Circulation: Cardiovascular Quality and Outcomes

ORIGINAL ARTICLE

Importance of Considering Competing
Risks in Time-to-Event Analyses
Application to Stroke Risk in a Retrospective Cohort Study of
Elderly Patients With Atrial Fibrillation

Downloaded from http://circoutcomes.ahajournals.org/ by guest on July 16, 2018

BACKGROUND: Ignoring competing risks in time-to-event analyses
can lead to biased risk estimates, particularly for elderly patients with
multimorbidity. We aimed to demonstrate the impact of considering
competing risks when estimating the cumulative incidence and risk of
stroke among elderly atrial fibrillation patients.
METHODS AND RESULTS: Using linked administrative databases, we
identified patients with atrial fibrillation aged ≥66 years discharged
from hospital in ON, Canada between January 1, 2007, and March 31,
2011. We estimated the cumulative incidence of stroke hospitalization
using the complement of the Kaplan–Meier function and the cumulative
incidence function. This was repeated after stratifying the cohort by
presence of prespecified comorbidities: chronic kidney disease, chronic
obstructive pulmonary disease, cancer, or dementia. The full cohort was
used to regress components of the CHA2DS2VASc (congestive heart
failure, hypertension, age, diabetes mellitus, stroke, vascular disease,
sex) score on the hazard of stroke hospitalization using the Fine-Gray
and Cox methods. These models were subsequently used to predict
the 5-year risk of stroke hospitalization. Among 136 156 patients, the
median CHA2DS2VASc score was 4 and 84 728 patients (62.2%) had ≥1
prespecified comorbidity. The 5-year cumulative incidence of stroke was
5.4% (95% confidence interval, 5.3%–5.5%), whereas that of death
without stroke was 48.8% (95% confidence interval, 48.5%–49.1%).
The incidence of both events was overestimated by the Kaplan–Meier
method; stroke incidence was overestimated by a relative factor of 39%.
The degree of overestimation was larger among patients with nonCHA2DS2VASc comorbidity because of higher incidence of death without
stroke. The Fine-Gray model demonstrated better calibration than the Cox
model, which consistently overpredicted stroke incidence.
CONCLUSIONS: The incidence of death without stroke was 9-fold
higher than that of stroke, leading to biased estimates of stroke risk with
traditional time-to-event methods. Statistical methods that appropriately
account for competing risks should be used to mitigate this bias.
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WHAT IS KNOWN
• The complement of the Kaplan–Meier survival
estimate is used frequently to estimate the cumulative incidence of outcomes over time.
• Cox regression models are used frequently to
study the association between patient characteristics and the hazard of an outcome and to develop
risk prediction models.

WHAT THE STUDY ADDS
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• A competing risk is an event that precludes the
occurrence of the primary event of interest.
• Ignoring competing risks can lead to estimates
of cumulative incidence (using the Kaplan–Meier
complement) and predicted risk (using Cox regression) that are biased upwards.
• Authors conducting time-to-event analyses should
consider the question to be answered and appropriately account for competing risks.

P

rimary prevention of cardiovascular events frequently involves long-term (often lifelong) medication use based on the estimated risk for a given
patient.1–4 The complement of the Kaplan–Meier survival is used frequently to estimate the cumulative incidence of events over time, whereas multivariable modeling using the Cox model is often used to estimate
the effect of covariates on the hazard of an outcome.
Risk prediction models based on Cox regression have
become an extremely popular method to estimate a patient’s risk of future cardiovascular events based on the
presence or absence of multiple risk factors in combination.1,2,5,6 This estimate of risk is then used to guide decisions about primary or secondary prevention of future
cardiovascular events.1–4
Populations around the world have aged substantially7 since the concept of risk factors was first introduced in 1961.8 As a result, risk prediction models are
commonly used today to guide primary prevention in
patients who are older than the cohorts in which the
risk scores were developed. Thoughtful clinicians recognize that preventative interventions are less likely to
yield benefit in patients with a high risk of near-term
death. For example, most clinicians would not initiate a
statin for primary prevention of cardiovascular disease
in a 70-year-old man with hypertension, dyslipidemia,
and terminal lung cancer because of smoking. Despite
the high estimate of cardiovascular risk, they would recognize that death from lung cancer would likely occur
before the patient develops an atherosclerotic cardiovascular event. In this example, death from lung cancer
is a competing risk that precludes the occurrence of a
future cardiovascular event. This example of competing
risks is intuitive for many clinicians.

