 (61.4-71.2) 58.4 (51.6-65.2)

STAF 6 (5-6) 5 (3-5)

Antiplatelet use 3 (33.3%) 119 (34.0%)

ACE/ARB use 4 (44.4%) 96 (27.4%)

Calcium antagonist use 1 (11.1%) 62 (17.7%)

Diuretics use 4 (44.4%) 43 (12.3%)

Statin use 4 (44.4%) 127 (36.3%)

Antidiabetic drug use 0 (0%) 55 (15.7%)

eGFR (mL/min/1.73m2) 69 (52-82) 77 (65-88)

Triglycerides (mmol/L) 0.87 (0.74-1.32) 1.38 (0.90-1.94)

ACA, anterior cerebral artery; ACE/ARB, angiotensin-converting enzyme inhibitor/angiotensin II receptor blocker; 
AF, atrial fibrillation; AS5F, Age, Stroke Severity NIHSS >5 to Find AF; COPD, chronic obstructive pulmonary dis-
ease; eGFR, estimated glomerular filtration rate; MCA, middle cerebral artery; NIHSS, National Institutes of Health 
Stroke Scale; PCA, posterior cerebral artery; STAF, Score for the Targeting of AF; TIA, transient ischemic attack.
Data are number (percentage) or median (interquartile range).
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Supplementary Table S3. ECG signal assessment in false-positive 24-hour snippet SRA ‘manifest AF’ results (n=30)

ECG result

Rhythm Artefacts

SR
Sinus 

arrhythmia
SR + 

ectopy
Not 

interpretable BL drift Noise

number 8 1 20 1 6 18

BL, baseline; ECG, electrocardiogram; SR, sinus rhythm.
Rhythm and artefact results were not mutually exclusive. Noise and/or baseline drift was present in all cases with 
‘sinus rhythm’ or ‘not interpretable’ rhythm assessment.

Supplementary Table S4. Comparison of included and non-included eligible patients in the primary care elderly 
and post-stroke cohorts.

Primary care elderly Post-stroke patients

Included
(n = 264)

D2AF 
intervention 
arm without 

Holter
 (n = 8952)

Included
(n = 359)

Eligible stroke/
TIA presentations 

without Holter
(25% RS, n = 169)

Female sex 49.6 55.2 42.3 49.7

Age (years) 72 (69-77) 74 (70-80) 63 (55-72) 71 (60-80)

Heart failure 2.7 3.8 2.5 0

Hypertension 53.0 49.5 45.4 45.6

Diabetes 19.7 19.3 18.4 19.5

Stroke/TIA/SE 9.5 14.3 100.0 100.0

Vascular disease 19.7 20.2 12.8 21.9

CHA2DS2-VASc 3 (2-4) 3 (2-4) 4 (3-5) 5 (3-6)

Qualifying event

  Ischemic stroke - - 70.5 81.1

  TIA - - 29.5 18.9

NIHSS at first presentation - - 1 (0-3) 3 (1-9)

Intravenous thrombolysis - - 19.8 34.3

Intra-arterial thrombectomy - - 6.7 17.2

CHA2DS2-VASc, Congestive heart failure, Hypertension, Age ≥75 years (doubled), Diabetes mellitus, prior Stroke 
or TIA or thromboembolism (doubled), Vascular disease, Age 65 to 74 years, Sex category; D2AF, Detecting and 
Diagnosing Atrial Fibrillation; NIHSS, National Institutes of Health Stroke Scale; RS, random sample; SE, systemic 
embolism; TIA, transient ischemic attack.
Data are percentage or median (interquartile range).
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SUPPLEMENTARY FIGURES

Supplementary Figure S1. SRA algorithm result transition probabilities in the overall sample (n = 623).

Data points and trend lines depict the probability of transitioning from SRA result 0 (low AF risk, Panel A) or 1 
(risk of AF, Panel B) to SRA result 0 (low AF risk, blue, Panel B), 1 (risk of AF, black, Panel A) or 2 (suspected manifest 
AF, red, Panels A & B) at each snippet duration (t) compared to the SRA result of the previous snippet (k). There 
were no transitions from SRA result 2 to SRA result 0 or SRA result 1 in our data.
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GENERAL DISCUSSION

Main findings
This thesis was initiated to investigate methods to improve patient selection for 

atrial fibrillation (AF) screening and to facilitate early identification of AF, after our 

group’s experience from the neutral Detecting and Diagnosing AF (D2AF) primary AF 

screening trial which selected patients for high age alone (see also Chapter 1).1 It was 

theorised that a triage test was necessary to increase efficiency of future interven-

tions by restricting the screening effort only to those at highest risk of AF detection. 

We therefore set out to investigate and validate multiple methods with potential use 

for stratifying patients into higher and lower risk of AF. These could then be used for 

patient selection in future targeted primary AF screening efforts.

First, we systematically reviewed current literature and found that CHARGE-AF 

(Cohorts for Heart and Aging Research in Genomic Epidemiology model for Atrial 

Fibrillation)2 seemed best equipped for use in primary AF screening (Chapter 2). In a 

subsequent validation in a large database of Dutch routine primary care data, however, 

we found that only a minority of older patients had complete data for all CHARGE-AF 

variables (Chapter 3). This could limit the use of CHARGE-AF for remote risk stratifica-

tion based on electronic health record (EHR) data without requiring a baseline visit. 

The CHA2DS2-VASc risk score, which had slightly lower predictive performance but 

was universally applicable to routine primary care data, was therefore validated as a 

potential alternative.

Subsequently, we looked at premature atrial contractions (PACs) as a potential marker 

for AF, and found that frequent PACs on continuous electrocardiogram (ECG) record-

ings were indeed associated with AF, as well as with ischemic stroke and all-cause 

mortality (Chapter 4). There was a trend towards, but not yet a definitive association 

between finding 1 or more PACs on standard ECG and AF. A validation of our findings 

in a cohort of primary care patients with type 2 diabetes confirmed that detecting a 

PAC on 12-lead ECG was associated with later AF detection, although the association 

with brain ischaemia and/or TIA could not be replicated in these patients (Chapter 5). 

Our findings fitted well within the framework laid out by Kamel and colleagues who 

proposed the concept of an abnormal atrial substrate – of which frequent PACs as 

well as AF are electrocardiographic ‘fingerprints’ – as the mechanistic link between 

cardiovascular risk profile and subsequent risk of stroke and mortality.3

We then turned to artificial intelligence (AI) enabled methods for identifying (risk 

of) AF based on ECG signal. We validated a single-lead ECG device for AF detection 
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(Chapter 6), and found good diagnostic accuracy from its in-built AF diagnosing algo-

rithm and perfect properties when the visual ECG signal was assessed by expert ECG 

readers. This indicated that the single-lead ECG device could be a valuable addition 

for unobtrusive rhythm diagnosis in patients suspected of AF, whether in the primary 

care clinic or during house visits.

