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University, 506 SW Mill St, Portland, OR 97201, USA; 55Department of Non-Communicable Disease Epidemiology, London School of Hygiene and Tropical Medicine, Keppel
Street, London WC1E 7HT, UK; 56Department of Health Sciences, Vrije Universiteit Amsterdam, VU University Medical Center, De Boelelaan 1085, Amsterdam 1081, the
Netherlands; 57Department of Epidemiology, University Medical Centre Groningen, University of Grogingen, Hanzeplein 1, Groningen 9713, the Netherlands; 58Faculty of
Medicine, Yamagata University, 1-4-12 Kojirakawa-machi, Yamagata 990-8560, Japan; 59Usher Institute of Population Health Sciences and Informatics, University of Edinburgh, Old
Medical School, Teviot Place, Edinburgh EH8 9AG, UK; 60Department of Clinical Research, Hospital 12 de Octubre, Av. Cordoba, Madrid 28041, Spain; 61Department of
Cardiology, Leiden University Medical Center, Albinusdreef 2, Leiden 2333, the Netherlands; 62Pavillon Ferdinand-Vandry, Université Laval, 2440 Hochelaga, Quebec G1V 0A6,
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Aims There is debate about the optimum algorithm for cardiovascular disease (CVD) risk estimation. We conducted
head-to-head comparisons of four algorithms recommended by primary prevention guidelines, before and after
‘recalibration’, a method that adapts risk algorithms to take account of differences in the risk characteristics of the
populations being studied.

...................................................................................................................................................................................................
Methods
and results

Using individual-participant data on 360 737 participants without CVD at baseline in 86 prospective studies from
22 countries, we compared the Framingham risk score (FRS), Systematic COronary Risk Evaluation (SCORE),
pooled cohort equations (PCE), and Reynolds risk score (RRS). We calculated measures of risk discrimination and
calibration, and modelled clinical implications of initiating statin therapy in people judged to be at ‘high’ 10 year
CVD risk. Original risk algorithms were recalibrated using the risk factor profile and CVD incidence of target popu-
lations. The four algorithms had similar risk discrimination. Before recalibration, FRS, SCORE, and PCE over-
predicted CVD risk on average by 10%, 52%, and 41%, respectively, whereas RRS under-predicted by 10%.
Original versions of algorithms classified 29–39% of individuals aged >_40 years as high risk. By contrast, recalibra-
tion reduced this proportion to 22–24% for every algorithm. We estimated that to prevent one CVD event,
it would be necessary to initiate statin therapy in 44–51 such individuals using original algorithms, in contrast to
37–39 individuals with recalibrated algorithms.

...................................................................................................................................................................................................
Conclusion Before recalibration, the clinical performance of four widely used CVD risk algorithms varied substantially. By con-

trast, simple recalibration nearly equalized their performance and improved modelled targeting of preventive action
to clinical need.
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Introduction

A key strategy in the primary prevention of cardiovascular disease
(CVD) is the use of risk prediction algorithms to target preventive
interventions on people who should benefit from them most.1,2 There
is, however, debate about the optimum algorithm for CVD risk estima-
tion. The 2013 guidelines of the American College of Cardiology/
American Heart Association (ACC/AHA)3,4 have recommended the
Pooled cohort equations (PCE). By contrast, the 2016 guidelines of the
European Society of Cardiology5 have recommended the Systematic
COronary Risk Evaluation (SCORE) algorithm.6,7 The Framingham risk
score (FRS)8 and the Reynolds risk score (RRS)9,10 have been recom-
mended by other North American guidelines.11,12 Additional algo-
rithms have been recommended by further guidelines.13,14

Such contrasting recommendations may create confusion among
practitioners, potentially reflecting uncertainty about the perform-
ance of different algorithms under different circumstances. For ex-
ample, because CVD event rates and average risk factor levels vary
over time and place, algorithms developed in one population may
not predict the correct risk in the target population being screened
(i.e. they may not be well ‘calibrated’15,16). Furthermore, although
most CVD risk algorithms include information on a common set of
risk factors, algorithms can differ owing to differences in the exact set
of risk factors included, mathematical formulations used, and defini-
tions of CVD outcomes employed. Hence, use of different algorithms
as currently recommended could lead to varying clinical performance
and uneven efficiency in allocating preventive interventions. Only few
and relatively small studies have, however, provided head-to-head
comparisons of different risk prediction algorithms recommend by
primary prevention guidelines for allocation of statin therapy.17–19

Despite some previous attempts to adjust risk algorithms to local
and/or contemporary circumstances (i.e. ‘recalibration’),17,20 few

have compared recalibrated versions of algorithms systematically
across many populations.