There is less appreciation among clinicians that similar considerations may apply to the primary prevention
of cardiovascular disease over the long term for elderly
patients with multiple morbidities. A potential source
of bias with time-to-event methods is that competing
risks are ignored and not considered in the analysis.
Although this practice may result in minimal bias when
the incidence of the competing risk is small, the consequences of this practice become more serious as the
incidence of the competing risk increases. Consider a
cohort of 100 patients, of whom 1 patient dies of cardiovascular disease every year over 5 years. An intuitive
description of their risk of cardiovascular death is that
5% will die of cardiovascular causes over the next 5
years. However, in a cohort of 100 patients with cancer, of whom 20 patients die of their malignancy every
year for the first 4 years, the estimate of cardiovascular
disease based on the complement of the Kaplan–Meier
would be 12% (survival table provided in Appendix I
in the Data Supplement). Accordingly, traditional methods of time-to-event analysis can overestimate the incidence of nonfatal events in the presence of competing
risks.9,10 Rote application of interventions for primary
prevention of cardiovascular disease based on these risk
estimates may favor treatment of individuals from the
lung cancer cohort rather than the healthier cohort.4
This highlights the importance of accounting for competing risks in time-to-event analyses, which requires
careful consideration of the questions to be answered.
These can be broadly classified into 2 categories. An
analysis may be conducted to describe the etiologic
relationship between risk factors and the outcome. An
alternative objective would be to provide an estimate of
the risk of the outcome based on the combination of
risk factors applicable to a patient. Lau et al11 write that
questions about etiologic relationships are better served
by cause-specific hazard regression models. In contrast,
the cumulative incidence function (CIF) is better suited
to describe event incidence in the setting of competing
risks. Moreover, prediction of the absolute event rate in
the setting of competing risks may be better served by a
Fine-Gray regression model which allows estimation of
the effect of covariates on the CIF.9,11
In this article, we use the example of stroke in
the setting of atrial fibrillation (AF) to demonstrate
the potential degree of misestimation when failing
to account for competing risks. We also show the
potential implications for decision-making about primary prevention of stroke using risk models that do
not account for competing risks. AF is a pertinent
example as an increasingly prevalent disease that
frequently affects elderly patients with multiple noncardiovascular morbidities.12 Among such patients,
the occurrence of stroke after AF can be precluded
by death from other causes. We aimed to demonstrate the impact of common comorbidities that may
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increase the risk of death with a less prominent effect
on the risk of stroke. We hypothesized that the incidence of stroke is overestimated by the Kaplan–Meier
method, and that the degree of overestimation will
be higher among patients with a higher incidence of
competing risks.
Based on the considerations described above, Cox
regression methods may overestimate stroke incidence
in AF patients.9 The CHA2DS2VASc (congestive heart
failure, hypertension, age >75 years, diabetes, stroke,
vascular disease, age >65 years, sex category)5 score
is commonly used to guide anticoagulation in patients
with AF. Most guidelines recommend anticoagulation
for patients with CHA2DS2VASc scores >0 or 1,1,13,14
because the predicted stroke incidence is high enough
to make the risk-benefit balance favorable.6,15,16 However, risk estimates that ignore competing risks may
lead to anticoagulation of patients who do not have
a high enough stroke risk to justify the risk, cost, and
inconvenience of anticoagulation. We compared the
performance of Cox and Fine-Gray regression models
at predicting stroke risk using variables that constitute
the CHA2DS2VASc score. We hypothesized that the predicted risk of stroke will be systematically overestimated by prediction models that use Cox regression rather
than Fine-Gray regression.

METHODS
Residents of ON, Canada receive universal healthcare via a
single-payer system. This enables determination of all contact with physicians and hospitals using linked administrative
databases. These data sets were linked using unique encoded
identifiers and analyzed at the Institute for Clinical Evaluative
Sciences. Using these data sets, we identified all patients
aged ≥66 years but <105 years who were discharged alive
from an acute care hospital in ON between January 1, 2007,
and March 31, 2011. The data set from this study is held
securely in coded form at the Institute for Clinical Evaluative
Sciences. Although data sharing agreements prohibit Institute
for Clinical Evaluative Sciences from making the data set publicly available, access may be granted to those who meet prespecified criteria for confidential access, available at http://
www.ices.on.ca/DAS.
The index date was that of hospital discharge. In the
event of multiple hospitalizations during the study period,
we utilized the first hospitalization for the index event.
Patients were determined to have AF based on a validated algorithm.17 We also identified prior diagnoses that
comprise the CHA2DS2VASc score. Additionally, we identified diagnoses of chronic kidney disease (CKD), chronic
obstructive pulmonary disease (COPD), cancer, and dementia to serve as examples of important noncardiovascular
comorbidities not captured within the CHA2DS2VASc score
that can increase the incidence of death before stroke. We
collected these data using validated algorithms if available,18–27 or by surveillance for the appropriate diagnostic
codes with a 5-year lookback window. Vascular disease
was defined as the presence of ischemic heart disease