Finally, we validated an AI-enabled algorithm for the assessment of risk of underly-

ing paroxysmal AF (pAF) during 14-days Holter (continuous ECG) recordings. In order 

to supplement our existing database of Holter participants from the D2AF trial, we 

collected an additional sample of patients who had presented at the department of 

Neurology of Amsterdam UMC, location AMC, for transient ischemic attack (TIA) or 

ischemic stroke. In data collection for this ‘post-stroke’ cohort, we found a surpris-

ingly low yield of newly detected AF compared to international literature (Chapter 7). 

Although in a post-hoc analysis we found that sampling bias had taken place which 

caused us to have included post-stroke patients generally at lower risk of AF, we saw 

that our patients’ baseline characteristics were still similar to those reported in prior 

international post-stroke AF screening studies with higher AF yield from screening. 

Combined with a relatively high prevalence of known AF at TIA/stroke presentation, 

these findings were in line with prior conclusions from D2AF and other work on AF 

screening in The Netherlands4 that the Dutch routine care system already seems 

comparatively conducive to AF detection.

In the subsequent validation (Chapter 8), the AI algorithm showed insufficient sensi-

tivity to serve as a triage test for 14-day Holter monitoring in the combined cohort of 

elderly primary care and post-stroke at lower risk of AF. The analyses were, however, 

severely limited by the low AF yield in both cohorts, leading to a high degree of un-

certainty of the validation results.

BENEFITS OF RISK-STRATIFIED AF SCREENING

The yield of risk-stratified screening for AF in the community
The past years have seen an increase in work that relates to the overarching aim of 

this thesis: community AF screening with patient selection through risk stratification 

beyond age alone. Further validation studies of existing risk models for routine care 

AF risk prediction have underwritten the work shown in Chapter 2.5 Moreover, new 

risk models have recently been developed with the aim to optimise the use of data 

contained in primary care EHRs for predicting AF risk in the community.6-8 These at-

tempted to advance the field by going beyond classically used variables such as age, 
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sex, or medical history that are stored as pre-set variables in each EHR (‘coded data’), 

and involving free text and other non-coded data in their models, as well as by using 

more advanced modelling techniques. In doing so, these models have shown promis-

ing results compared to previously used risk models in the field.6,7

Recent work in primary AF screening has also increasingly employed risk factors or 

clinical risk prediction models to select patients for their screening intervention, over 

selecting for age alone.9 A selection of published community AF screening studies 

that used risk factors beyond high age alone in selecting for screening to achieve 

higher AF yield is provided in Table 1.10-15 In all, these results indicate that screening in 

patients selected for age and additional risk factors can be highly effective in achiev-

ing high AF yield in community settings. In most of these trials, risk stratification was 

based on one single additional risk factor beyond age, and two others on the CHA2DS2-

VASc risk model. This thesis, which focused on identifying markers beyond age alone 

with potential use in patient selection for primary AF screening (Chapters 2-5 & 8), 

therefore fits well within this field of research.

Ongoing trials on risk-stratified AF screening in primary care
Several other AF screening trials with patient selection based on risk stratification be-

yond age alone in primary care or community settings are still ongoing.16,17 Of particu-

lar interest in the context of this thesis is the PATCH-AF (Personalized approach using 

wearable technology for early detection of atrial fibrillation in high-risk primary care 

patients) trial, conducted by our AmstelHeart research unit in collaboration with the 

Amsterdam UMC Primary Care Network (ANHA).16 PATCH-AF is a cluster-randomized, 

controlled trial that includes high-risk primary care patients, defined as 65 years 

or older and with a CHA2DS2-VASc score ≥3 for men or ≥4 for women, free of AF at 

baseline, from 20 ANHA-affiliated primary care practices in the Amsterdam region in 

The Netherlands randomised 1:1 to intervention or control practice. Risk stratifica-

tion occurs remotely (prior to baseline visit) based on the GP’s EHR as extracted by 

ANHA. Participants are visited at home by our research team and will undergo annual 

7-day Holter monitoring for three years in a row. The three-year AF yield for the total 

intervention cohort (AF detected through screening or usual care) will be compared 

with that of an age and comorbidity matched cohort from control ANHA practices.16 

Results of this trial are expected by 2025.

An interesting trial to compare PATCH-AF’s results to, will be the ongoing AMALFI 

study conducted in the United Kingdom (UK). This trial has similar inclusion criteria as 

PATCH-AF (age ≥65 and with CHA2DS2-VASc ≥3 in men or ≥4 in women), but randomises 

patients to receive one 14-day Holter within a 5-year follow-up period, after which AF 
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incidence will be compared to that of the control group.17 By comparing AF yield in 

each trial to their respective predecessor which selected patients for age ≥65 years 

alone (D2AF in The Netherlands, and the Screening for AF in the Elderly [SAFE] trial in 

the UK18) the benefit of selecting higher-risk patients for screening could be further 

estimated. And in comparing AF incidence of each trial’s control arm, further light will 

be shed on the question whether the current standard of care in The Netherlands is 

already relatively conducive to routine care AF detection compared to international 

settings (see discussed above). This, in turn, could have ramifications for the general-

isability of international AF screening trials to the Dutch setting and vice versa.

Recent developments in post-stroke AF screening
Where in primary care the merits of routine AF screening are still debated, the discus-

sion whether to screen has already been settled in the post-stroke setting.19-21 The oc-

currence of recent ischemic stroke or TIA is deemed such an important risk factor for 

presence of AF that prolonged cardiac monitoring for AF is immediately warranted.21 

Moreover, treatment with OAC is known to be beneficial in preventing stroke recur-

rence and mortality in patients with AF detected after stroke.22

In the post-stroke setting, the questions are therefore rather by what means to moni-

tor, for how long at minimum, and whom to select for extended monitoring beyond 

the guideline-recommended minimum.19-21 Randomised trials have been conducted 

to shed light on these questions. Table 2 lists a selection of relevant trials on post-

stroke AF screening and their results in terms of AF yield. Post-stroke screening for 

AF beyond routine care seems to increase yield of incident AF detection, especially 

when selecting for further risk factors than the occurrence of recent stroke or TIA 

itself. Selection was based on prior diagnostic work-up (e.g. cryptogenic stroke, in 

which work-up with several diagnostic investigations had not yet resulted in finding 

a cause for stroke), time from stroke onset to inclusion, stroke location, or additional 

stroke risk factors. Notice, however, that in none of the currently published trials the 

standard of care to which the intervention was compared was 72 hours of continuous 

monitoring, as the European Society of Cardiology currently advises.21 Given the in-

creasing technological abilities for continuous cardiac monitoring, one might expect 

that the currently advised minimum of up to 72 hours will be progressively increased. 

However, we presented evidence for there being a sizable subset of patients in whom 

external monitoring beyond 72 hours holds little benefit (see Chapter 7 of this the-

sis). It therefore remains important to weigh the increased burden to the patient from 

wearing prolonged external monitoring to their relative chance of finding AF during 

said monitoring. Further studies therefore are awaited, and it would be interesting 
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to see whether the use of clinical prediction models for selecting – or ruling out – 

patients for extended monitoring will increase in this field.

