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ABSTRACT

BACKGROUND: Although accurate risk
prediction is essential in guiding treat-
ment decisions in primary prevention of
atherosclerotic cardiovascular disease,
the accuracy of the Framingham Risk
Score (recommended by a Canadian
guideline) and the Pooled Cohort Equa-
tions (recommended by US guidelines)
has not been assessed in a large con-
temporary Canadian population. Our
primary objective was to assess the cali-
bration and discrimination of the Fram-
ingham Risk Score and Pooled Cohort
Equations in Ontario, Canada.

METHODS: We conducted an observa-
tional study involving Ontario residents
aged 40 to 79 years, without a history of
atherosclerotic cardiovascular disease,

who underwent cholesterol testing and
blood pressure measurement from
Jan. 1, 2010, to Dec. 31, 2014. We com-
pared predicted event rates generated by
the Framingham Risk Score and the
Pooled Cohort Equations with observed
event rates at 5 years using linkages from
validated administrative databases.

RESULTS: Our study cohort included
84 617 individuals (mean age 56.3 yr,
56.9% female). Over a maximum follow-
up period of 5 years, we observed 2162
(2.6%) events according to the outcome
definition of the Framingham Risk
Score, and 1224 (1.4%) events according
to the outcome definition of the Pooled
Cohort Equations. The predicted event
rate of 5.78% by the Framingham Risk

Score and 3.51% by the Pooled Cohort
Equations at 5 years overestimated
observed event rates by 101% and
115%, respectively. The degree of over-
estimation differed by age and ethnicity.
The C statistics for the Framingham Risk
Score (0.74) and Pooled Cohort Equa-
tions (0.73) were similar.

INTERPRETATION: The Framingham
Risk Score and Pooled Cohort Equations
significantly overpredicted the actual
risks of atherosclerotic cardiovascular
disease events in a large population
from Ontario. Our finding suggests the
need for further refinement of cardio-
vascular disease risk prediction scores
to suit the characteristics of a multieth-
nic Canadian population.

ccurate individual risk estimation is essential in guiding
A informed treatment decisions in primary prevention,
because treatment has greater benefit in those at
increased risk of developing the disease.>? Primary prevention
guidelines in cardiology around the world have endorsed the use of
risk prediction scores to estimate the risk of atherosclerotic cardio-
vascular disease as an initial step in assessing the need for preven-
tive treatment.2® The Canadian Cardiovascular Society (CCS)
guideline recommends using the Framingham Risk Score to assess
risk of atherosclerotic cardiovascular disease.? The American Col-
lege of Cardiology/American Heart Association (ACC/AHA) practice
guidelines currently endorse the use of the Pooled Cohort Equa-
tions over the Framingham Risk Score for risk estimations.>*
Since the Framingham cohort was assembled more than
3 decades ago, there have been substantial declines in the risk of
cardiovascular events.” Furthermore, these risk scores predict

cardiovascular events but do not consider the potential compet-
ing impact of noncardiovascular deaths during follow-up. The
accuracy of commonly used risk scores has also not been evalu-
ated in a large contemporary Canadian cohort and has not been
measured using newer statistical techniques. Our main objective
was to assess the calibration and discrimination of the Framing-
ham Risk Score and Pooled Cohort Equations in Ontario, Canada.
Second, we aimed to assess the validity of these risk scores in pre-
specified subgroups to gain additional perspectives.

Methods

Study design and data sources

We performed an observational study of Ontario adults to
evaluate the calibration and discrimination of the Framingham
Risk Score and Pooled Cohort Equations using the Electronic
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Medical Record Administrative Data Linked Database
(EMRALD) to identify the study cohort.® The database is housed
at ICES and includes electronic medical records of more than
350 primary care physicians caring for more than 500000 indi-
viduals in Ontario, Canada. This data set was linked to various
administrative data sets that included the following: the
Ontario Registered Persons Database, a registry of Ontario res-
idents with coverage under the Ontario Health Insurance Plan;
multiple databases created using information from the Can-
adian Institute for Health Information (CIHI) Discharge
Abstract Database to capture comorbid conditions and hospi-
tal admissions; the Ontario Cancer Registry to capture prior
diagnosis of cancer; the Registrar General of Ontario Database
to determine cause of death; the Ontario Laboratories Infor-
mation System to determine laboratory results; and the Can-
adian Immigration and Citizenship Permanent Resident data-
base, which includes the ethnicity of landed immigrants of
Ontario, used with the application of a surname algorithm to
determine ethnicity of individuals in the study.® These data
sets were linked using unique encoded identifiers and ana-
lyzed at ICES. Additional information about these databases
can be found elsewhere.?0!