or peripheral arterial disease. The primary outcome was
hospitalization for stroke. The date of last follow-up was
March 31, 2016.
Baseline characteristics were compared in univariable
analyses based on status at the end of follow-up: stroke
hospitalization, death without stroke hospitalization, or
event-free survival. Continuous variables were summarized
by determining mean and median values, with SD and interquartile ranges, respectively. Statistical significance of differences between categories was assessed using ANOVA and
the Wilcoxon rank-sum test. Categorical variables were summarized using counts (with percentages), and differences
between groups assessed using the χ2 method.
CIF curves were used to estimate the incidence of stroke
and death without stroke in the overall cohort. For contrast,
we also estimated event incidence using the complement of
the Kaplan–Meier method. Both methods were also used
to estimate incidence after the cohort was stratified based
on the presence of at least one of the predetermined nonCHA2DS2VASc comorbidities, to demonstrate their impact
on the overestimation of incidence by the Kaplan–Meier
method. Additionally, we examined the cumulative incidence
of stroke after the cohort has been divided based on patients’
CHA2DS2VASc score.
The full cohort was used to fit 2 regression models evaluating the association between component variables of the
CHA2DS2VASc risk score with the hazard of hospitalization
for stroke. The first was a Fine-Gray model that modeled
the subdistribution hazard function; the second was a Cox
model in which patients were censored at time of death if
it was not preceded by a stroke (ie, a cause-specific hazard
regression model). Both models included warfarin exposure
in the year preceding hospitalization as a stratification variable, thus accounting for the impact of anticoagulation on
stroke incidence. The analyses were repeated after adding
the non-CHA2DS2VASc comorbidities to both models. The
estimated regression coefficients for each variable were compared between the 2 models to examine whether there were
differences in the direction of their association with the rate
of stroke (derived from the Cox model) versus its incidence
(derived from the Fine-Gray model).
We randomly selected 91 119 patients (2/3 of the original sample) for inclusion in a derivation sample, in which
we fit 2 risk prediction models based on components of the
CHA2DS2VASc score using Fine-Gray and Cox regression. The
remaining patients (n=45 037, comprising 1/3 of the original
sample) were used for model validation. We used the regression coefficients estimated in the derivation sample to assess
the calibration of the 2 models by applying them to patients
in the validation sample, thus obtaining a predicted probability of the occurrence of stroke within 5 years of the index
date for each subject in the validation sample. Subjects in the
validation sample were divided into deciles of predicted risk
based on the model-based estimates of risk at 5 years. Within
each of the 10 strata of predicted risk for each model, the
mean model-based predicted probability of stroke was determined. Similarly, within each of these 10 strata per model,
the observed incidence of stroke within 5 years was determined using the CIF. Calibration of each model was assessed
by comparing the mean predicted probability of stroke with
the observed probability of stroke.
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Statistical analyses were performed using SAS version 9.4
(SAS Institute, Cary, NC). Statistical significance was defined
by a 2-tailed P value <0.05. The use of data in this project
was authorized under section 45 of Ontario’s Personal Health
Information Protection Act, which does not require review by
a Research Ethics Board.
Table 1.

RESULTS
We identified 703 033 patients aged ≥66 years who
were discharged alive from hospital, among whom
136 156 were documented to have AF. Baseline characteristics are detailed in Table 1. The median age of the

Baseline Characteristics of Patients Based on Status at the End of Follow-Up: Stroke, Death Without Stroke, or Event-Free Survival
Stroke (N=9069)

Event-Free
(N=44 853)

Death Before
Event (N=82 234)

Total (N=136 156)

79.96±7.00

75.76±6.45

81.60±7.23

79.57±7.47

Mean age at admission±SD
Median age at admission, IQR

82 (77–87)

P Value
<0.001

80 (75–85)

75 (71–80)

80 (74–85)

Female sex, n (%)

5136 (56.6%)

22 093 (49.3%)

40 607 (49.4%)

67 836 (49.8%)

<0.001

Income quintile 1, n (%)

1938 (21.4%)

8107 (18.1%)

17 749 (21.6%)

27 794 (20.4%)

<0.001
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Income quintile 2, n (%)

1895 (20.9%)

9148 (20.4%)

17 404 (21.2%)

28 447 (20.9%)

Income quintile 3, n (%)

1743 (19.2%)

8735 (19.5%)

15 919 (19.4%)

26 397 (19.4%)

Income quintile 4, n (%)

1694 (18.7%)

9119 (20.3%)

15 645 (19.0%)

26 458 (19.4%)