Our study, therefore, aimed to address two sets of questions.
First, how do risk prediction algorithms differ in term of predictive ac-
curacy and clinical performance when evaluated in the same popula-
tion? We chose algorithms that have been recommended by a
guideline statement and could be evaluated with the information
available in our consortium dataset. Hence, we conducted head-to-
head comparisons of original versions of four risk algorithms (FRS,
SCORE, PCE, and RRS), evaluating them using measures of predictive
accuracy (e.g. discrimination, calibration) as well as clinical perform-
ance (e.g. we modelled the potential impact of initiating statin therapy
as recommended by primary prevention CVD guidelines3,4). The se-
cond set of questions is: what is the clinical impact of adjusting these
algorithms to local and contemporary circumstances, and how do
they then compare to each other? To address them, we recalibrated
these algorithms using CVD event rates and risk factor values of the
target populations, and compared the performance of the original
and recalibrated versions of algorithms across multiple settings.

Methods

Data sources
We analysed data from the Emerging Risk Factors Collaboration (ERFC),
a consortium of prospective cohort studies with information on a variety
of risk factors.21 Prospective cohort studies were included in this analysis
if they met all the following criteria: (i) had not contributed data to the de-
velopment of any of the risk prediction algorithms studied in this ana-
lysis4,6,8–10; (ii) had recorded information on risk factors necessary to
calculate algorithms [i.e. age, sex, smoking status, history of diabetes, sys-
tolic blood pressure, total and high-density lipoprotein cholesterol,
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ethnicity, and use of antihypertensive medications; Supplementary ma-
terial online, Table S1 and Supplementary material online, Appendix S1];
(iii) were approximately population based (i.e. did not select partici-
pants on the basis of having previous disease); (iv) had recorded cause-
specific deaths and non-fatal CVD events [i.e. non-fatal myocardial in-
farction (MI) or stroke] using well-defined criteria; and (v) had at least
1 year of follow-up after baseline. Details of contributing studies are in
Supplementary material online, Table S2 and Supplementary material
online, Appendix S2. All studies used definitions of non-fatal MI based
on World Health Organization (or similar) criteria and of non-fatal
stroke based on clinical and brain imaging features. In registering fatal
outcomes, all contributing studies classified deaths according to the
primary cause (or, in its absence, the underlying cause), and used
International Classification of Diseases, revisions 8, 9, and 10, coding to at
least three digits. Ascertainment of fatal outcomes was based on death
certificates, with 56 studies also involving review of medical records,
autopsy findings, and other supplementary sources. Supplementary
material online, Table S3 provides International Classification of
Diseases (ICD) codes used to define outcomes used in each CVD risk
prediction algorithm.

Statistical analysis
Analyses included participants aged between 40 and 79 years, excluding
those with a known history of CVD at baseline [i.e. coronary heart dis-
ease (CHD), other heart disease, stroke, transient ischaemic attack, per-
ipheral vascular disease, atrial fibrillation, heart failure, or any
cardiovascular surgery], as defined by each study.21,22 For each partici-
pant, we used original versions of FRS, SCORE, PCE, and RRS to calculate
the predicted 10 year risk of CVD events (Supplementary material online,
Appendix S1). To enable comparison with the three other risk prediction
algorithms evaluated in this study, we used a rescaled version of the FRS
algorithm which predicts non-fatal MI, fatal CHD, or any stroke (rather
than the broader CVD outcome it was originally derived for).8 For
SCORE, we used relevant high or low-risk versions depending on the
geographical location of the cohort as recommended by the ESC guide-
lines.5 Analyses involving RRS were performed in a subset of participants
who had information available on C-reactive protein, family history of
premature MI, and HbA1c (if female and with diabetes) (Supplementary
material online, Table S1).

To help provide systematic evaluation of the four risk algorithms to
predict relevant CVD endpoints, we used the following outcome defini-
tions. The principal outcome was the composite of CVD events during
the initial 10 year period of follow-up as defined by each algorithm (‘the
algorithm-specific outcome’): first onset of non-fatal MI, fatal CHD, or
any stroke for FRS and PCE; non-fatal MI, fatal CHD or any stroke, coron-
ary revascularization, or any CVD death for RRS; fatal CVD for SCORE
(Supplementary material online, Table S3). The secondary outcome was a
‘common’ CVD outcome, defined as the composite of non-fatal MI, fatal
CHD, or any stroke, adopting the definition of the 2013 ACC/AHA
guidelines (and used by PCE and FRS).4 Outcomes were censored if a
participant was lost to follow-up, died from non-CVD causes, or reached
10 years of follow-up. Participants contributed only the first non-fatal or
fatal CVD outcome (i.e. deaths preceded by non-fatal CVD events were
not included) except in the case of the SCORE-specific outcome, for
which all fatal CVD events were included.

