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ABSTRACT
Aims To validate a multivariable risk prediction model 
(Cohorts for Heart and Aging 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 CHA

2DS2- 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.

INTRODUCTION
Atrial fibrillation (AF) is a common 
arrhythmia increasing in incidence with age.1 
It is associated with a higher risk of ischaemic 

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 per-
formed mainly in prospective community cohorts 
with high completeness of data. If the model were 
to be used for low- cost, automated patient selec-
tion in AF screening, however, it is more likely that 
researchers will turn to readily available routine pri-
mary care data, without a costly baseline visit for 
each eligible patient. This study is the first to pro-
vide detailed information on how selecting at differ-
ent cut- offs of CHARGE- AF risk would translate into 
numbers of patients to be screened and percent-
age of AF yield to be expected while using a large 
European routine primary care dataset.
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stroke for which effective prophylactic treatment is avail-
able.2 There is increasing interest in more efficient strat-
egies 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, antihyper-
tensive 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 selec-
tion 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 elec-
tronic 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 selec-
tive reporting favouring those with higher comorbidity 
rates.12 13

If CHARGE- AF were shown to be a valid risk stratifica-
tion tool within the subset of patients with readily avail-
able complete data for CHARGE- AF risk assessment, and 
if this subset were to constitute a population with clin-
ical significance for AF screening, this could point to a 

reduced necessity for a baseline visit prior to risk stratifi-
cation 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 re-

cent 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 com-
pare it with other established predictors for AF in com-
plete CHARGE- AF cases.

3. To explore how a choice of baseline CHARGE- AF 
risk cut- offs could affect patient selection and poten-
tial AF yield in future AF screening among complete 
CHARGE- AF cases.

METHODS
We reported this study in accordance with the Trans-
parent Reporting of a Multivariable 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 patients from over 500 
general practices across the Netherlands in 2019. The 
database includes information on diagnoses, consulta-
tions, prescribed medication and (laboratory) measure-
ments.

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 over-
view 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 online supplemental 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 Anatom-
ical Therapeutic Chemical classification system. Since 
GPs in the Netherlands are often tasked with providing 
repeat prescriptions for medication initiated by special-
ists, 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 param-
eters. Due to prohibitions by Dutch law, information 
on ethnic background is not systematically recorded in 
EHRs.17

Key questions

How might this impact on clinical practice?
 ► Outcomes of this work are relevant to the prospect of using clin-
ical risk models as triage test for AF screening, while also main-
taining 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. 
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 cas-
es with complete CHARGE- AF data through routine primary care. 
Moreover, CHARGE- AF can do so with higher accuracy than two pre-
dictors 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 categoryCHA2DS2- 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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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 baseline data in 
order to include only recent measurement and medica-
tion 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 online 
supplemental 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 meas-
urements included in the CHARGE- AF model (height, 
weight, SBP and DBP)—‘incomplete cases’—and those 
with baseline data available for all these measure-
ments—‘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 prac-
tice 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 consecutive 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 formula 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 representative 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 accor-
dance 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 succes-
sive strata of baseline CHARGE- AF risk.

Statistical analysis
We reported continuous variables as means±SD, ordinal 
variables as median and IQR, and dichotomous varia-
bles 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 presented it as number and percent-
ages as well as incidence per 1000 person years using 
survival- time analysis. We plotted the cumulative AF inci-
dence 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 to deciles of baseline CHARGE- AF risk,22 by 
the calibration slope of the linear predictor 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 insuf-
ficient 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 
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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 improve-
ment (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, intermediate 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 propor-
tion 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 propor-
tion 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.

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 online supple-
mental figure 1).

Patients with complete CHARGE-AF baseline data
Among complete cases, mean age was 65.5±11.4 years, 
52.5% were female and median 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% (online supplemental figure 2, panel 
A). Age was the major factor driving an increase in base-
line CHARGE- AF risk (online supplemental figure 2, 
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 online supple-
mental 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 online supplemental 
figure 3, 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 online 
supplemental figure 3, panel B, for the number of prac-
tices and patients at risk during follow- up).