Income quintile 5, n (%)

1771 (19.5%)

9631 (21.5%)

15 209 (18.5%)

26 611 (19.5%)

Rural residence, n (%)

1342 (14.8%)

6641 (14.8%)

11 873 (14.4%)

19 856 (14.6%)

<0.001

0.172

AF documented prehospitalization, n (%)

6829 (75.3%)

31 249 (69.7%)

63 254 (76.9%)

101 332 (74.4%)

<0.001

AF documented in-hospital, n (%)

5439 (60.0%)

27 179 (60.6%)

44 388 (54.0%)

77 006 (56.6%)

<0.001

2.21±1.08

1.68±0.98

2.29±1.05

2.08±1.07

<0.001

Mean CHADS2 score±SD
Median CHADS2 score, IQR
Mean CHA2DS2VASc score±SD
Median CHA2DS2VASc score, IQR
CHADS2 score ≥1, n (%)

2 (2–3)
4.27±1.38
4 (3–5)

2 (1–2)

2 (2–3)

2 (1–3)

<0.001

3.62±1.28

4.32±1.37

4.08±1.38

<0.001

4 (3–4)

8734 (96.3%)

40 044 (89.3%)

CHA2DS2VASc score ≥2, n (%)

8950 (98.7%)

Congestive heart failure, n (%)

2417 (26.7%)

Hypertension, n (%)

6749 (74.4%)

4 (3–5)

4 (3–5)

<0.001

80 001 (97.3%)

128 779 (94.6%)

<0.001

42 898 (95.6%)

81 259 (98.8%)

133 107 (97.8%)

<0.001

7001 (15.6%)

30 213 (36.7%)

39 631 (29.1%)

<0.001

31 059 (69.2%)

56 966 (69.3%)

94 774 (69.6%)

<0.001

Age ≥75 y at admission, n (%)

6992 (77.1%)

24 771 (55.2%)

67 794 (82.4%)

99 557 (73.1%)

<0.001

Diabetes mellitus, n (%)

2716 (29.9%)

11 026 (24.6%)

25 532 (31.0%)

39 274 (28.8%)

<0.001

Stroke in 5 y preceding admission, n (%)
Coronary artery disease, n (%)
Acute myocardial infarction, n (%)

3866 (4.7%)

5260 (3.9%)

<0.001

4345 (47.9%)

572 (6.3%)

19 729 (44.0%)

822 (1.8%)

42 247 (51.4%)

66 321 (48.7%)

<0.001

617 (6.8%)

1792 (4.0%)

7020 (8.5%)

9429 (6.9%)

<0.001

Percutaneous coronary intervention, n (%)

293 (3.2%)

1462 (3.3%)

2467 (3.0%)

4222 (3.1%)

0.029

Coronary artery bypass surgery, n (%)

308 (3.4%)

1741 (3.9%)

2866 (3.5%)

4915 (3.6%)

<0.001

Peripheral arterial disease, n (%)

750 (8.3%)

2479 (5.5%)

8732 (10.6%)

11 961 (8.8%)

<0.001

Mean Charlson index±SD

1.28±1.41

0.90±1.21

1.74±1.74

1.43±1.61

<0.001

0 (0–1)

1 (0–3)

1 (0–2)

<0.001

Median Charlson index, IQR
Chronic kidney disease, n (%)
Dialysis, n (%)

1 (0–2)
1106 (12.2%)

3239 (7.2%)

14 078 (17.1%)

18 423 (13.5%)

<0.001

89 (1.0%)

133 (0.3%)

1440 (1.8%)

1662 (1.2%)

<0.001

Chronic obstructive pulmonary disease, n (%)

962 (10.6%)

2922 (6.5%)

14 723 (17.9%)

18 607 (13.7%)

<0.001

Cancer diagnosed in past 5 y, n (%)

511 (5.6%)

2787 (6.2%)

7836 (9.5%)

11 134 (8.2%)

<0.001

Dementia, n (%)

716 (7.9%)

1367 (3.0%)

12 102 (14.7%)

14 185 (10.4%)

<0.001

Mean length of stay±SD

8.94±14.07

7.13±11.09

11.95±20.55

10.16±17.71

<0.001

7 (3–13)

6 (3–11)

<0.001

Median length of stay, IQR
Rhythm control medication use in prior 5 y, n (%)

5 (3–10)

5 (2–8)

1787 (19.7%)

9875 (22.0%)

17 374 (21.1%)

29 036 (21.3%)

<0.001

359 (4.0%)

2394 (5.3%)

2987 (3.6%)

5740 (4.2%)

<0.001

Warfarin use in year preceding admission, n (%)

4688 (51.7%)