We assessed risk discrimination using the C-index which estimates the
probability of correctly predicting who will have a CVD event first in a
randomly selected pair of participants.23 The C-index calculation was
stratified by sex and involved a two-stage approach, with estimates calcu-
lated separately within each study before pooling across studies weighting
by the number of contributing events.24 We assessed calibration of risk
algorithms for each algorithm-specific outcome by comparing predicted

and observed risks calculated for groups of participants defined by 5 year
age categories and calculating goodness of fit tests.25 Supplementary ma-
terial online, Appendix S3 provides further details of the methods used to
assess calibration. We recalibrated each algorithm as shown in
Supplementary material online, Figure S1 and Supplementary material on-
line, Appendix S3. Our approach involved adaptation of original risk algo-
rithms using the risk factor profile and CVD incidence of target
populations. Recalibration to CVD incidence involved two approaches.
First, we recalibrated each algorithm to predict incidence of the endpoint
it was derived to predict (the algorithm-specific outcome). Second, to en-
able head-to-head comparisons, we recalibrated SCORE and RRS to the
common CVD outcome used by FRS and PCE, as mentioned above.
Only studies with at least 10 years of follow-up were used in analyses
involving recalibration, or assessment of calibration.

To assess the clinical implications of using different algorithms to initi-
ate statin therapy in those whose 10 year CVD risk exceeds a given
threshold (as recommended by several CVD primary prevention guide-
line statements1,3–5,12), we estimated the number of individuals who
would be eligible for treatment and the potential cases avoided. First, we
assumed CVD risk assessment for a population of 100 000 men and
women aged >_40 years without CVD at baseline and not already taking
statins or meeting guideline recommendations for statin treatment (i.e.
people without a history of diabetes or CVD and with low-density lipo-
protein (LDL) cholesterol <190 mg/dL).3 Second, we assumed the same
age structure of a standard population of the United States. Third, we
assumed age- and sex-specific incidence rates for CVD events as in the
current study. Fourth, we assumed statin allocation according to the
threshold of predicted 10 year CVD risk recommended by 2013 ACC/
AHA guidelines4 for first-onset fatal and non-fatal CVD events (i.e.
>_7.5%), or by the 2016 ESC Guidelines for fatal CVD (i.e. >_5%).5 Fifth,
we assumed CVD risk reductions of 20% with statin treatment in people
without a history of CVD, as reported by the Cholesterol Treatment
Trialists’ Collaboration.26 We also compared categorization of partici-
pants across different algorithms before and after their recalibration using
the net reclassification improvement (NRI).27

Analyses were performed using Stata version 14. P-values are
two-sided. The study was designed and conducted by this collabora-
tion’s academic coordinating centre, and was approved by the
Cambridgeshire Ethics Review Committee. The funders had no scien-
tific role in the study.

Results

We analysed data on 360 737 participants without prior CVD who
were recruited into 86 prospective cohorts between the years 1963
and 2003 (Supplementary material online, Table S2). The mean
(standard deviation) age at baseline was 59 (8) years; 53% were male.
Sixty-nine percent of the participants were recruited in European
countries, 18% in North America, and the remainder mostly in Japan
and Australia. Median (5th–95th percentile) follow-up was 10.2 (3.4–
21.3) years, and during the initial 10 years of follow-up (3.1 million
person-years at risk), 14 564 incident CVD events were recorded
according to our common and FRS/PCE CVD definition, including
9259 CHD events and 5305 stroke events. At baseline, the median
(5th–95th percentile) predicted 10 year CVD risks were 5.54% (1.02–
23.34%) using FRS, 2.49% (0.13–23.25%) using SCORE, and 6.43%
(0.69–33.33%) using PCE (Table 1). Baseline characteristics for the
subset of participants with information on the RRS are presented in
Supplementary material online, Table S4.
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Discrimination and calibration
When using algorithm-specific CVD outcomes, each algorithm pro-
vided broadly similar discrimination, with absolute C-index values
ranging from 0.7010 to 0.7605. The pooled cohort equations pro-
vided somewhat greater risk discrimination than FRS or SCORE for
all algorithm-specific outcomes, with differences in overall C-index
compared with FRS between 0.0039 and 0.0131 (P < 0.001 when
testing the null hypothesis of no difference between C-indices;
Figure 1). Differences were greater for women than men, but similar
among participants from European and North American cohorts
(Supplementary material online, Figure S2). A similar pattern was
observed in analyses restricted to participants with complete
data enabling calculation of RRS (Supplementary material online,
Figure S3). Differences in the C-index among algorithms were not
affected by study recruitment periods (Supplementary material on-
line, Figure S4).