CHARGE-AF validation
Validation of CHARGE- AF among all patients with 
complete baseline CHARGE- AF data resulted in a C- sta-
tistic 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 CHARGE- 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 
online 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 
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high- risk groups showed significantly higher AF inci-
dence 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 representa-
tive of the Netherlands, one in six patients aged 40 
years and older was free of AF and had complete base-
line CHARGE- AF data. These patients had significantly 
higher 5- year AF incidence and cardiovascular morbidity 
than those with ≥1 missing CHARGE- AF variables. Vali-
dation 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 

Table 1 Baseline characteristics of the study sample with complete baseline CHARGE- AF data

All (n=111 475)
AF during follow- 
up (n=5264)

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%) 2572 (48.9%) 55 977 (52.7%) <0.001

SBP, mm Hg 137.3±16.3 139.5±17.3 137.2±16.2 <0.001

DBP, mm Hg 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) 4494 (85.4) 74 563 (70.2) <0.001

Hypertension 74 149 (66.5) 3864 (73.4) 70 285 (66.2) <0.001

Diabetes mellitus 47 557 (42.7) 2514 (47.8) 45 043 (42.4) <0.001

Heart failure 4693 (4.2) 562 (10.7) 4131 (3.9) <0.001

Myocardial infarction 5404 (4.9) 391 (7.4) 5013 (4.7) <0.001

Current smoking 15 774 (14.2) 600 (11.4) 15 174 (14.3) <0.001

Stroke 7462 (6.7) 472 (9.0) 6990 (6.6) <0.001

TIA 3339 (3.0) 224 (4.3) 3115 (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) 9417 (8.9) <0.001

CHA2DS2- VASc 3 (IQR 2–4) 4 (IQR 3–5) 3 (IQR 2–4) <0.001

CHA2DS2- VASc≥2 88 538 (79.4) 4866 (92.4) 83 672 (78.8) <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 6367 (5.7) 416 (7.9) 5951 (5.6) <0.001

Hypercholesterolaemia 19 427 (17.4) 694 (13.2) 18 733 (17.6) <0.001

Gout 7639 (6.9) 589 (11.2) 7050 (6.6) <0.001

Enrolled in care programme

  Asthma 1846 (1.7) 77 (1.5) 1769 (1.7) 0.26

  COPD 4777 (4.3) 335 (6.4) 4442 (4.2) <0.001

  Diabetes mellitus 35 640 (32.0) 1943 (36.9) 33 697 (31.7) <0.001

  Any care programme 40 468 (36.3) 2212 (42.0) 38 256 (36.0) <0.001

Data are number (percentage), mean±SD or median (IQR).
*Difference between those with and without AF during follow- up.
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- atrial fibrillation; 
COPD, chronic obstructive pulmonary disorder; DBP, diastolic blood pressure; IQR, interquartile range; SBP, systolic blood pressure; TIA, 
transient ischaemic attack.
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to predefined risk categories. CHARGE- AF had supe-
rior discrimination for 5- year risk of AF compared with 
CHA2DS2- VASc and age alone. Explorative analyses on the 
application 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.

Clinical implications
Outcomes of this work are relevant to the prospect of 
using clinical risk models as triage test for AF screening, 
while maintaining low cost in their risk assessment efforts. 
We showed that those with complete CHARGE- AF varia-
bles 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 reli-
ably 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- sta-
tistic 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 selec-
tion.

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 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 

Table 2 Validation of CHARGE- AF, CHA2DS2- VASc and age alone as predictors for 5- year AF incidence among patients with 
complete baseline CHARGE- AF data (n=111 475)

CHARGE- AF CHA2DS2- VASc Age alone

All (n=111 475; 5264 AF cases)

C- statistic (95% CI) 0.736 (0.727 to 0.744) 0.669 (0.661 to 0.677) 0.716 (0.708 to 0.724)

Nam- D’Agostino χ2 (p value) 901.8 (p<0.001) – –

Calibration slope (95% CI) 0.69 (0.67 to 0.71) – –

Age ≥65 years (n=60 528; 4356 AF cases)

C- statistic (95% CI) 0.646 (0.637 to 0.655) 0.581 (0.572 to 0.590) 0.615 (0.606 to 0.624)