20 791 (46.4%)

42 587 (51.8%)

68 066 (50.0%)

<0.001

Warfarin use in 90 d after discharge, n (%)

5144 (56.7%)

25 890 (57.7%)

41 832 (50.9%)

72 866 (53.5%)

<0.001

Physician billing for cardioversion in prior 5 y, n (%)

AF indicates atrial fibrillation; and IQR, interquartile range.
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AF cohort was 80 (interquartile range, 74–85) years, and
49.8% were female. The median CHA2DS2VASc score
was 4 (interquartile range, 3–5); 98% of the cohort had
a CHA2DS2VASc score >1. At least 1 non-CHA2DS2VASc
comorbidity of interest (CKD, COPD, cancer, or dementia) was observed in 84 728 patients (62.2% of cohort).
Only 50% of the AF cohort had filled a script for warfarin in the year before hospitalization, and 53% were dispensed warfarin within the first 90 days postdischarge.
The presence of non-CHA2DS2VASc comorbidity was
associated with lower anticoagulation rates before hospitalization (48.5% versus 52.5%, P<0.001) and after
hospital discharge (49% versus 56%, P<0.001).
Over a median follow-up of 4.4 (interquartile range,
1.4–6.7) years, 9069 patients (6.7% of cohort) developed stroke, and 82 234 (60.4%) died without stroke.
Univariable comparisons revealed that some components of the CHA2DS2VASc score were most common
in patients developing stroke, but other components
were most common among patients who died without
stroke. Female sex, hypertension, and prior stroke were
most common in patients developing stroke. However,
age ≥75 years, congestive heart failure, diabetes mellitus, and vascular disease were most common in patients
who died without stroke. Other comorbidities such as
CKD, dialysis, COPD, cancer, and dementia were most
common in patients who died before stroke.
Figure 1 demonstrates the CIF curves for stroke and
for death without stroke in the full cohort, with overlaid
dashed curves demonstrating event cumulative incidence as estimated by the complement of the Kaplan–
Meier curve. At 5 years, the cumulative incidence
of stroke was 5.4% (95% confidence interval [CI],
5.3%–5.5%), whereas that of death without stroke

was 48.8% (95% CI, 48.5%–49.1%). In contrast, the
Kaplan–Meier method overestimated the cumulative
incidence of both events. The 5-year estimated stroke
incidence using the Kaplan–Meier method was 7.5%
(95% CI, 7.4%–7.7%), whereas that of death without
stroke was 50.4% (95% CI, 50.1%–50.7%).
Stratified CIF analyses demonstrated that the presence of CKD, COPD, cancer, or dementia were associated with a higher risk of death without stroke, and a lower crude incidence of stroke compared with the absence
of these comorbidities. Figure 2 plots the risk of stroke,
as estimated by the CIF and the Kaplan–Meier complement, after the cohort had been stratified based on the
presence of any of the prespecified non-CHA2DS2VASc
comorbidities. Appendix II in the Data Supplement illustrates the risk of death without stroke in these patient
strata. Among patients without any of these comorbidities, the 5-year cumulative incidence of stroke was 5.9%
(95% CI, 5.7%–6.0%), whereas it was estimated to be
7.5% (95% CI, 7.3%–7.7%) using the Kaplan–Meier
complement. In contrast, patients with at least 1 comorbidity had a 5-year stroke cumulative incidence of 4.6%
(95% CI, 4.4%–4.8%), compared with an estimated
incidence of 7.7% (95% CI, 7.4%–8.0%) with the
Kaplan–Meier method. This was mediated by increased
incidence of the competing risk: the 5-year cumulative
incidence of death without stroke was 38.7% (95% CI,
38.4%–39.1%) in patients without CKD, COPD, cancer,
or dementia, and 65.3% (95% CI, 64.8%–65.7%) in
patients with at least one of these diagnoses.
As expected, higher CHA2DS2VASc scores were associated with a higher incidence of stroke. This is illustrated in Figure 3, which plots the cumulative incidence of
stroke after patients have been divided based on their

Figure 1. Incidence of stroke hospitalization compared with the competing risk (death before stroke hospitalization).
Incidence of stroke or death without stroke, as estimated using cumulative incidence functions (solid line) or the complement of the Kaplan–Meier (KM) survival
estimate (dashed line).
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Figure 2. The impact of non-cardiovascular comorbidity on estimated stroke incidence with the Kaplan–Meier (KM) and cumulative incidence function (CIF) methods.
Incidence of stroke, as estimated using cumulative incidence functions (solid line) or the complement of the KM survival estimate (dashed line) in patients without
chronic kidney disease, chronic obstructive pulmonary disease, recent cancer, or dementia (A) and those with at least 1 of those comorbidities (B).