For each algorithm-specific outcome, on average across cohorts
the predicted 10 year risk was 1.10 times observed risk for FRS, 1.52
for SCORE, 1.41 for PCE, and 0.90 for RRS (P < 0.0001 for goodness
of fit/calibration for all algorithms; Figure 2 and Supplementary mater-
ial online, Figures S5 and S6). On average the extent of relative mis-
calibration was similar in men and women, and across all ages for
SCORE and PCE (Supplementary material online, Figure S5) which
translated to greater discrepancy between absolute predicted and
observed risks at older ages when using these algorithms
(Supplementary material online, Figure S6). Framingham risk score
tended to over-predict in men and younger women but to under-
predict in older women. Reynolds risk score underestimated risk
somewhat in men, but on average was well calibrated in women

(Figure 2, Supplementary material online, Figures S5 and S6). The ex-
tent and direction of mis-calibration varied substantially across indi-
vidual cohorts, ranging from more than 50% underestimation to
>400% overestimation of risk (Supplementary material online, Figures
S7 and S8). Heterogeneity in calibration could not be systematically
explained by broad geographical region but was partially explained by
year of baseline screening (Supplementary material online, Figure S9).
After recalibration of algorithms to the incidence of the common
CVD outcome and risk factor distribution of the cohorts contributing
to the current analysis, the distribution of predicted 10 year CVD risk
was similar across the four algorithms we studied (Supplementary
material online, Figure S10), yielding good calibration for each algo-
rithm (Supplementary material online, Figure S11). Risk discrimination
did not change with recalibration since ranking of participant risk is
unaffected by the recalibration methods used (Supplementary mater-
ial online, Figure S1 and Appendix S3).

Estimates of clinical performance
We initially conducted modelling that: employed original versions of
the four CVD risk algorithms we studied; was weighted to represent
the age and sex distribution of a standard US population >_40 years;
focused on individuals not already taking or eligible for statin treat-
ment (i.e. people without a history of diabetes or CVD and with LDL
<190 mg/dL)3; and defined the threshold for initiation of statin treat-
ment as an absolute 10 year risk of >_7.5% for FRS, PCE, and RRS, and
>_5% for SCORE (‘high risk’).

Under this scenario, we estimated that the proportion of individu-
als classified as high-risk (i.e. eligible for statin treatment) was 32%
with FRS, 29% with SCORE, 39% with PCE, and 32% with RRS
(Supplementary material online, Table S5 and Figure 3). By contrast,
after recalibration (using algorithmic-specific CVD endpoints), FRS,
SCORE, PCE, and RRS predicted CVD outcomes more accurately,
classified lower proportions of people as high risk, and identified
higher proportions of CVD events among people classified as high
risk. After further recalibration to the common CVD endpoint, the
proportion of individuals classified as high risk lowered to a near uni-
form level (22%, 22%, 24%, and 23% with FRS, SCORE, PCE, and
RRS, respectively). Of those classified as high risk by the original ver-
sions of algorithms, 11% later developed a first CVD event within
10 years (i.e. the positive predictive value was 11%, 11%, 10%, and
11%, respectively). By contrast, it was 13% with the recalibrated algo-
rithms (Supplementary material online, Table S5).

Based on these estimates, we calculated that to prevent one CVD
event when using original versions of FRS, SCORE, PCE, or RRS it
would be necessary to initiate statin therapy in 46, 44, 51, or 45 indi-
viduals, respectively (following screening of 145, 150, 131, or 142
individuals, respectively; Figure 3 and Supplementary material online,
Table S5). By contrast, when using any of the recalibrated algorithms,
one CVD event could be prevented by initiating statin therapy in 38
participants (following screening of 174, 171, 160, or 165 individuals,
respectively). Similar findings to those observed above were noted in
analyses that used a range of treatment thresholds different from
those in current guidelines (Figure 3) with the divergent clinical per-
formance of original algorithms converging to become almost identi-
cal at any treatment threshold after recalibration to a common CVD
endpoint.

.................................................................................................

Table 1 Baseline characteristics and predicted
10 year cardiovascular disease risk relevant to
assessed algorithms

Baseline characteristic Mean (SD) or n (%)

Age at survey (years) 59 (8.0)

Males 189 342 (52.5%)

Current smoking 98 593 (27.3%)

History of diabetes 16 758 (4.6%)

Systolic blood pressure (mmHg) 132 (19)

Total cholesterol (mmol/L) 5.83 (1.08)

HDL cholesterol (mmol/L) 1.33 (0.38)

Total/HDL cholesterol ratio 4.50 (1.61)

Hypertension medication 37 960 (10.5)

Lipid lowering medication 7929 (5.1)

Predicted 10 year risk (%) median (5th–95th percentiles)

Framingham risk score (FRS) 5.54% (1.02–23.34)

Systematic COronary Risk

Evaluation (SCORE)

2.49% (0.13–23.25)

Pooled cohort equations (PCE) 6.43% (0.69–33.33)