Does screening for AF reduce adverse outcomes?
Arguably one of the most important recent developments is the increased emphasis 

on the question whether screening for AF is ultimately also associated with fewer 

strokes or other adverse outcomes among those randomised to the screening inter-

vention.9,29,30 Since the start of this PhD project, several important studies have been 

conducted that included outcomes such as stroke and mortality during follow-up in 

their community and post-stroke AF screening trials. The results so far have been 

surprising, and often counterintuitive, as summarised in Table 3.

In the community screening setting, the mSToPS trial (mHealth Screening to Prevent 

Strokes) showed a significant benefit from screening in terms of long-term (3-year) 

ischemic stroke or the composite of death, stroke, systemic embolism, or myocardial 

infarction,31 and STROKESTOP (Systematic ECG Screening for Atrial Fibrillation) saw a 

slightly significant decrease in the composite of ischaemic or haemorrhagic stroke, 

systemic embolism, bleeding leading to hospitalisation, or all-cause death after 6.9 

years of follow-up.32 However, for ischemic stroke, STROKESTOP was underpowered, 

with HR: 0.92 (95% CI: 0.83–1.01).32 In the LOOP study (Atrial Fibrillation Detected 

by Continuous ECG Monitoring Using Implantable Loop Recorder to Prevent Stroke 

in High-risk Individuals), no difference in stroke or systemic embolism incidence was 

seen after over 5 years of follow-up, despite highly increased OAC initiation in the 

intervention arm.10 The authors therefore wondered whether all AF is worth screening 

for, and whether all AF detected through screening warrants anticoagulation treat-

ment.10 Other community AF screening trials are still in the midst of follow-up for 

clinical outcomes after AF screening intervention.13,33-35

As in primary care, there is the question whether post-stroke screening for AF leads 

to fewer recurrent stroke or deaths after extended follow-up. Several trials have pub-

lished results, however to date none have been sufficiently powered to conclusively 

show the benefit of post-stroke AF screening on their primary endpoint (Table 3). 

However, the MonDAFIS trial (MONitoring for Detection of Atrial Fibrillation in Isch-

emic Stroke) showed a decrease in the secondary endpoint all-cause mortality (odds 

ratio: 0.7; 95% CI: 0.5-0.9).26 Researchers in the field therefore await with interest 

the ongoing FIND-AF2 trial (Intensive Rhythm Monitoring to Decrease Ischemic Stroke 

and Systemic Embolism).36 This will include 5200 patients with recent ischemic 

stroke (hospitalisation within last 30 days), who will receive a risk-stratified interven-

tion: 1040 with high risk will receive an ILR, while those with low risk will receive 
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sequential 7-day Holter monitoring (at baseline, after 3 and 12 months, and annually 

thereafter). Here, high risk will be defined by increased atrial ectopic activity as per 

24-hour Holter prior to randomisation, recognising the importance of this risk factor 

for probability of AF detection as also featured in Chapters 4 and 5 of this thesis. 

Patients will be followed for a minimum of 2 and up to 5 years for the primary efficacy 

outcome recurrent ischemic stroke or systemic embolism, and with first haemorrhagic 

stroke as primary safety outcome.36

Primary screening for AF: game over?
The mixed, and sometimes disappointing results of currently published trials on the 

effect of AF screening on long-term adverse outcomes gives rise to the intuitive ques-

tion whether AF screening should keep being pursued, or whether an AF diagnosis is 

as relevant in each patient.10 Indeed, there is increasing evidence that not all AF diag-

noses should be regarded as similar, from an electrophysiological nor from a clinical 

vantage point.37-41 New approaches have therefore been outlined to better classify 

subgroups of AF diagnoses in order to optimize treatment decisions.42 Whether a sub-

classification in types of AF to screen for will at some point arise, and how this selec-

tion should be achieved, remains unknown. What is necessary for this aim, however, 

is continued research in optimal patient selection strategies, for which this thesis has 

aimed to provide some additional work.

It should be concluded that the current evidence is insufficient to draw definitive 

conclusions on the merits for AF screening on long-term outcomes. In order to 

combine forces in answering this question, a consortium of international researchers 

has launched an initiative to collect individual patient data from published as well 

as ongoing AF screening trials around the globe.9 The aim of this combined effort is 

to resolve the question whether AF screening is not only associated with increased 

AF detection, but ultimately whether it also able to do what it was designed to do: 

prevent stroke and reduce early mortality.9

OPPORTUNITIES FOR IMPROVED OUTCOMES AFTER SCREENING-
DETECTED AF

Screening-detected AF and the cardiovascular continuum
A possible explanation for the neutral results of past AF screening interventions in 

terms of clinical outcomes, is that current standard of care after an AF diagnosis still 

mainly focused on stroke prevention through OAC initiation, while other aspects 

of AF-associated complications are often given less attention in the provided care. 
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One could argue that screening-detected AF (SDAF) is ‘earlier’ on the journey from 

atrial cardiomyopathy, to self-limiting bouts of pAF, to more persistent types of AF.43 

There is also evidence that those with SDAF are generally younger and with lower 

concomitant cardiovascular disease than routine care-detected AF cases.1,44 This sug-

gests that SDAF patients are generally also ‘earlier’ on the continuum that is one’s 

cardiovascular burden. Although speculative, it can then be theorised that a treatment 

approach aimed at long-term reduction of cardiovascular risk to reduce AF-related 

complications could be especially relevant to SDAF patients, while the gains tradition-

ally seen from immediate OAC initiation are relatively less prominent in the SDAF 

patient group.

The ABC pathway
Recent years have seen the increasing emphasis on a more holistic approach to AF 

care that aims to further improve outcomes in AF patients. This framework has be-

come known as the ABC (AF Better Care) approach, consisting of three pillars: Avoid 

stroke (with Anticoagulants); Better symptom management; Cardiovascular risk and 

Comorbidity optimization (Table 4).45

The “A” pillar of the ABC approach involves the prevention of ischemic cerebral events 

through OAC treatment in those with an indication for stroke prophylaxis.21,46,47 The 

“B” pillar encourages physicians to optimise rate as well as rhythm control in their 

AF patients.21 While rate and rhythm control’s main objective are to improve quality 

of life, recent work has indicated that rhythm control is also associated with better 

cardiovascular outcomes when initiated early after AF diagnosis.48 The “C” pillar 

entails the early detection and management of the overall spectrum of a patient’s 

cardiovascular risk and comorbidities, such as hypertension, heart failure, coronary 

artery disease, diabetes and sleep apnoea.45 Providing good “C” care entails frequent 

monitoring of modifiable risk factors, with optimisation through e.g. lifestyle changes 

or treatment of concomitant conditions.21

Table 4 . The ABC approach to optimal AF treatment

ABC pillar Treatment options

Avoid stroke - �Oral anticoagulants

Better symptom management - �Rhythm and rate control, depending on patient-reported and/or 
observed symptoms and heart rate

Cardiovascular risk and 
Comorbidity optimization

- �Identify (cardiovascular) risk factors and comorbidities
- �Work with patient to improve modifiable risk factors
- �Provide treatment for (modifiable) risk factors and cardiovascular 

comorbidities

ABC, Avoid stroke (with Anticoagulants), Better symptom management, and Cardiovascular and Comorbidity risk 
optimization.