Study cohort

Individuals aged 40-79 years who visited their primary care
physician from Jan. 1, 2010, to Dec. 31, 2014, and had blood
pressure and cholesterol measurements taken within a year
of each other were considered for inclusion. This age restric-
tion was chosen to be consistent with the recently developed
Pooled Cohort Equations.! We excluded patients with prior
hospital admissions for myocardial infarction, cerebrovascu-
lar disease, heart failure, peripheral vascular disease and cor-
onary revascularization from 1988 to the date individuals
entered the cohort.!® Nonresidents of Ontario and those with-
out a valid Ontario Health Card were excluded. We also
excluded individuals if their primary care physicians had
been enrolled in EMRALD for less than 1 year to ensure we
had complete capture of the electronic medical records on
eligible individuals.

Outcomes

To assess the accuracy of the Framingham Risk Score, we used
the Framingham outcome definition that included a composite of
circulatory death, and hospital admission for myocardial infarc-
tion, angina, cerebrovascular events (ischemic stroke, hemor-
rhagic stroke and transient ischemic attack), heart failure and
peripheral artery disease (also including abdominal aortic aneur-
ysm and carotid endarterectomy or stent).!>** The Pooled Cohort
Equations outcome definition included a composite of death due
to coronary heart disease and stroke, and hospital admission for
nonfatal myocardial infarction or stroke.** The original weighting
of the risk factors for the Framingham Risk Score and Pooled
Cohort Equations are shown in Appendix 1 (available at www.
cmaj.ca/lookup/suppl/doi:10.1503/cmaj.190848/-/DC1), and the
codes used to define outcomes are shown in Appendix 1, Supple-
mental Table 1. Follow-up continued until either the study end

date of Dec. 31, 2016, until individuals had 5 years of follow-up,
until death from a cause unrelated to cardiovascular disease out-
come or until an end point had occurred.

Statistical analysis

For both the Framingham Risk Score and Pooled Cohort Equa-
tions, we assessed calibration, which refers to the agreement
between observed and predicted risk, and discrimination, which
refers to how well the model differentiates between different risk
levels.’> We compared 5-year predicted and observed rates of
atherosclerotic cardiovascular disease using the equations from
the Framingham Risk Score and Pooled Cohort Equations, and
the baseline survival function at 5 years.'® The observed rate was
calculated using the Kalbfleisch-Prentice estimator of cumula-
tive incidence that accounts for the competing risk of nonout-
come death (defined as deaths due to noncirculatory causes for
validating the Framingham Risk Score and deaths from causes
other than myocardial infarction or stroke for validating the
Pooled Cohort Equations), which has been shown to generate
estimates that are closer to the true survival estimate in a simu-
lation study.!” We generated 95% confidence intervals (Cls) of
observed risk using a Wald-based approach with Aalen variance
estimator. The relative percentage of difference in the predicted
to observed risk was defined as discordance (discordance =
(predicted rate - observed rate)/observed rate). Calibration was
also assessed qualitatively by plotting the predicted versus
observed risks across deciles of predicted risk. We assessed dis-
crimination by calculating the C statistic using the R package
(timeROC), which took into account competing risks.