Data are from 86 cohorts with 360 737 participants and 23 563 CVD events
(14 538 occurring within 10 years). Versions of FRS and PCE used predict risk of
fatal or non-fatal CVD, SCORE predicts risk of fatal CVD.
HDL, high-density lipoprotein.
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..We then modelled the concordance of statin treatment decisions
based on use of these algorithms. Before recalibration, 41% of all indi-
viduals were at high risk with at least one of the four algorithms and
58% of these (24% of all individuals) were at high risk with all four. By
contrast, after recalibration to our common CVD outcome, 28% of
individuals were at high risk with at least one algorithm and 63% of
these (18% of all individuals) were at high risk with all four
(Supplementary material online, Figure S12). Discordance in treat-
ment decisions before recalibration tended to be greatest when
comparing SCORE to the other algorithms (Figure 4). For example, in
pairwise comparisons between FRS and SCORE, in every 100 000
people screened 36 794 would be classified as high risk with either
FRS or SCORE and 24 157 (66% of these) would be classified as high
risk with both FRS and SCORE. By contrast, after recalibration,
18 716 (76%) of the 24 708 individuals at high risk with either FRS or
SCORE would be at high risk with both algorithms (Figure 4). This
greater concordance between algorithms in identifying those at high
risk was also illustrated by a decrease in the NRI among both cases
and event-free participants after recalibration (Supplementary mater-
ial online, Table S6) and greater agreement between the absolute risk
predictions (Supplementary material online, Figure S13).

Discussion

In an analysis of individual-participant data on over 350 000 people
without a history of CVD at baseline, we systematically evaluated
several risk algorithms recommended by North American and
European guidelines for primary prevention of CVD. Our study’s
main finding was that the clinical performance of four widely used risk
algorithms varied substantially, predominantly due to differing extent
of calibration. By contrast, we observed only slight differences among
the algorithms in relation to risk discrimination (a measure of predict-
ive accuracy that is not influenced by the extent of model calibration).
After recalibration, however, the performance of the four algorithms
was essentially equalized. Our modelling suggested, therefore, that
targeting of CVD preventive action to clinical need would improve
considerably due to higher accuracy of individual risk predictions. A
key implication of these results is that CVD primary prevention
guidelines should shift away from debates about the relative merits of
particular risk algorithms and, instead, achieve consensus about the
need for more widespread use of any recalibrated algorithm.

Our findings have suggested that effective recalibration can be
achieved through the use of simple methods that can be applied using

FRS

SCORE

PCE

FRS

SCORE

PCE

FRS

SCORE

PCE

0.7194 (0.7154, 0.7234)

0.7194 (0.7154, 0.7234)

0.7232 (0.7193, 0.7272)

0.7474 (0.7421, 0.7527)

0.7576 (0.7524, 0.7628)

0.7605 (0.7554, 0.7657)

0.7258 (0.7222, 0.7294)

0.7298 (0.7262, 0.7333)

0.7332 (0.7297, 0.7368)

Ref

0.0000 (-0.0015, 0.0015)

0.0039 (0.0022, 0.0055)**

Ref

0.0102 (0.0081, 0.0123)**

0.0131 (0.0107, 0.0156)**

Ref

0.0040 (0.0026, 0.0054)**

0.0074 (0.0059, 0.0089)**

-0.01 0 0.01 0.02

Fatal and non-fatal 
CVD: 

PCE definition

Fatal CVD only: 
SCORE definition

Fatal and non-fatal 
CVD: 

RRS definition

RRS

RRS

RRS

0.7010 (0.6950, 0.7069)

0.7520 (0.7438, 0.7601)

0.7128 (0.7074, 0.7182)

0.0017 (-0.0011, 0.0044)

0.0081 (0.0041, 0.0121)**

0.0045 (0.0020, 0.0070)**

Absolute C-index value
for relevant endpoint 
and dataset (95% CI)

Change in C-index 
vs. FRS 
(95% CI)

Analysis based on 86 cohorts complete for estimation of FRS, SCORE and PCE 

Analysis based on 39 cohorts complete for estimation of RRS 

Improved 
discrimination vs FRS

Reduced 
discrimination vs FRS

Change in C-index vs. FRS (95% CI)

CVD outcome used in 
calculation of C-index

Figure 1 Discrimination abilities of original versions of three risk prediction algorithms compared with the Framingham risk score using alternative
CVD definitions. Number of events observed according to CVD definitions used by the Pooled Cohort Equations, the Systematic COronary Risk
Evaluation and the Reynolds Risk Score respectively were 14 564, 7433 and 17 642. Equivalent event numbers in the subset of participants with com-
plete data for estimation of the Reynolds Risk Score were 6670, 2966 and 7953 respectively. FRS, Framingham risk score; PCE, pooled cohort equa-
tions; RRS, Reynolds risk score; SCORE, Systematic COronary Risk Evaluation. *P < 0.05; **P < 0.001.
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aggregate level data on CVD event rates and average risk factor
values for a target population to be screened. To scale this ap-
proach for clinical and public health purposes, cardiovascular
bodies might facilitate the collation and regular updating of national
and regional age- and sex-specific CVD event rates and risk factor
data, including for particular geographical areas and ethnic groups
with distinctive CVD event rates and risk factors values. This infor-
mation could then be embedded in user-friendly risk prediction
tools (e.g. online risk calculators or electronic health records sys-
tems), enabling regular and simple recalibration, as previously
described.28,29 An alternative approach is the periodic develop-
ment of new risk algorithms, although it would be more costly and
time-consuming than recalibration because it entails launch of large
new cohort studies and their long-term follow-up.