CHA2DS2VASc score. However, higher CHA2DS2VASc
scores were also associated with a higher incidence of
death without stroke (illustrated in Appendix III in the
Data Supplement). The 5-year cumulative incidence of
death without stroke was 25.7% (95% CI, 24.1%–
27.2%) among patients with a CHA2DS2VASc score of
1 and 49.3% (95% CI, 49.0%–49.6%) among patients
with higher scores. This difference in competing risk
translated into a greater overestimation of stroke incidence by the Kaplan–Meier method among patients
with higher CHA2DS2VASc scores. The 5-year cumulative
incidence of stroke was 2.6% (95% CI, 2.1%–3.2%)
for patients with a CHA2DS2VASc score of 1 but was
estimated at 3.1% (95% CI, 2.5%–3.8%) with the

Kaplan–Meier complement. Among patients with higher
CHA2DS2VASc scores, the 5-year cumulative incidence of
stroke was 5.5% (95% CI, 5.3%–5.6%) but was estimated at 7.7% (95% CI, 7.5%–7.8%) with the Kaplan–
Meier method.
The results of the multivariable regression models
using the variables included in the CHA2DS2VASc score
are listed in Table 2. For most components of the CHA2DSVASc score, the direction of the association was similar
2
for the rate (Cox model) and incidence (Fine-Gray model)
of stroke. However, the direction of the association differed for congestive heart failure, which was associated
with higher rate of stroke but a lower stroke incidence.
The results of the multivariable regression models using
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Figure 3. Estimated stroke risk at different
levels of the CHA2DS2VASc score with the
Kaplan–Meier and cumulative incidence
function methods.
Incidence of stroke, as estimated using the cumulative incidence function (A) or the complement of the Kaplan–Meier survival estimate (B),
in patients with different congestive heart failure, hypertension, age, diabetes mellitus, stroke,
vascular disease, sex (CHA2DS2VASc) scores. The
cumulative incidence of death without stroke in
patients at different levels of the CHA2DS2VASc
score is illustrated in Appendix III in the Data
Supplement.

the CHA2DS2VASc variables plus additional comorbidities are listed in Table 3. The measures of association for
non-CHA2DS2VASc comorbidities with the incidence versus the rate of stroke showed notable differences. This
was most important for CKD, which was associated with
an increased rate, but a decreased incidence, of stroke.

COPD and dementia showed no significant relationship
with stroke rate but were associated with a significantly
lower stroke incidence. A recent cancer diagnosis was
associated with both lower risk and rate of stroke.
A comparison of the calibration of the Cox and FineGray regression models utilizing the variables consti-

Table 2. Regression Models Assessing the Relationship Between Components of the CHA2DS2VASc Score and
the Hazard of Hospitalization for Stroke
Fine-Gray Model
Hazard Ratio

Cox Regression Model

P Value

χ2

Hazard Ratio

P Value

χ2

Age, per y

1.01 (1.00–1.01)

0.0002

14.29

1.04 (1.04–1.04)

<0.0001

613.84

CHF

0.84 (0.80–0.88)

<0.0001

49.71

1.06 (1.01–1.12)

0.01

6.14

Hypertension

1.24 (1.18–1.30)

<0.0001

76.11

1.14 (1.09–1.20)

<0.0001

29.05

Diabetes mellitus

1.09 (1.04–1.14)

0.0005

12.07

1.20 (1.15–1.26)

<0.0001

62.75

Stroke

1.65 (1.51–1.80)

<0.0001

129.49

1.92 (1.76–2.09)

<0.0001

223.27

Vascular disease

0.98 (0.94–1.02)

0.29

1.12

0.97 (0.93–1.01)

0.14

2.17

Female sex

1.30 (1.24–1.35)

<0.0001

140.8

1.18 (1.13–1.24)

<0.0001

59.52

The parameters on the left are derived from a Fine-Gray model, whereas the ones on the right are derived from a Cox
model. CHF indicates congestive heart failure.
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Table 3. Regression Models Assessing the Relationship Between Components of the CHA2DS2VASc Score Plus
Comorbidities of Interest With the Hazard of Hospitalization for Stroke
Fine-Gray Model

Age, per y

Cox Regression Model

Hazard Ratio

P Value

χ

Hazard Ratio

P Value

χ2

1.01 (1.01–1.01)

<0.0001

30.66

1.04 (1.04–1.04)

<0.0001

76.26

2

CHF

0.88 (0.83–0.92)

<0.0001

26.35

1.06 (1.01–1.12)

0.02

33.28

Hypertension

1.23 (1.17–1.29)

<0.0001

73.03

1.14 (1.08–1.19)