A series of additional analyses was performed. First, we
evaluated the accuracy of the risk scores in prespecified sub-
groups (age and sex) to evaluate whether there were discrep-
ancies in the discordance ratios. Second, we compared the
5-year predicted and observed rates of atherosclerotic cardio-
vascular disease in different risk categories. The Canadian
guidelines, using the Framingham Risk Score, categorized
10-year risk as less than 10%, 10%-20% and greater than
20%.'® The US guidelines, using the Pooled Cohort Equations,
categorized 10-year risk as less than 5%, 5%-7.5%, 7.5%-10%
and greater than 10%.* Third, because smoking status was
missing for about 15% of included individuals, we performed
an additional multiple imputation analysis using 10 imputed
data sets. Fourth, we repeated our analyses in a “statin-eligible”
cohort according to the 2016 CCS guidelines.? This cohort
included individuals aged 40-75 years, who did not have dia-
betes, whose low-density lipoprotein (LDL) cholesterol was
less than 5 mmol/L, who did not have chronic kidney disease
and who were not taking statins. We also excluded those with
substantial comorbidities (i.e., history of cancer and receiving
hemodialysis) because statins may not be indicated in these
subgroups. Analyses were conducted at ICES using SAS version
9.4 and R version 3.1.2.

Ethics approval
This project was approved by the research ethics board at Sun-
nybrook Health Sciences Centre, Toronto.
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Results

A total of 133892 Ontario residents of all ages who had blood
pressure measurement and cholesterol assessment within 1 year
of each other from 2010 to 2014 were captured in the EMRALD
cohort (Figure 1). After we applied the inclusion and exclusion cri-
teria, our cohortincluded 84617 individuals in the general cohort.

The mean age of the general cohort was 56.3 years, and 56.9%
were women. The participants’ mean total cholesterol level was
5.1 mmol/L, mean LDL cholesterol was 3.1 mmol/L, mean sys-
tolic blood pressure was 127 mm Hg, 13.4% had diabetes and
16.9% were current smokers (Table 1). Of the participants, 2.2%
were of Chinese ethnicity, 1.6% were of South Asian ethnicity and
1.1% were black.

Predicted and observed events for Framingham Risk
Score and Pooled Cohort Equations
During the follow-up period (maximum of 5 yr), we observed
2162 atherosclerotic cardiovascular disease events according to
the Framingham Risk Score outcome definition. The observed
5-year incidence rate accounting for the competing risk of non-
circulatory death was 2.88% (95% Cl 2.76%-3.00%) (Table 2). The
mean 5-year predicted risk as estimated by the Framingham Risk
Score was 5.78%, leading to an absolute difference of 2.9% and a
relative discordance of 101%. The Framingham Risk Score over-
estimated risk by 110% in men and 85% in women. The C statis-
tic of the Framingham Risk Score was 0.74 overall, 0.69 in men
and 0.74 in women.

During the follow-up period, we observed 1224 cardiovascular
disease events according to the Pooled Cohort Equations out-

come definition. The 5-year observed Pooled Cohort Equations
event rate was 1.63% (95% Cl 1.53%-1.72%), and 1443 events
were observed. The mean predicted overall event rate as esti-
mated by the Pooled Cohort Equations was 3.51%, resulting in a
relative overestimation of 115% in all individuals. The C statistic
of the Pooled Cohort Equations was 0.73 overall, 0.67 in men and
0.72 in women (Table 2). There was a lack of calibration for the
Framingham Risk Score and Pooled Cohort Equations in the
overall study cohort (Figure 2).

Calibration of the Framingham Risk Score and Pooled
Cohort Equations according to strata

The plots of overall calibration in subgroups of age, sex, ethnicity
and risk thresholds are shown in Figure 3. For age strata, the
Framingham Risk Score had a discordance of 183% in the young-
est age group (40-45 yr) and a smaller discordance of 44% in the
older age group (75-79 yr). In contrast, the Pooled Cohort Equa-
tions had smaller discordance in younger age groups (51% in the
group aged 40-45 yr) and a much larger discordance in older
individuals (232% in the group aged 75-80 yr). Discordance of the
2 risk scores was similar for men and women.

Validation of risk scores after smoking imputation
Similar to the original analysis in which individuals with missing
smoking status were excluded, both the Framingham Risk Score
and the Pooled Cohort Equations significantly overestimated the
actual risk of events after smoking data were imputed (Appen-
dix 1, Supplemental Table 4). The Framingham Risk Score over-
estimated risk by 104% in all individuals, and the Pooled Cohort
Equations overestimated risk by 118%.