In contrast with previous analyses of simulated data, studies in
single populations, or comparisons of risk scores without
recalibration,17–20,30–35 our study directly compared original and
recalibrated versions of four algorithms used across many different
populations, providing the first demonstration of the extent of CVD
risk prediction improvement achievable through recalibration. For
example, following recalibration we observed that the proportion of
individuals classified as high risk reduced from about 40% to 23%, and
the number of individuals needed to initiate statin therapy to prevent
one event reduced from between 44–51 to around 38. However,
our modelling reflects the average improvement that can be achieved
by recalibration across a set of different populations in which the ini-
tial extent and direction of mis-calibration varied substantially, partly
due to differences in baseline study year. Therefore, the clinical

improvement that could be achieved in countries or regions where
mis-calibration is more extreme could potentially be much greater.

Our approach to recalibration was distinctive in two ways. First, it
extended previous recalibration methods36 by using age groups in-
stead of categories of predicted risk, which allows direct application
to population data that are routinely recorded. Second, it differed
from other recalibration methods proposed for specific CVD risk
algorithms28,29 by providing a simpler procedure applicable to algo-
rithms derived using any type of statistical model. Because we studied
participant-level data from cohorts with prolonged follow-up, we
could adopt a uniform approach to statistical analyses and conduct
time-to-event analyses. To avoid providing over-optimistic assess-
ment of algorithm performance, we omitted cohorts that had previ-
ously contributed data to the derivation of the risk algorithms we
studied. Our clinical modelling was robust to different scenarios. The
generalizability of our findings was enhanced by inclusion of several
dozen population cohorts in 22 countries, mostly in Europe and
North America, and the broad range in baseline year of recruitment
across studies.

Our study had potential limitations. Because we used data from
the target cohorts themselves to recalibrate algorithms, the benefits
of recalibration could have been exaggerated (albeit in a manner that
would have affected each algorithm identically). Conversely, inaccur-
acy in CVD ascertainment in contributing cohorts would tend to
worsen the apparent performance of algorithms (again, affecting each
algorithm identically).37 Our modelling could have over-estimated
potential benefits of statin therapy because not all people eligible for
statins will receive them or be willing or able to take them. On the
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Figure 2 Observed and predicted 10-year cardiovascular risk using original version of prediction algorithms. Points presented in each plot are for
each 5-year age group between 40–44 to 75–79 years. Observed risk was calculated according to the CVD definition specific to each algorithm.
Assessment of the Framingham Risk Score, the Systematic COronary Risk Evaluation and the Pooled Cohort Equations was based on 223 663 partic-
ipants from 47 cohorts with at least 10 years of follow-up. Assessment of the Reynolds Risk Score was based on 91 008 participants from 27 cohorts
with at least 10 years of follow-up. FRS, Framingham risk score; PCE, pooled cohort equations; RRS, Reynolds risk score; SCORE, Systematic
COronary Risk Evaluation.
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other hand, greater clinical impact than suggested by our modelling
would be estimated if we had used less conservative assumptions
(e.g. use of more efficacious statin regimens or additional treatments;
longer time horizons; and lifestyle changes). We did not formally in-
corporate the impact of the potential hazards of statins into our

modelling. We had incomplete information on medication use (such
as statins and antihypertensive drugs) or cardiovascular intervention
(such as coronary revascularization) during follow-up, which may
have influenced our estimates of the observed CVD risk.
Revascularization endpoints may have been differentially recorded
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Figure 3 Estimated public health impact with screening using original and recalibrated cardiovascular disease risk prediction algorithms over a
range of risk thresholds in a standard US population of 100 000 people aged over 40 years. Cardiovascular disease includes fatal coronary heart dis-
ease, fatal, and non-fatal myocardial infarction and any stroke. FRS, Framingham risk score; PCE, pooled cohort equations; RRS, Reynolds risk score;
SCORE, Systematic COronary Risk Evaluation.
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across studies, which may have impacted on our assessment of cali-
bration of the original RRS. There is, as yet, no randomized evidence
that CVD risk assessment translates into CVD prevention.38

Conclusion

Whereas the performance of the original versions of four widely
used CVD risk algorithms varied substantially, simple recalibration es-
sentially equalized them and improved targeting of CVD preventive
action to clinical need. This study supports the concept of using regu-
larly recalibrated risk algorithms in routine clinical practice.
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Figure 4 Pairwise overlap in those classified at high risk when applying CVD risk prediction algorithms to a US standard population of 100 000 indi-
viduals. Risk thresholds to define high risk were set at 7.5% for Framingham risk score, pooled cohort equations and Reynolds risk score and 5% for
Systematic COronary Risk Evaluation before recalibration. After to recalibration to our common CVD endpoint a risk threshold of 7.5% was used
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equations; RRS, Reynolds risk score; SCORE, Systematic COronary Risk Evaluation.
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Yüksel; TOYAMA: Hideaki Nakagawa, Yuko Morikawa, Katsuyuki