297

General discussion and perspectives for future research

So far, retrospective studies have indicated that AF patients with adherence to the 

full ABC approach had more favourable clinical outcomes over extended follow-up.49 

A dose-response relationship was observed between number of ABC pillars success-

fully adhered to based on AF patients’ records, and the degree of reduction of adverse 

outcomes.50-52 Adherence to the full ABC approach (optimal care provided for all three 

pillars) was found to be associated with up to 56% reduction of composite adverse 

cardiovascular events in AF patients.50,53 However, the comprehensive ABC approach 

was found to only have been consistently offered in a minority of patients, with only 

1 in every 25 complex AF patients (at highest risk of adverse outcomes) complying 

with all three pillars of ABC care.50,53,54 Some researchers therefore estimate further 

reduction in adverse outcomes if the ABC pathway could be implemented in larger 

proportions of AF patients.50,55

All-in on integrated care?
A number of early prospective studies have also already demonstrated the potential 

of what is dubbed this ‘integrated’ approach to AF care.56 Here, integrated care should 

be understood as treatment according to the holistic ABC principles (intra-patient 

axis) while recognising the importance of cooperation between healthcare disciplines 

(primary, secondary and paramedical care; the inter-healthcare provider axis).

A pivotal trial on integrated ABC approach to AF care in primary care was the ALL-IN 

trial, conducted by researchers from University Medical Centers Utrecht, The Nether-

lands.57 This was a cluster-randomised, open-label trial that included AF patients aged 

≥65 years from 26 primary care practices in The Netherlands. They were included 

between 2015-2017, with follow-up for the primary endpoint (mortality after 2 years) 

ending in 2018-2019.57 Patients in the intervention arm (n = 527) received integrated 

AF care based on the ABC principles and coordinated in primary care, including quar-

terly check-ups. Control patients (n = 713) received what was standard of care at that 

time: AF care coordinated by cardiologists or anticoagulation clinics, which involved 

once-yearly check-ups in most patients. After 2 years, mortality in the primary care 

intervention arm was significantly lower (HR: 0.55; 95% CI: 0.37-0.82) after adjust-

ment for age, sex and frailty index.57

The ALL-IN trial thus showed that integrated AF care in The Netherlands, according 

to the ABC principles and in close cooperation between healthcare disciplines, can 

safely be coordinated from primary care.57 An important question that remains, is 

whether GP-led integrated AF care is superior to current routine primary care, given 

the continuously evolving standard of care for AF in The Netherlands.58-60 Moreover, 

it remains to be seen whether GP-led integrated AF care is as effective among newly-
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diagnosed SDAF patients as in those included in the ALL-IN trial (with median 4 years 

of known AF diagnosis).

PERSPECTIVES FOR FUTURE RESEARCH

In this thesis, we aimed to identify potential methods to increase the yield of AF 

screening through better patient selection. In the previous paragraphs, we discussed 

how risk-stratified screening indeed achieves higher AF yield than routine care, but 

that its net clinical benefit in terms of reducing long-term adverse outcomes has been 

counterintuitively low. We then showed that there is increasing evidence for the clini-

cal benefit of an integrated, holistic approach to AF care, which could be especially 

relevant to SDAF patients. Finally, we showed evidence that such integrated AF care 

can safely be coordinated from primary care.

It is therefore worth investigating the potential benefit of combining risk-stratified AF 

screening with the latest insights on optimised AF care. This could take the form of a 

coupled intervention, linking risk-stratified screening to integrated ABC AF care. The 

combined intervention would be coordinated from primary care, in close cooperation 

with other healthcare disciplines, and would involve extensive follow-up for clinical 

outcomes (see Figure 1).

Figure 1. Schematic outline of a potential future combined risk-stratified screening and integrated AF care interven-
tion.

ABC, Atrial Fibrillation Better Care; AF, atrial fibrillation DHE, digital health environment.
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In this intervention, there is a prominent role for a digital health environment (DHE) 

that optimises both the risk stratification and integrated treatment phases of the 

trial. This DHE enables better linkage and compatibility of data across healthcare 

disciplines, employing advanced techniques where possible.61 It also facilitates the 

use of mobile health technologies such as single-lead ECG or disease activity moni-

toring smartphone applications. The DHE expands the use of EHR data from mainly 

coded data (sex, age, or diagnosis and medication codes) to also include e.g. free text 

from consultations or specialist correspondence.62,63 Through imputation as well as 

employment of AI techniques such as natural language processing and reinforcement 

learning, the DHE contributes to increased data completeness, higher accuracy of risk 

assessment, and better treatment recommendations. By actively suggesting addition 

of new or up-to-date anamnestic, physical or diagnostic information to the system, it 

further increases accuracy of risk assessment and treatment recommendations.63,64 

Finally, the DHE assists physicians in optimising adherence to the latest guidelines 

and best practices in light of the continually evolving and ever-increasing body of 

knowledge in the field. The DHE thereby contributes to an additional type of preven-

tion: the prevention of preventable suboptimal care provision.

For the risk stratification scheme, CHARGE-AF seems a logical primary predictor for 

eligible patients in case of sufficient data, with CHA2DS2-VASc to fall back on in case of 

missing CHARGE-AF data. With the evolving evidence on PACs as a potent predictor for 

AF as well as clinical outcomes65 after our publication featured in Chapter 4, it could 

be investigated whether ‘frequent PACs’ regardless of clinical prediction model score 

could be added as an entry variable for the screening intervention. Finally, given the 

ongoing development of AI-based pAF risk prediction based on raw ECG data (whether 

continuous ECG data analogous to Chapter 8, standard 12-lead ECGs66 or even single-

lead ECGs67), risk assessment based on routinely collected (raw) ECG data could also 

be considered for the risk stratification scheme.

As for the screening intervention, the available evidence should be systematically 

evaluated at time of protocol finalisation for their AF yield versus their burden and 

applicability. The PATCH-AF trial will show whether sequential (annual) monitoring 

is feasible and produces higher AF yield in high-risk Dutch primary care patients. As 

implantable loop recorder (ILR) devices are becoming more prevalent, with increasing 

understanding of their ease of use and potential complications, ILR insertion would 

be another candidate for the intervention.23,27 Hybrid interventions, e.g. with (sequen-

tial) external continuous monitoring supplemented by ILR insertion in those in the 

highest-risk strata could also be considered.
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The integrated AF care approach would be provided to all AF patients, whether de-

tected through screening or through routine care. Follow-up would ideally extend to 

a minimum of 10 years, similar to other studies on cardiovascular risk management 

in primary care,68 in order to assess the hypothesis that the integrated care approach 

is especially relevant for the subset of patients with SDAF. Collaboration should 

be sought with existing international consortia of AF screening research, aiming to 

conduct a similar intervention simultaneously across different settings. This would 

aim to provide further context to the question whether there are distinct features to 

the Dutch and other settings in terms of conduciveness of established routine care 

to AF detection and treatment, and the relative benefit of an active screening-and-

treatment intervention.