Ontario residents who had blood pressure
and lipid values collected within 1 yr of
each other, from 2010 to 2014, identified by

EMRALD
n=133892

Excluded n=33897

e Age<400r=80yr n=26981

*  Prior history of hospital admission for MI, stroke,
HF, PCI, CABG or PAD n=6916

Ontario residents aged 40-79 yr without a

history of cardiovascular diseases
n=99 995

Missing smoking information n=15 378

Main cohort
n=84617

Figure 1: Creation flowchart. A total of 84617 individuals were included in our study cohort after inclusion and exclusion criteria were applied to the
Electronic Medical Record Administrative Data Linked Database (EMRALD) cohort. Note: CABG = coronary artery bypass grafting, HF = heart failure, Ml =
myocardial infarction, PAD = peripheral artery disease, PCl = percutaneous coronary intervention.
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Table 1: Baseline characteristics of Ontario residents who had blood pressure measurement and cholesterol assessment

within 1 year of each other from 2010 to 2014

Characteristic

Age, yr, mean + SD
Income quintile
1 (lowest)
2
3
4
5 (highest)
Rural residency
Ethnicity
Chinese
South Asian
Black
Lipid measurements, mmol/L, mean + SD
Total cholesterol
HDL cholesterol
LDL cholesterol
Diabetes mellitus
Body mass index, mean + SD
Systolic blood pressure, mm Hg, mean + SD
Smoking
Nonsmoker
Smoker
Former smoker
Medications
Antihypertensive
Statin

Overall
n=84617

56.3+10.1

12 777 (15.1)
15076 (17.8)
16 151 (19.1)
18192 (21.5)
22050 (26.1)
17766 (21.0)

1886 (2.2)
1343 (1.6)
914 (1.1)

51+1.1
14+0.4

3.1+0.9
11311 (13.4)
28.9+6.5
127.4+17.3

45979 (54.3)
14271 (16.9)
24367 (28.8)

20690 (24.5)
12069 (14.3)

Note: HDL = high-density lipoprotein, LDL = low-density lipoprotein, SD = standard deviation.

*Unless stated otherwise.

Men
n=36433

56.1+10.0

5639 (15.5)
6401 (17.6)
7010 (19.2)
7900 (21.7)
9302 (25.5)
8081 (22.2)

746 (2.0)
652 (1.8)
398 (1.1)

50+1.1
1.3+0.4
3.0£0.9
5657 (15.5)
29.4+58
129.6 £16.7

17211 (47.2)
7186 (19.7)
12 036 (33.0)

9486 (26.0)
6453 (17.7)

No. (%) of participants*

Women
n=48184

56.3+10.1

7138 (14.8)
8675 (18.0)
9141 (19.0)
10292 (21.4)
12 748 (26.5)
9685 (20.1)

1140 (2.4)
691 (1.4)
516 (1.1)

53+1.1
1.6+0.4
3.1£0.9
5654 (11.7)
28.6+7.0
125.8+17.6

28 768 (59.7)
7085 (14.7)
12331 (25.6)

11204 (23.3)
5616 (11.7)

Table 2: Five-year predicted and observed events of the Framingham Risk Score and Pooled Cohort Equations

Predicted, % Observed, % Absolute
Variable (95% CI) (95% Cl) difference, % Discordance, %* C statistic
Overall
Framingham Risk Score 5.78 (5.74-5.82) 2.88 (2.76-3.00) 2.9 101 0.74
Pooled Cohort Equations 3.51(3.48-3.54) 1.63(1.53-1.72) 1.9 115 0.73
Men
Framingham Risk Score 8.57 (8.50-8.65) 4.09 (3.87-4.31) 4.5 110 0.69
Pooled Cohort Equations 5.33 (5.28-5.39) 2.43 (2.26-2.60) 2.9 119 0.67
Women
Framingham Risk Score 3.67 (3.64-3.70) 1.98 (1.84-2.11) 1.7 85 0.74
Pooled Cohort Equations 2.13(2.10-2.15) 1.03(0.93-1.12) 1.1 107 0.72
Note: Cl = confidence interval.
*Discordance is calculated as (predicted event rate - observed event rate)/observed event rate x 100.
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Characteristics and validation of risk scores among
statin-eligible individuals