<0.0001

66.43

Diabetes mellitus

1.10 (1.05–1.15)

<0.0001

16

1.20 (1.14–1.26)

<0.0001

16.62

Stroke

1.72 (1.58–1.88)

<0.0001

151.82

1.93 (1.77–2.10)

<0.0001

140.05

Vascular disease

0.99 (0.95–1.03)

0.6128

0.26

0.97 (0.93–1.01)

0.12

1.1

Female sex

1.28 (1.22–1.33)

<0.0001

124.95

1.18 (1.13–1.23)

<0.0001

121.43

CKD

0.90 (0.84–0.96)

0.0013

10.39

1.07 (1.00–1.14)

0.048

12.77

COPD

0.78 (0.73–0.84)

<0.0001

50.35

0.97 (0.90–1.03)

0.31

59.12

Cancer

0.68 (0.62–0.75)

<0.0001

70.58

0.87 (0.79–0.95)

0.002

74.8

Dementia

0.67 (0.62–0.73)

<0.0001

98.62

0.94 (0.87–1.02)

0.13

109.07
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The parameters on the left are derived from a Fine-Gray model, whereas the ones on the right are derived from a Cox model.
CHF indicates congestive heart failure; CKD, chronic kidney disease; and COPD, chronic obstructive pulmonary disease.

tuting the CHA2DS2VASc score is illustrated in Figure 4.
The Cox regression model consistently overpredicted
the incidence of stroke across all ranges of predicted
risk, in contrast to the Fine-Gray model, which displayed better calibration.

DISCUSSION
We used a population-based cohort of elderly patients
with AF to illustrate the impact of competing risks on
the estimated incidence of stroke. The incidence of
the competing risk, death without stroke, was 9-fold
higher than that of stroke. Accordingly, the incidence of stroke was consistently overpredicted by the
Kaplan–Meier complement. In the overall cohort, the
incidence of stroke was estimated at 7.5% (95% CI,
7.4%–7.7%) by the Kaplan–Meier method, compared
with an estimated incidence of 5.4% (95% CI, 5.3%–
5.5%) using the CIF. This translates to a 39% relative
overestimation of stroke incidence by the Kaplan–Meier
method. The degree of bias increased in strata with a
higher incidence of the competing risk. Patients with
non-CHA2DS2VASc comorbidity had a significantly
lower 5-year incidence of stroke than their healthier
counterparts in univariable comparisons (4.6%; 95%
CI, 4.4%–4.8%; versus 5.9%; 95% CI, 5.7%–6.0%).
However, the Kaplan–Meier method led to a different
conclusion, predicting a comparable 5-year stroke incidence among patients with non-CHA2DS2VASc comorbidity (7.7%; 95% CI, 7.4%–8.0%) relative to those
without one (7.5%; 95% CI, 7.3%–7.7%). Thus, the
Kaplan–Meier method resulted in an estimated stroke
incidence that was two-thirds higher than the CIF estimate among patients with comorbidities.
Interestingly, the upwards bias in stroke incidence
was greater in patients with higher CHA2DS2VASc

scores. This is because higher CHA2DS2VASc scores
were associated with an increased incidence of competing risks. Accordingly, the relative overestimation in
5-year stroke incidence was 19% among patients with
a score of 1, and 40% in patients with scores ≥2. Thus,
the use of suboptimal statistical methods can lead to
risk overestimation that is amplified among patients for
whom anticoagulation would typically be recommended.1,13,14 This could lead to a falsely inflated expectation of benefit by biasing the risk-benefit assessment in
favor of anticoagulation. Furthermore, the calibration
of the Fine-Gray model was substantially better than
that of the Cox model, which systematically overpredicted stroke risk in the validation cohort. This is an
important limitation, particularly for diseases like AF
which mostly affect older patients with a large burden
of comorbidity.
An important observation is that the observed incidence of stroke in our cohort is lower than anticipated
from the seminal studies reporting on the heightened
risk of stroke in patients with AF.28–30 The 5-year cumulative incidence of stroke was only 5.4% (95% CI,
5.3%–5.5%), despite 47% of the cohort not filling
a single prescription for warfarin in the 90 days after
the index date. Based on a median CHADS2 score of
2 and CHA2DS2VASc score of 4, the expected stroke
incidence is 4% per year.6 This is consistent with other
reports on the decreasing risk of stroke associated with
AF over the past 20 years, even among nonanticoagulated patients.31
The decreasing stroke incidence underscores the need
to reappraise which patients are expected to benefit from
long-term anticoagulation for primary stroke prevention
because the net benefit of anticoagulation for stroke prophylaxis was demonstrated in patients with higher event
rates. A meta-analysis of randomized controlled trials of
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Figure 4. Calibration of models to predict stroke risk using Fine-Gray and Cox regression models.
Predicted and observed incidence of stroke at 5 y by decile of predicted risk from Fine-Gray model (A) and Cox model (B).