Research into this intervention would also include work on stakeholder experiences 

with such an intervention, including work on potential harms of screening to the 

patient.69 In the context of risk-stratified AF screening, the impact of being labelled 

‘high risk’, or from screening results having inconclusive or incidental findings, should 

for instance be investigated.

Finally, there is a need for a comprehensive overview of the legal and regulatory 

framework around risk-stratified primary screening: from data ownership in remote 

risk prediction (at the discretion of the treating physician, or requirement for consent 

from each individual patient?) to inviting high-risk patients for screening, to potential 

legal or insurance implications from assessing a patient as high risk – both from the 

patient’s and from a physician’s (liability) perspective.

CONCLUSION

Atrial fibrillation (AF) is a common arrhythmia increasing in incidence with age. Due to 

its association with an increased risk of complications such as stroke or heart failure, 

there is extensive research aimed at early diagnosis and subsequent treatment of 

asymptomatic (silent) AF in order to prevent complication through early treatment ini-

tiation. Previous research on screening for AF in the community indicated that better 

patient selection was necessary in order to increase efficiency of AF screening efforts. 

In this thesis we therefore aimed to investigate potential triage tests for future AF 

screening interventions, as well as to validate means to capture AF in low-resource, 

community settings. We systematically reviewed and subsequently validated clinical 

risk prediction models, with CHARGE-AF showing high potential for use in primary AF 

screening, and CHA2DS2-VASc a viable alternative. We subsequently investigated PACs 
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on (continuous) ECG as a single biomarker for AF, and found that frequent PACs were 

indeed associated with AF, as well as with brain ischemia and stroke. We then validated 

an AI-enabled device for AF detection in primary care and saw that it had excellent 

diagnostic accuracy for AF when assessed by expert readers. Finally, we validated an 

AI algorithm that assesses risk of pAF on continuous Holter snippets for AF in older 

primary care and post-stroke patients at lower risk of AF, but found that the algorithm 

was insufficiently sensitive to serve as triage test for 14-day Holter monitoring in 

these patients. In light of the lessons from this thesis, as well as from previous work 

on improved outcomes through an integrated approach to AF treatment, we proposed 

further research which combines risk-stratified screening with an integrated AF care 

intervention in order to optimise outcomes in all AF patients – whether detected 

through routine care or through AF screening.
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SUMMARY

Atrial fibrillation (AF) is a common arrhythmia that can lead to complications, such 

as stroke and heart failure. The prevailing hypothesis is that timely detection and 

treatment of AF in the community, including population-based screening efforts, will 

reduce these risks. A key question is which patients should be screened for AF. As AF is 

mostly found in older people, screening individuals aged 65 or older could be a start-

ing point. However, in countries with strong community-based healthcare systems 

and high AF awareness, there is already a high AF yield through routine care in older 

patients. Opportunistic AF screening in otherwise unselected older Dutch patients at 

the general practitioner’s office has been shown not to lead to more AF cases. Such 

broad screening was thus not cost-effective. This does not mean that all AF cases will 

be found through routine care before AF-related complications occur. On the contrary: 

we still observe debilitating strokes as the first manifestation of AF. This means that we 

have to rethink how to design effective AF screening programs that provide additional 

benefit to an already strong usual care. The aim of this thesis was to find ways to more 

accurately predict a person’s risk of AF than using only one’s age. For this purpose, 

we explored risk prediction models and electrocardiographic (ECG) signatures of AF. 

Moreover, we aimed to provide more user-friendly ways to capture AF, by evaluating 

an unobtrusive, point-of-care diagnostic instrument. The subsequent paragraphs will 

contain a breakdown of these findings, organized in a chapter-by-chapter manner.

First in our investigation on how to better select patients for future community AF 

screening efforts we turned to clinical prediction models as a potential triage test. In 

Chapter 2 we performed a systematic review and meta-analysis on risk models that 

had been developed and/or validated for AF in the community or primary care setting. 

We saw that, among the many models employed for this purpose, one model was 

likely the most accurate candidate for future patient selection in the community. This 

model, CHARGE-AF (Cohorts for Heart and Aging Research in Genomic Epidemiology 

model for atrial fibrillation), combined clinical and demographic patient information 

to estimate 5-year risk of AF among patients without an AF history.

In Chapter 3 we performed our own validation of a number of the more promising 

multivariable risk models featured in Chapter 2, using a national routine primary care 

electronic health record (EHR) database in the Netherlands. We compared risk model 

performance against age alone for predicting 5-year risk of AF, in an attempt to test 

our hypothesis that risk models would be more efficient at selecting for ‘high risk 

of future AF detection’ than using age alone. We saw that this was the case in the 

overall sample, as well as many of the subgroups analysed in our validation. Impor-
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tantly, however, we also exposed one of the vulnerabilities of CHARGE-AF for use in 

remote AF risk stratification. This was the model’s reliance on a number of variables 

that – though easily identifiable – were often not systematically documented in 

Dutch routine primary care. As a secondary candidate, we therefore also validated 

CHA2DS2-VASc (Cardiac failure or dysfunction, Hypertension, Age >=75 [Doubled], 

Diabetes, Stroke [Doubled]-Vascular disease, Age 65-74, and Sex category [Female]) 

for prediction of future AF risk. Though originally developed for predicting risk of 

ischemic stroke in AF patients, and though showing more modest predictive ability 

for incident AF than CHARGE-AF, CHA2DS2-VASc had the advantage of consisting of 

parameters that are all readily available in routine primary care data.

We then zoomed in on an individual risk factor with potential predictive abilities 

for AF and other adverse outcomes: premature atrial contractions (PACs) on ECG. In 

Chapter 4 we performed a systematic review and meta-analysis on the association 

between PACs on standard ECG or frequent PACs on continuous ECG and the risk of 

AF, brain ischemia or all-cause mortality. We found that after taking into account the 

significant heterogeneity among included studies, frequent PACs on Holter (a form of 

continuous ECG) were associated with AF, first stroke as well as all-cause mortality. 

There was a trend towards an association between PACs on 12-lead ECG and future AF 

detection, however due to the amount of heterogeneity in this analysis these findings 

were not conclusive. We concluded that PACs should not be regarded as the benign 

finding that they were traditionally held to be.

In Chapter 5 we attempted to further assess the association between PACs on 12-lead 

ECG with adverse outcomes in people with type 2 diabetes (T2D) in Dutch primary 

care. In this clinically highly relevant group of patients due to increased risk of stroke 

in presence of AF and concomitant T2D, we saw that observing one or more PACs on 

12-lead ECG was indeed associated with future AF detection. However, the association 

between PAC on ECG and ischemic events remained neutral in our analyses. Given the 

nature of the dataset with annual visits that included 12-lead ECG, we were also able 

to show that AF incidence was not associated with a higher risk of future ischemic 

events among this cohort of T2D patients – potentially testament to the quality of care 

received once enrolled in the program and with AF as a known, important comorbidity.