Appendix 1, Supplemental Figure 1 details the construction of
the cohort of individuals eligible for statins according to CCS
guidelines, and Appendix 1, Supplemental Table 2 shows the
characteristics of the 59126 individuals. The statin-eligible
cohort was younger than the overall cohort, with a mean age of
53.8 years (v. 56.3 yr); 58.6% were women. The participants’
mean total cholesterol level was 5.25 mmol/L, mean LDL choles-
terol was 3.1 mmol/L, mean systolic blood pressure was 126 mm
Hg and 17.3% were smokers. They were less likely than individ-
uals in the overall cohort to be taking antihypertensive medica-
tions (15% v. 24.6%).

A summary of the calibration and discrimination characteris-
tics in this cohort is shown in Appendix 1, Supplemental Table 3.
In general, the Framingham Risk Score had greater overestima-
tion of risk than the Pooled Cohort Equations among patients
who could be considered eligible for statin treatment. For exam-
ple, the Framingham Risk Score overestimated risk by 129% in all
individuals, whereas the Pooled Cohort Equations overestimated
risk by 83%. C statistics were 0.75 for the Framingham Risk Score
and 0.74 for the Pooled Cohort Equations in this cohort.

Interpretation

Using a large contemporary cohort of individuals in an Ontario
primary care setting, we found that both the Framingham Risk
Score and the Pooled Cohort Equations predicted risks of athero-
sclerotic cardiovascular disease that were more than double the
actual observed risk. Overestimation was seen in the overall
study cohort, as well as in subgroups of age, sex and eligibility for
statins. The Framingham Risk Score overestimated risk more in
younger patients, whereas the Pooled Cohort Equations overesti-
mated it more in older patients. Given the importance of accu-

Framingham Risk Score
20
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16
14 4
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12 A
10 *
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5-year predicted event rate, %
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0O 2 4 6 8 10 12 14 16 18 20

5-year observed event rate, %

rate risk estimation in primary prevention of atherosclerotic car-
diovascular disease, our findings suggest the need for additional
validation studies across Canada. Evidence of consistent over-
prediction would strongly support redevelopment of prediction
risk scores for atherosclerotic cardiovascular disease to improve
treatment decisions.

The Framingham Risk Score was initially developed using
data on individuals residing in Framingham, Massachusetts, col-
lected in the 1970s.*2 Because these individuals may not be rep-
resentative of a contemporary US population, the ACC/AHA
developed the Pooled Cohort Equations by assembling more
contemporary, diverse cohorts from the US that enabled accu-
rate risk estimations of atherosclerotic cardiovascular disease
among black Americans.* Other jurisdictions have developed
risk scores that are better calibrated to their populations. Cur-
rently, the European Society of Cardiology endorses the System-
atic Coronary Risk Evaluation (SCORE),> the United Kingdom
endorses QRISK® and New Zealand has recently created a new
score called PREDICT.®

Our results showing overestimation of the Framingham Risk
Score and Pooled Cohort Equations are consistent with those of
several studies that examined validation of these scores using US
cohorts.’*% For example, using the Multi-Ethnic Study of Athero-
sclerosis (MESA) cohort, DeFilippis found that the Framingham
Coronary Heart Disease prediction overestimated actual risk by
51% and the Pooled Cohort Equations overestimated risk by
78%.2! To the best of our knowledge, only 1 study has evaluated
the performance of the original Framingham Risk Score using
data on Canadian participants.?* Grover and colleagues used data
from the Lipid Research Clinics Follow-up Cohort, which included
data on 1173 Canadian participants, and found good calibration
and discrimination of the Framingham Risk Score. However, these
findings are likely not applicable to contemporary practice given
that the participants were enrolled from 1971 to 1976.