Miura; TROMSØ: Inger Njølstad; ULSAM: Martin Ingelsson,
Vilmantas Giedraitis; USPHS2: Paul M. Ridker, J. Michael Gaziano;
WHITE I: Mika Kivimaki, Martin Shipley; WHITE II: Eric J. Brunner,
Martin Shipley; WCWC: Volker Arndt, Hermann Brenner; WHS:
Nancy Cook, Paul M. Ridker; WOSCOPS: Ian Ford, Naveed Sattar;
ZARAGOZA: Alejandro Marı́n Iba~nez; ZUTE: Johanna M. Geleijnse.

Data Management Team
Thomas Bolton, Sarah Spackman, and Matthew Walker.

Co-ordinating Centre
Thomas Bolton, Stephen Burgess, Adam S. Butterworth, Emanuele
Di Angelantonio, Pei Gao, Eric Harshfield, Stephen Kaptoge, Lisa
Pennells, Sarah Spackman, Simon G. Thompson, Matthew Walker,
Angela M. Wood, and John Danesh (principal investigator).

Supplementary material

Supplementary material is available at European Heart Journal online.

Funding
The work of the co-ordinating centre was funded by the UK Medical
Research Council (G0800270), British Heart Foundation (SP/09/

0

20000

40000

60000

80000

100000

0 5 10 15 20

Before recalibration

Number 
treated 

0

20

40

60

80

100

120

0 5 10 15 20

Number 
treated per 
event 
prevented

FRS SCORE PCE RRS

Risk threshold for treatment (%)

0 5 10 15 20

After recalibration to 
common CVD endpoint

0 5 10 15 20

Take home figure Recalibration equalizes the potential public health impact of different guideline recommended cardiovascular disease risk
algorithms and should be regularly applied to improve targeting of intervention. Cardiovascular disease includes fatal coronary heart disease, fatal,
and non-fatal myocardial infarction and any stroke. FRS, Framingham risk score; PCE, pooled cohort equations; RRS, Reynolds risk score; SCORE,
Systematic COronary Risk Evaluation.

630 L. Pennells et al.

https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehy653#supplementary-data
Deleted Text: : 


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.002), British Heart Foundation Cambridge Cardiovascular Centre of
Excellence, UK National Institute for Health Research Cambridge
Biomedical Research Centre, European Research Council (268834),
and European Commission Framework Programme 7 (HEALTH-F2-
2012-279233). The Emerging Risk Factor Collaboration’s website
https://www.phpc.cam.ac.uk/ceu/erfc/list-of-studies/ has compiled a
list provided by investigators of some of the funders of the compo-
nent studies in this analysis. I.W. was supported by the Medical
Research Council Unit Programme MC_UU_12023/21. M.K. is sup-
ported by the Netherlands Organization for Scientific Research
(NWO) Veni grant (Veni, 91616079). J.P. is supported by Erasmus
Mundus Western Balkans (ERAWEB), a project funded by the
European Commission.

Conflict of interest: H.A. reports personal fees from Bayer,
Daiichi-Sankyo, Fukuda Denshi and Takeda, outside the submitted
work; P.A. reports personal fees from Servier, Total, Genoscreen,
Takeda, Fondation Alzheimer, outside the submitted work; M.J.B.
reports grants and personal fees from National Institute of Health,
American Heart Association, FDA, Aetna Foundation, Amgen,
Novartis, MedImmune, Sanofi/Regeneron, outside the submitted
work; C.C. reports personal fees from Alliance for Better Bone
Health, Amgen, Eli Lilly, GSK, Medtronic, Merck, Novartis, Pfizer,
Roche, Servier, Takeda and UCB; E.D.A. reports grants from
European Commission Framework 7, the European Research
Council, the British Heart Foundation, the UK Medical Research
Council, National Institute for Health Research, and NHS Blood and
Transplant, outside the submitted work; J.D. reports grants from the
UK Medical Research Council, the British Heart Foundation, the UK
National Institute of Health Research, and the European
Commission, during the conduct of the study; personal fees and non-
financial support from Merck Sharp and Dohme UK Atherosclerosis,
personal fees and non-financial support from Novartis
Cardiovascular and Metabolic Advisory Board, grants from the
British Heart Foundation, European Research Council, Merck, the
National Institute of Health Research, NHS Blood and Transplant,
Novartis, Pfizer, the UK Medical Research Council, the Wellcome
Trust, and AstraZeneca, and personal fees and non-financial support
from Pfizer Population Research Advisory Panel, outside the submit-
ted work; M.E. reports grant from Young Health Programme of
AstraZeneca, and personal fees from Prudential, Scor, and Third
Bridge, all outside the submitted work; M.K. reports grant from the
Medical Research Council; H.M.K. reports personal fees from
UnitedHealth, Hugo, IBM Watson Health, Element Science, Aetna,
Centers for Medicare & Medicaid Services, and grants from
Medtronic, and FDA, outside the submitted work; S.Ki reports grants
from the Austrian Research Promotion Agency FFG, outside the sub-
mitted work; S.Ka reports grants from UK Medical Research Council,
and British Heart Foundation, during the conduct of the study; W.K.
reports personal fees from AstraZeneca, Novartis, Pfizer, The
Medicines Company, DalCor, Sanofi, Berlin-Chemie, Kowa, Amgen,
grants and non-financial support from Roche Diagnostics, Beckmann,
Singulex, Abbott, outside the submitted work; P.J.N. reports grants
from National Institutes of Health, during the conduct of the study;
B.M.P. reports that he serves on the DSMB of a clinical trial funded by
Zoll LifeCor and on the Steering Committee of the Yale Open Data
Access Project funded by Johnson & Johnson; P.M.R. reports grants