warfarin in patients with AF reported 282 strokes over
8946 patient-years (≈3.1 per 100 patient-years) in antiplatelet-treated patients.15 A more recent meta-analysis
demonstrating the benefit of direct oral anticoagulants
relative to warfarin reported a stroke incidence of 3.8%
over ≈2 years’ median follow-up in warfarin-treated
patients.16 Anticoagulation is currently recommended
for patients with a CHA2DS2VASc score of ≥2, which
has been reported to be associated with a 2.2% annual
stroke risk.6,32 The risk-benefit balance of anticoagulation for primary prevention of stroke in patients with AF
becomes more ambiguous if the absolute stroke risk is
lower. Accordingly, treatment decisions about stroke
prophylaxis in elderly patients today may be better aided
with risk estimates that more accurately reflect contemporary absolute risk. This would require consideration of

the impact of competing risks, as illustrated with our data
and that of others.10 Competing risks would also be a relevant consideration when predicting the risk of bleeding
associated with anticoagulation.
Comparisons of the Cox and Fine-Gray regression
models also provide interesting insights into how the
impact of the stroke risk factors should be perceived. We
should emphasize, however, that the magnitude of the
hazard ratio from the cause-specific hazard model (ie,
the Cox model) is not directly comparable to the magnitude of the effect of the covariate on the risk of stroke
derived from the Fine-Gray model.33 Comparison of the
2 regression methods suggests that passive comorbidities which do not substantially affect stroke rate can
decrease observed stroke incidence. This would be mediated by their association with a higher competing risk of
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death without stroke. Thus, it may be useful to account
for comorbidities which may not directly affect the rate
of the cardiovascular outcome of interest, but which
could substantially increase the risk of death, thus reducing the observed incidence of the event of interest.
Our analysis has several limitations. Our study was
not designed to generate a prediction model for stroke
after AF. The outcome definition was limited to hospitalizations for stroke, and we did not identify strokes that
led to death before hospital presentation. Moreover, our
inclusion criteria stipulated age ≥66 years and a hospitalization event to select patients with a large burden
of comorbidities and a higher risk of nonstroke death.
This was done to illustrate the concepts of competing
risks in a clinically meaningful manner. However, this
means that our observations should not be extrapolated
to younger, healthier patients with a lower risk of death.

CONCLUSIONS
The incidence of death without stroke was 9-fold higher than that of stroke in this cohort of patient with AF.
Accordingly, there is the potential for substantial bias if
competing risks are ignored when estimating the incidence and risk of stroke. Our analyses illustrate that the
Kaplan–Meier survival functions and Cox regression models overestimate risk if used in a setting in which competing risks are incorrectly assumed to be absent. Where this
assumption cannot be verified, one should account for
competing risks in the manner most appropriate for the
purpose of the analysis. The concepts we present here
likely apply to other settings where the patient population is elderly or carries a high burden of comorbidity.
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Appendix 1: Example illustrating the difference in the estimated cumulative incidence of cardiovascular death using the complement of the Kaplan-Meier
survival in two settings with different incidence of competing risks. Both panels describe a cohort of 100 patients, of whom 1 patients dies of
cardiovascular disease every year. In the example depicted in the upper panel, there are zero deaths from non-cardiovascular causes. In the bottom panel,
there are 20 deaths every year due to cancer.

Year Number at risk
1
100
2
99
3
98
4
97
5
96
Year Number at risk
1
100
2
79
3
58
4
37
5
16

Kaplan-Meier survival table with no deaths from causes other than cardiovascular disease
Cancer death (Censored)
Cardiovascular death (Failed) Survival probability estimate Estimated cumulative incidence
0
1
99%
1%
0
1
98%
2%
0
1
97%
3%
0
1
96%
4%
0
1
95%
5%
Kaplan-Meier survival table with 20 deaths from cancer every year in years 1 through 4
Cancer death (Censored)
Cardiovascular death (Failed) Survival probability estimate Estimated event rate
20
1
99%
1%
20
1
98%
2%
20
1
96%
4%
20
1
93%
7%
0
1
88%
12%

Appendix 2: Incidence of death before stroke, as estimated using cumulative incidence function, in patients without chronic kidney disease, COPD,
recent cancer, or dementia (grey line) and those with at least one of those comorbidities (black line).

Appendix 3: Incidence of death without stroke, as estimated using the cumulative incidence function, in patients with different CHADS2VASc scores.