Nam- D’Agostino χ2 (p value) 907.2 (p<0.001) – –

Calibration slope (95% CI) 0.58 (0.54 to 0.61) – –

Age <65 years (n=50 947; 908 AF cases)

C- statistic (95% CI) 0.706 (0.686 to 0.725) 0.543 (0.525 to 0.561) 0.652 (0.633 to 0.671)

Nam- D’Agostino χ2 (p value) 38.8 (p<0.001) – –

Calibration slope (95% CI) 0.93 (0.84 to 1.01) – –

Men (n=52 926; 2692 AF cases)

C- statistic (95% CI) 0.718 (0.707 to 0.729) 0.672 (0.661 to 0.683) 0.702 (0.691 to 0.713)

Nam- D’Agostino χ2 (p value) 542.7 (p<0.001) – –

Calibration slope (95% CI) 0.65 (0.62 to 0.69) – –

Women (n=58 549; 2572 AF cases)

C- statistic (95% CI) 0.751 (0.740 to 0.763) 0.706 (0.695 to 0.717) 0.736 (0.724 to 0.750)

Nam- D’Agostino χ2 (p value) 381.6 (p<0.001) – –

Calibration slope (95% CI) 0.72 (0.69 to 0.76) – –

CHA2DS2- VASc≥2 (n=88 538; 4866 AF cases)

C- statistic (95% CI) 0.711 (0.702 to 0.719) 0.636 (0.628 to 0.644) 0.688 (0.680 to 0.697)

Nam- D’Agostino χ2 (p value) 866.0 (p<0.001) – –

Calibration slope (95% CI) 0.66 (0.63 to 0.68) – –

CHA2DS2- VASc<2 (n=22 937; 398 AF cases)

C- statistic (95% CI) 0.723 (0.694 to 0.752) 0.521 (0.501 to 0.541) 0.680 (0.649 to 0.707)

Nam- D’Agostino χ2 (p value) 20.4 (p=0.02) – –

Calibration slope (95% CI) 0.99 (0.86 to 1.12) – –

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 atrial fibrillation.
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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 acquired through routine care. To 
our knowledge, there have been no clinical studies on the 
efficacy of CHARGE- AF as a triage test for patient selec-
tion 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 valida-
tion studies in that it made an explicit attempt to bridge 
the gap between model validation and subsequent appli-
cation 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 percentage 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 vali-
dation of CHARGE- AF and CHA2DS2- VASc were similar 
to ours. The main difference between this study and 
ours is the population. 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 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 deri-
vation 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 measurement data as per 
routine care were older and had higher burden of cardio-
vascular comorbidity than those with missing measure-
ments.12 Our study expands on that by showing that 

Figure 1 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 distribution 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%–5% and >5%. AF, 
atrial fibrillation; CHARGE- AF, Cohorts for Heart and Aging 
Research in Genomic Epidemiology- atrial fibrillation.
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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 prediction 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 correlated 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 anal-
yses 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 achieving 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 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 repre-
sentative sample of primary care patients in the Netherlands, 
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 

Figure 2 Panel A: Kaplan- Meier (KM) plot of AF incidence dichotomised according to baseline CHARGE- AF predicted 
risk cut- off 2.5%; panel B: KM plot of AF incidence dichotomised according to baseline CHARGE- AF predicted risk cut- off 
5%; panel C: KM plot of AF incidence dichotomised 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. 
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 Ageing Research in Genomic 
Epidemiology model for atrial fibrillation; PY, person years; Nivel- PCD, Netherlands Institute for Health Services Research 
Primary Care Database.
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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 parameters 
had higher AF risk and higher cardiovascular comorbidity 
and more often had a CHA2DS2- VASc score ≥2. An AF diag-
nosis 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 restriction 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 commu-
nity 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 underestimation of prevalence of 
baseline comorbidities.39 40 Third, one of CHARGE- AF’s 
variables—ethnicity—was missing altogether from the data-
base due to restrictions in Dutch primary healthcare regu-
lations. Although our evaluation of the relative contribution 
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 classification 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- 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 effec-
tively 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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