from Novartis, Kowa, Pfizer, NHLBI, outside the submitted work; he
is listed as a co-inventor on patents held by the Brigham and
Women’s Hospital that relate to the use of inflammatory biomarkers
in cardiovascular disease and diabetes that have been licensed to
AstraZeneka and Seimens; R.R. reports grants, personal fees and
non-financial support from Sanofi, MSD, Amgen, Physiogenex, Astra-
Zeneca, Novo Nordisk, Janssen, Eli Lilly, Abbott, Medtronic, Servier,
outside the submitted work; V.S. reports personal fees from Novo
Nordisk outside the submitted work; N.S. reports grants and person-
al fees from Amgen, AstraZeneca, Boehringer Ingelheim, Eli Lilly,
Janssen, Novo Nordisk, Sanofi, outside the submitted work; S.G.T.
reports grants from UK Medical Research Council, and British Heart
Foundation, during the conduct of the study; P.W. reports personal
fees from Novartis Pharmaceuticals, outside the submitted work;
M.W. reports personal fees from Amgen, outside the submitted
work. The other authors declare no competing interests.

References
1. US Preventive Services Task Force. Statin use for the primary prevention of car-

diovascular disease in adults: US preventive services task force recommendation
statement. JAMA 2016;316:1997–2007.

2. Cooney MT, Dudina A, D’Agostino R, Graham IM. Cardiovascular risk-
estimation systems in primary prevention: do they differ? Do they make a differ-
ence? Can we see the future? Circulation 2010;122:300–310.

3. Stone NJ, Robinson JG, Lichtenstein AH, Bairey Merz CN, Blum CB, Eckel RH,
Goldberg AC, Gordon D, Levy D, Lloyd-Jones DM, McBride P, Schwartz JS,
Shero ST, Smith SC, Watson K, Wilson PWF. 2013 ACC/AHA guideline on the
treatment of blood cholesterol to reduce atherosclerotic cardiovascular risk in
adults. A Report of the American College of Cardiology/American Heart
Association Task Force on Practice Guidelines. J Am Coll Cardiol 2014;129:
S1–S45.

4. Goff DC, Lloyd-Jones DM, Bennett G, Coady S, D’Agostino RB, Gibbons R,
Greenland P, Lackland DT, Levy D, O’Donnell CJ, Robinson JG, Schwartz JS,
Shero ST, Smith SC, Sorlie P, Stone NJ, Wilson PWF. 2013 ACC/AHA guideline
on the assessment of cardiovascular risk. A Report of the American College of
Cardiology/American Heart Association Task Force on Practice Guidelines.
Circulation 2014;129:S49–S73.

5. Piepoli MF, Hoes AW, Agewall S, Albus C, Brotons C, Catapano AL, Cooney M-
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A, Kuller LH, Grandits G, Gillum RF, Mussolino M, Rimm EB, Hankinson SE,
Manson JE, Pai JK, Kirkland S, Shaffer JA, Shimbo D, Bakker SJL, Gansevoort RT,
Hillege HL, Amouyel P, Arveiler D, Evans A, Ferrières J, Sattar N, Westendorp
RG, Buckley BM, Cantin B, Lamarche B, Barrett-Connor E, Wingard DL,
Bettencourt R, Gudnason V, Aspelund T, Sigurdsson G, Thorsson B, Kavousi M,
Witteman JC, Hofman A, Franco OH, Howard BV, Zhang Y, Best L, Umans JG,
Onat A, Sundström J, Michael Gaziano J, Stampfer M, Ridker PM, Michael
Gaziano J, Ridker PM, Marmot M, Clarke R, Collins R, Fletcher A, Brunner E,
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