Pooled Cohort Equations

5-year predicted event rate, %

O-p T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20

5-year observed event rate, %

Figure 2: Predicted and observed 5-year risk for Framingham Risk Score and Pooled Cohort Equations in the overall cohort (40-79 yr), by decile of risk.
Each dot shows predicted versus observed rate in each decline of risk. The solid line shows when predicted risk is equal to observed risk.
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Figure 3: Predicted and observed 5-year risk for the Framingham Risk Score and Pooled Cohort Equations by (A) age category, (B) sex, (C) ethnicity and

(D) risk threshold recommended by practice guidelines at 10 years.
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We observed that the Framingham Risk Score substantially
overestimated risk among individuals in younger age groups,
whereas the Pooled Cohort Equations substantially overesti-
mated risk among individuals in older age groups. This discrep-
ancy may be attributable to the Pooled Cohort Equations risk esti-
mates using an age-squared term in the prediction model.** None
of the existing risk scores included ethnic minorities such as
Chinese or South Asians, which are the most common ethnic
minority groups in Canada.

There may be several reasons why existing risk scores over-
estimated the actual risks of cardiovascular events in our
cohort.2025-27 First, individuals in our study were recruited in a
contemporary period in which atherosclerotic cardiovascular
disease events occur less frequently than when those scores
were derived. In the Framingham Heart Study, a coronary heart
disease outcome developed in 11.4% of the participants at
12 years.'? In the pooled cohort, a Pooled Cohort Equations out-
come developed in 5.3% of white participants, and an outcome
developed in 6.1% of black participants at 10 years.** In contrast,
we observed much lower event rates at 5 years in that a Framing-
ham Risk Score outcome developed in only 2.6% of our study
cohort and a Pooled Cohort Equations outcome developed in
1.4%. Researchers who recalibrated the performance of 4 com-
monly used risk scores also found that the discrepancy was in
part explained by the year the cohorts were assembled.?
Second, individuals likely had earlier diagnosis and improved
control of cardiovascular risk factors. Third, our Ontario cohort
benefited from universal coverage of hospital and physician ser-
vices, which is available to most residents. Finally, neither the
Framingham Risk Score nor the Pooled Cohort Equations
accounted for competing risks of noncardiac death, which could
have produced more biased estimates.

Limitations

Several potential limitations of our study merit discussion. First,
it is possible that patients whose data are included in EMRALD
may be different from the general Ontario population. In previ-
ous research, we have shown that they were representative of
the Ontario patients who had a primary care physician, but we
have not shown that they are representative of patients without
a primary care physician or those residing in other Canadian
provinces.® Accordingly, additional studies using cohorts across
Canada would be important to ensure the robustness of our find-
ings. Second, we were able to estimate cardiovascular risk in a
contemporary cohort and we validated the Framingham Risk
Score and Pooled Cohort Equations at 5 years, but we did not
have 10-year follow-up because our cohort included individuals
who had cholesterol testing and blood pressure measurement
from 2010 to 2014. Additional follow-up of this cohort is needed
to ensure our findings can be extended over a longer duration.
Third, although Canadian family physicians commonly use auto-
mated blood pressure measurement,?® we did not have informa-
tion on the way blood pressure measurements were obtained in
our study cohort. Blood pressure readings in clinical practice are
usually higher than in the research setting, and this could have
contributed to an overestimation of risk.? Fourth, the CCS rec-

ommends a modification of the Framingham Risk Score that
doubles the risk if there is a family history of premature athero-
sclerotic cardiovascular disease.? Because we did not have infor-
mation on family history, we were unable to duplicate this CCS
recommendation completely. However, the use of family history
information would lead to further overestimation of the already
inflated risk.

Conclusion

Our findings suggest overestimations of atherosclerotic cardio-
vascular disease risk with use of the Framingham Risk Score and
Pooled Cohort Equations in an Ontario population without prior
history of cardiovascular disease. Further efforts are needed to
refine the currently recommended prediction risk scores for
atherosclerotic cardiovascular disease to suit the characteristics
of a diverse Canadian population.
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