We then went on to investigating how best to screen for AF, with the aid of artificial 

intelligence (AI) algorithms applied to ECG signal. In Chapter 6 we presented the 

results of a diagnostic accuracy study validating a hand-held, AI-enabled single-lead 

ECG device for detection of rhythm and conduction abnormalities including AF in 

prospectively enrolled primary care patients who underwent routine care indicated 
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12-lead ECG. We saw that this device, the AliveCor Kardia, had perfect properties for 

detecting and ruling out AF when the ECG signal was assessed by cardiologists. The 

in-built AI algorithm showed high specificity and sensitivity for AF, however slightly 

less accurate than the expert reader’s assessment. Along with its high ease of use, 

these findings indicate that the AliveCor Kardia could be a viable candidate for use in 

AF screening and/or assessment for AF during home visits, provided that a positive al-

gorithm reading is followed by visual assessment of the ECG signal by an experienced 

reader.

In Chapter 7 we laid the groundwork for our final analysis, in which we aimed to 

validate an AI algorithm for assessing risk of paroxysmal AF (pAF) on Holter in high-

risk patients (see Chapter 8). This validation required a new, prospective database 

of Holter recordings from patients screened for new AF in a high-risk cohort, in 

addition to the existing cohort of patients who had undergone 14-day Holter in the 

D2AF trial (Detecting and Diagnosing AF). In Chapter 7 we described the details of our 

prospectively enrolled cohort of consecutive patients presenting to the Amsterdam 

UMC, location AMC, for transient ischemic attack or ischemic stroke who underwent 

14-day Holter for AF. In our final cohort of 379 patients, we saw that AF yield of 14-day 

Holter monitoring was much lower than expected compared to international literature 

despite good Holter adherence among participants. This was potentially due to sam-

pling bias, as a comparison with a random sample of eligible non-included post-stroke 

patients showed that we included mainly younger patients with lower stroke severity 

and lower cardiovascular comorbidity. Still, our results were a valuable indication that 

a personalised approach within the current general recommendations for post-stroke 

cardiac monitoring could be considered for those at lowest risk of AF.

In Chapter 8 we presented the results of our diagnostic accuracy study validating 

the AI algorithm that assesses the risk of underlying pAF during non-AF rhythm on 

the first 24 hours of Holter monitoring, with the outcome of total Holter (AF or no 

AF) as reference. We validated the algorithm in the post-stroke cohort featured in 

Chapter 7 as well as in patients from the intervention arm of the cluster-randomised, 

controlled, D2AF trial on primary AF screening, all of whom underwent 14-day Holter 

for AF. In both cohorts the rate of incident AF cases was low, with a majority also 

detected within the first 24 hours, considerably limiting our validation efforts. Still, if 

in these relatively low-risk samples the algorithm would have shown high sensitivity, 

the algorithm could be useful to safely rule out patients for further prolonged rhythm 

monitoring. The validation, however, showed that the AI algorithm’s ability to further 

separate those at higher from those at lower risk of AF detecting during 14-day Holter 

monitoring was among included patients. We therefore concluded that the algorithm 
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was of insufficient diagnostic value to be used as a triage test for further monitoring 

up to 14 days in older primary care or post-stroke patients at lower risk of AF.

Finally, in Chapter 9 we provided a discussion of the findings of this thesis within the 

context of the evolving research on risk-stratified screening for AF. The discussion was 

followed by a projection on the potential outline of future research that combines 

risk-stratified screening with an integrated AF care intervention, complemented by an 

advanced digital health environment, in order to optimise outcomes in all AF patients 

– whether detected through routine care or through an AF screening intervention.
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SAMENVATTING

Atriumfibrilleren (AF) is een veelvoorkomende ritmestoornis die kan leiden tot 

complicaties zoals een herseninfarct of hartfalen. Algemeen wordt aangenomen dat 

vroegtijdig opsporen en behandelen van AF in de algehele bevolking, bijvoorbeeld 

door populatiegericht screenen, deze risico’s kan verlagen. Een cruciale vraag hierbij 

is welke patiënten moeten worden gescreend op AF. Aangezien AF vooral wordt aan-

getroffen in ouderen, ligt screenen van mensen van 65 jaar of ouder voor de hand. 

Echter, in landen waarin reeds een sterk gezondheidssysteem aanwezig is met ruime 

aandacht voor AF wordt er onder ouderen reeds een groot aantal mensen met AF gevon-

den door middel van de gangbare zorg. Eerder is aangetoond dat opportunistische 

screening voor AF in anderszins ongeselecteerde patiënten van 65 jaar of ouder in 

Nederlandse huisartspraktijken weinig additionele AF-gevallen opspoort. Zulke brede 

screening was daarom niet kosteneffectief. Dit betekent niet dat alle AF-gevallen door 

gebruikelijke zorg worden opgespoord voordat deze tot complicaties kunnen leiden. 

In tegendeel: we zien nog steeds invaliderende herseninfarcten als eerste uiting van 

AF. Dit betekent dat we het ontwerp van effectieve screeningsprogramma’s voor AF 

moeten herzien, om deze van toegevoegde waarde te laten zijn bovenop de reeds 

sterke gebruikelijke zorg. Het doel van dit proefschrift was om manieren te vinden 

waarmee we preciezer iemands risico op AF kunnen schatten dan alleen op basis van 

diens leeftijd. Voor dit doel hebben wij onderzoek gedaan naar risicomodellen voor en 

elektrocardiografische (ECG) vingerafdrukken van AF. Daarnaast wilden wij een meer 

gebruiksvriendelijke manier voor vaststellen van AF onderzoeken, middels evaluatie 

van een handzaam apparaat voor gebruik in de spreekkamer of aan het bed. Hieronder 

volgt een samenvatting van deze bevindingen, georganiseerd per hoofdstuk uit het 

proefschrift.

Als eerste in ons onderzoek naar hoe we beter patiënten konden selecteren voor 

toekomstige AF-screeningsonderzoek, keken we naar klinische predictiemodellen als 

mogelijk hulpmiddel voor triage. In Hoofdstuk 2 verrichtten wij een systematische 

review en meta-analyse naar risicomodellen die waren opgesteld en/of gevalideerd 

voor voorspellen van AF in de algemene bevolking of eerstelijns zorgsetting. We za-

gen dat er, onder de vele modellen die voor dit doel bleken te zijn ingezet, één model 

was dat waarschijnlijk de meest precieze kandidaat was voor toekomstige patiëntse-

lectie in populatiegerichte screening. Dit model, CHARGE-AF (Cohorts for Heart and 

Aging Research in Genomic Epidemiology model for atrial fibrillation), combineerde 

klinische en demografische patiëntinformatie om 5-jaars risico op AF te voorspellen 

in patiënten zonder AF in de voorgeschiedenis.
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In Hoofdstuk 3 valideerden wij een aantal van de in Hoofdstuk 2 gevonden multi-

variabele risicomodellen binnen een landelijke database met elektronische patiënt-

data (EPD) uit gebruikelijke eerstelijnszorg in Nederland. We vergeleken de prestaties 

van risicomodellen met die van alleen leeftijd voor voorspellen van 5-jaars risico 

op AF, met oog op testen van onze hypothese dat risicomodellen efficiënter zouden 

moeten zijn dan enkel gebruik van leeftijd voor het selecteren van patiënten voor 

‘hoog risico op toekomstige AF-detectie’. We zagen dat dit in het totale geselecteerde 

cohort het geval was, net als in vele van de uitgevoerde subgroepanalyses. Belan-

grijk was echter dat we ook een zwakte van CHARGE-AF blootlegden voor op afstand 

voorspellen van iemands AF-risico. Dit betrof de afhankelijkheid van het model van 

een aantal variabelen die – hoewel afzonderlijk gemakkelijk te bepalen – vaak niet 

systematisch werden vastgelegd in gangbare Nederlandse eerstelijnszorg. Als tweede 

kandidaat voor AF-risicovoorspelling valideerden we daarom ook de CHA2DS2-VASc 

score (Cardiac failure or dysfunction, Hypertension, Age >=75 [Doubled], Diabetes, 

Stroke [Doubled]-Vascular disease, Age 65-74, and Sex category [Female]). Hoewel 

deze oorspronkelijk was ontwikkeld voor voorspellen van risico op een herseninfarct 

in patiënten bij wie AF reeds was vastgesteld, en hoewel het model bescheidener 

voorspelkracht voor AF had dan CHARGE-AF, had CHA2DS2-VASc het voordeel dat het 

volledig bestond uit variabelen die gemakkelijk en uniform uit een eerstelijns EPD 

voor gebruikelijke zorg zijn op te maken.

Vervolgens zoomden wij in op een enkele risicofactor met potentiële voorspelkracht 

voor AF en andere negatieve uitkomsten: premature atriale complexen (PAC’s) op ECG. 

In Hoofdstuk 4 voerden wij een systematische review en meta-analyse uit naar het 

verband tussen PAC’s op standaard-ECG of frequente PAC’s op continu ECG en het 

risico op AF, ischemische beroerte of algehele sterfte. We zagen dat, ondanks de grote 

verscheidenheid aan geïncludeerde studies, frequente PAC’s op ‘Holter’ (een vorm 

van continu ECG) geassocieerd waren met AF, een eerste herseninfarct, en algehele 

sterfte. Er werd een neiging gezien naar een verband tussen één of meer PAC’s op 

12-kanaals ECG en toekomstig AF, maar deze analyse was niet geheel sluitend door 

de grote verscheidenheid aan meegenomen studies. We concludeerden dat PAC’s 

niet moeten worden gezien als de goedaardige bevinding waar ze traditioneel voor 

werden aangezien.

In Hoofdstuk 5 probeerden we de associatie tussen PAC’s op 12-kanaals ECG en 

negatieve gezondheidsuitkomsten verder in kaart te brengen in mensen met type 2 

diabetes (T2D) in Nederlands eerstelijnszorg. In deze klinisch zeer relevante groep 

patiënten, vanwege het verhoogde beroerterisico in aanwezigheid van zowel AF 

als T2D, zagen we dat het zien van één of meer PAC’s op 12-kanaals ECG inderdaad 
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geassocieerd was met kans op AF-detectie in de toekomst. Echter, het verband tussen 

PAC’s op ECG en ischemische beroerte bleef neutraal in onze analyses. Gegeven de 

aard van de dataset met jaarlijkse controle met 12-kanaals ECG, waren we ook in staat 

om te laten zien dat het optreden van nieuw AF niet geassocieerd was met een hoger 

risico op latere ischemische beroertes in dit cohort van T2D-patiënten. Mogelijk is dit 

te danken aan de kwaliteit van zorg die men kreeg zodra in een T2D-patiënt ook AF 

werd vastgesteld als belangrijke nevendiagnose.

We verlegden ons toen naar het onderzoeken hoe we het beste konden screenen op 

AF met de hulp van kunstmatige intelligentie (AI; artificial intelligence) toegepast 

op ECG-signaal. In Hoofdstuk 6 presenteerden we de resultaten van een diagnost-

ische accuratessestudie met validatie van een handzaam, AI-gestuurd één-afleiding 

ECG-apparaat voor vaststellen van ritme- en geleidingsstoornissen, waaronder AF. 

Dit deden wij in prospectief geïncludeerde patiënten die 12-afleiding ECG hadden 

ondergaan tijdens gebruikelijke eerstelijnszorg, voor welke reden dan ook. We zagen 

dat dit apparaat, de AliveCor Kardia, perfecte eigenschappen had voor aantonen en 

uitsluiten van AF wanneer het ECG-signaal werd beoordeeld door cardiologen. Het 

ingebouwde AI-algoritme had weliswaar hoge specificiteit en sensitiviteit voor AF, 

maar was minder accuraat dan wanneer experts het ECG-signaal zelf lazen. Samen 

met het hoge gebruiksgemak, wezen deze bevindingen erop dat de AliveCor Kardia 

een mogelijke kandidaat was voor toepassing in AF-screening en/of diagnostiek 

naar AF tijdens huisbezoek, mits een positieve algoritme-uitslag gevolgd wordt door 

beoordeling van het ECG-signaal door een ervaren beoordelaar.

In Hoofdstuk 7 legden we de basis voor onze laatste analyse, waarin we als doel had-

den om een AI-algoritme te valideren voor schatten van het risico op onderliggend 

paroxismaal (aanvalsgewijs) AF (pAF) op Holter in hoog-risicopatiënten (zie Hoofd-

stuk 8). Deze validatie vereiste aanleg van een nieuwe, prospectieve dataset met 

Holteropnames gemaakt bij screenen op nieuw AF in een hoog-risicocohort – naast 

een reeds aanwezig cohort van patiënten die 14-daagse Holter hadden ondergaan in 

kader van de D2AF-studie (Detecting and Diagnosing AF). In Hoofdstuk 7 beschreven we 

de details van ons prospectief verzamelde cohort van achtereenvolgende patiënten 

die zich hadden gepresenteerd bij het Amsterdam UMC, locatie AMC, wegens een TIA 

(transient ischemic attack) of herseninfarct en die daarna 14-daagse Holter hadden 

ondergaan op zoek naar AF. In ons uiteindelijke cohort van 379 patiënten zagen we dat 

de AF-opbrengst uit 14-daagse Holter veel lager was dan was te verwachten op basis 

van internationale literatuur, ondanks dat deelnemende patiënten zich grotendeels 

goed aan het Holter-protocol hadden gehouden. Dit kwam mogelijk door sampling 

bias, aangezien deelnemende patiënten veelal jonger waren met lager beroerterisico 
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en lagere cardiovasculaire comorbiditeit in vergelijking met een willekeurige selectie 

van niet-deelnemende patiënten die wel in aanmerking zouden zijn gekomen voor 

de studie. Desondanks waren onze resultaten een waardevolle aanwijzing dat een 

persoonlijke aanpak binnen de huidige richtlijnen voor ritmemonitoring na een hers-

eninfarct of TIA overwogen kan worden voor patiënten met een relatief laag risico op 

AF.

In Hoofdstuk 8 presenteerden we de resultaten van onze diagnostische accuratess-

estudie waarin we het AI-algoritme voor voorspellen van onderliggend pAF vali-

deerden op de eerste 24 uur van een 14-daagse Holter-opname, tegen de uitkomst 

van de totale Holter (wel of geen AF) als referentie. We valideerden het algoritme 

zowel in het cohort na herseninfarct of TIA uit Hoofdstuk 7, als in de patiënten uit 

de interventie-arm van de cluster-gerandomiseerde, gecontroleerde D2AF-studie naar 

eerstelijns AF-screening. Alle deelnemers hadden 14-daagse Holter voor AF onder-

gaan. In beide cohorten was het aantal nieuwe AF-gevallen laag, met een meerder-

heid van de AF-gevallen ook nog vastgesteld binnen de eerste 24 uur, hetgeen onze 

validatie sterk belemmerde. Als het AI-algoritme in deze relatieve laag-risicocohorten 

een hoge sensitiviteit had laten zien, dan zou het algoritme nog nuttig kunnen zijn 

geweest om veilig patiënten te ontslaan van verdere langdurige ritmemonitoring. 

De validatie liet echter zien dat de mogelijkheden van het AI-algoritme om verder 

laag van hoog risico te onderscheiden erg bescheiden waren onder de deelnemende 

patiënten. We concludeerden daarom dat het algoritme onvoldoende diagnostische 

waarde had om te worden gebruikt als triagetest voor verdere monitoring tot 14 

dagen in oudere eerstelijnspatiënten en patiënten na herseninfarct of TIA met een 

relatief laag AF-risico.

Tot slot boden we in Hoofdstuk 9 een discussie over de bevindingen uit dit proef-

schrift binnen de context van het zich ontwikkelende onderzoeksveld naar risico-

gestratificeerd screenen op AF. De discussie werd gevolgd door een vergezicht op mo-

gelijke contouren van toekomstig onderzoek dat risico-gestratificeerde AF-screening 

combineert met een geïntegreerde interventie voor AF-zorg, aangevuld met een 

geavanceerde digitale zorg-omgeving, met als doel op uitkomsten te verbeteren voor 

alle AF-patiënten – of deze nu zijn vastgesteld door gebruikelijke zorg of door AF-

screening.
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341

Acknowledgements - Dankwoord
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betrokkenheid bij elkaar en jullie patiënten die jullie ongetwijfeld zullen vasthouden. 

Wouter, jouw rol was daarin essentieel. Je bent een geweldig mentor, bij wie ik me 

vanaf onze eerste ontmoeting veilig en betrokken heb gevoeld. Dankjewel voor de 

prachtige gesprekken en bespiegelingen – ook ver buiten de geneeskunde. Herin-

neringen die ik koester, en in komende jaren nog vaker hoop te mogen hernieuwen.

Op de afdeling Huisartsgeneeskunde zijn er velen die mij hebben geholpen. Een 

aantal daarvan wil ik graag noemen. Alice en Sylvia, bedankt voor jullie support in 

de eerste jaren van mijn onderzoek, en het mij wegwijs maken op de afdeling. Amber 

en Annelies, bij jullie kon ik altijd terecht met mijn vragen, waarvoor dank. En Eda, 

dankjewel voor je ondersteuning bij alle projecten in onze groep, en in afronden van 
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Chris en Marja – bedankt voor jullie navigatie in de wirwar van het AIOTO-schap, en 
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Mijn mede-onderzoekers op J2 hebben mijn dagen op het AMC vaak kleur gegeven. 

Rosalie, Amalia, Evert, Lucinda en Marianne, dank jullie wel voor de gezelligheid als 

mijn kamergenoten – toen we nog eigen kamers hadden..! Amalia, thank you for your 

friendship and the kind presents from Indonesia whenever you arrived for a new stint of 

research in Amsterdam, we hope to see you again and to be able to show you our new 

home as well. Wim, dankjewel voor alle goede gesprekken – vooral over statistiek maar 

toch ook vaak ver daarbuiten – en je hulp in het stap voor stap doorgronden van de 

analyses die nodig zijn in elke afzonderlijke situatie. Ik heb veel van je geleerd. Amy, 

Tessa, Lukas en Indra, wat fijn om zulke gedreven en talentvolle collega-onderzoekers 
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in onze groep te hebben, ik ben heel benieuwd naar wat er allemaal uit jullie projecten 

gaat komen. Steven en Nicole, tot slot, jullie hebben mij ingewijd in atriumfibrilleren-

onderzoek. Van dichtbij heb ik jullie indrukwekkende D2AF-studie uitgevoerd zien 

worden, waarbij ik veel heb geleerd, en ook zelf veel mooie D2AF-praktijkbezoeken 

heb mogen afleggen. Dank dat ik van dit platform gebruik heb mogen maken, en er 

deels mijn eigen draai aan heb mogen geven.

Ook op de andere afdelingen waar mijn onderzoek heeft plaatsgevonden kon ik niet 

zonder de hulp van een groot aantal collega’s. Harriët, dankjewel voor je hulpvaardig-
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ten, Guido, Rita en Tamar, bedankt voor de gezellige werkdagen op H2. De RAPID-AF 
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Mijn dank ook aan alle medewerkers buiten AMC die mijn onderzoek de afgelopen 

jaren hebben ondersteund. Esther, Dave en Robert, bedankt dat jullie met jullie team 

van Fysiologic ECG Services bereid zijn geweest na D2AF ook mijn RAPID-onderzoek 
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anderen. Dear Christian, Helmut and dr. Hirtz at Apoplex Medical Technologies, thank 

you very much for your support in our project, and for the many hours spent at conver-
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NWZ, bedankt voor jullie bereidheid om RAPID-AF ook te overwegen in Alkmaar. Toen 

vlak voor onze eerste inclusie COVID-19 uitbrak, was afstel de enig juiste keuze, maar 

weet dat ik jullie hulp en bereidwilligheid zeer heb gewaardeerd.

Mijn vrienden, familie en bandleden die mijn afwezigheid de afgelopen jaren heb-

ben ervaren, met dit boekje heb ik hopelijk enige tastbare bewijslast aangeleverd 

in de categorie verzachtende omstandigheden. Hoe fijn is het dan om toch om af en 
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toe in jullie gezelschap te zijn en me direct als vanouds te voelen. Bedankt voor die 
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jullie ontdekkingen van dichtbij mee te kunnen beleven.
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